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1. INTRODUCTION

The optical properties of magnetle ions in glasses represent a major frontier
in solid state spectroscopy. Because of the digtribution of environmeats seen by rare
earth dopants in glassy media, the observed spectra are superpositions of contributions
over a large range of microscopic conditions. This s to be compared with lons in erystals
where the apectroscopist observes only a single class of sites. The elegant and powerful
analytical technigues developed for crystalline syatems are not immediately applicable
in the case of amorphous solida.

The inereasing importance of Nd glass lagers {n laser fusion technology has
emphasized the inadequacy in the understanding of the optical properties of rare earth
ions in glasses. Indeed, it has been difficult to generate models for the performance of
these devices, and the selection of host glasses could be done by little more than a trial-
and-error approach.

The technique of Iaser-induced fluorescence line-narrowing develoned within
the last few years provides a new and powerful too! for the study of these systems. In

this technique, a laser excites within the inhomogeneously broadened absorption bands

a selected subgroup of the ions in the system, namely those whose absorption energy

is Tesonant with the laser, If the excitation does not migrate among the entire collection
of ions prior to fluorescence, the fluorescence that is observed is only from the group
that was excited and 13 narrowed. This permits the selective study of classes of fon
sites within the ensemble. The concept i3 indicated schematically in Figure 1. By

the use of a tunable laser, such as a dye laser, it ig possible to vary the class of sites,
defined by energy, that is excited and thereby study the important spectroscopic pro-
pertiesand thelr variations, unclouded by the averaging that occurs under excitation of
the entire system. Furthermore, it is then possible to use the spectroscopic infsrmation
to infer a deseription of the variation of the microscopic environment, and a rationalization
of the effects of compositional changes. Use of a pulsed dye laser and time-resolved
detection permits the study of the dynamies, including, for example, the energy transfer
among fons of different energies within the inhomogeneously-hroadened spectrum.

The goal of this project has been to apply such studies to glasses of interest to
glass laser technology, providing information for device modeling, and establighing
design criteria for glass selection.
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Figure 1, Concept of Laser-Induced Fluorescence Line-Narrowing, Within the inhomogenously broadened absorption
line, width Auj,the laser line vt selectively excites a subset of fons determined by the laser wavelength and
the homogeneous width Auvy, characteristlic of the transition. The inhomogeneously broadened emlission,
width Ayj,consists of a distribution of emlssions of homogeneous width Ay, The width Aug of the fluores-
cence is a convolution of the two homogeneous widths,
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Early in the course of the project it was determined that the unique character-
istics of the Eu3+ fon were ideal for the initial thrust, and a detailed FLN study was
carricd out for a barium sodium zinc silicate glass doped with Eum. Exeitation within
the r11“0 ~5D0 transition was accomplished with a Rhodamine 6G dye lager, while
cbservations were made of the 5D0 - §
the crystal field splittings were determined for the terminal levels, and the disiribution
of crystal field parameters within the glass were extracted, These were used to gene-
rate a mode] for the variation in microstructure within the glass, involving a distortion
from eight-fold to nine~fold coordination. Furthermore, the variation in lifetime and

linewidth has been studied across the inhomogeneously broadened spectrum.

1“1 and DO --~7F2 fluorescences. Variations of

The experimental study was extended to two additional Eu3+—containing glasses,
high-lizhia phogphate and silicate analogues. An attempt will be made to delineate the
microucopic changes introduced by the change in the basic glass constituent. The
experimental results appear promising and the analysis is under way.
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2. EXPERIMENTAL TECHNIQUE

The basic tool for laser-induced fluoreacence line-narrowing experiments is
the tungble dye laser, In the studies reported here an Aveo Model 950 puised Nz
lager is used for dye laeer pumping. The geometry of the experiiuantal arrangement
1s shown in Figure 2. The dye cell is wedged t¢ minimbze undesirable residual feed-
back from the surfaces of the cell-windows. A Tvopel collimator with coated opties
1s used intra-cavity with 4 PTR echelle grating, This arrangement provides o dye laser
output in a singlo line leas than 0.54 wide, as shown in Figure 3. The outpat pulse
of the dye laser with &b 6G 10™> M in ethanol is about 10 Kw tn peak power and 15 ns
long. Typleal operating repetition rate was 10-20H2, A Janis Vari-Temp cryostat
provided atable {emperaturez down to 16 K. Both side and rear {llumination were
used, depending on the requirements of the experiment.

Electronically gated detection was provided by a PAR Model 160 Baxcar Averager,
triggered by the laser. Short delays after excitation provided the capability for obser-
vatlon prior to cross-relaxation to maximize the Hoe-narrowed component of the
emission, whils spectra at dffferent delays provided information shout the eross-
relaxatlon itself. Scanning of the delay also was used in signal averaging for lifetime
measurements, although in certain cases the lifetime mepsurements were made with
a PAR TDH-$ waveform educter.

Signal-to-noise characteristies of the system were excellent, with the major
Hmitatlen coming from scattered laser light under conditions of close approach to the
1gser puise efther in time or wavelength,
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Figure 3. Typlcal Shape of the Tv~ed Dye Laser Line
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Tie ik of e araliical ork thar wis carTisf du mder this progrym mvelvad
the itne-nprrowed spectrs sbiained mder I =, exetadee of T s g g
2sbium zine silicate glzas fabricated 57 NBS 3o srowided o s ov LLL s stodh.
“mly a brief discussisn of these resubis will S presented Reve 4 fuil s ent has
been prepered as a paper for prbleation aud is inctuded 53 an spendis.

Strifdug Wre-rarrosing bebevior is observed for the D - Foemd D -7,
transitions. By deanning of the excitation wavelsngrh, it wgs posmle 12 sbserve the
spectra over the entire range of lon sites found in che glass. A crvstal feld analvsis
wag carried out on thege spectra, The crvstal field variastion was radonalized agains:
a mode! for the chenge in the microscoplc strueture. involving a gradas! rransition

from e'ght-fold to nine-fold cooidination at the rare-earth ior site.

The variation in the Ifetime was studied as a function of the exciration wave-
iength. Large changes in the radiative lifetime (more than a factor of three) within
the ensemble of Eu® fons were found to be compatble with the sizable chsnges observed
in the crystal ifeld,

Energy migration studies were only marginally emphasized; observations were
umited to those necessary to ascertain the absence of crogs-relaxation for these
exf irim nta that depend on a aingle class of sites being excited. It was found tha!
although the enaet of crosa-relaxation could be observed at very short tiines after
excltation there was still a detectable line-narrowing signal milliseconds later, indicating
a substantial range of energy transfer rates,

Experiments were carried out both at liguid nitrogen and liquid heliumn temrera-
tures, and it was found that for this syste n there was little diffsrence in both the
characteristics of the _.ne-narrowed spectra and in the rates of energy transfer.

Finally, a set of measurements of linewidths were carried out on the lowest
gnergy component of the 7Fl. which undergoes substantizl change in position under
scanning - " the excitation wavelergth, The linewldth of this companent was abgerved
to change with position above .’ » groud level, (Figure :) indicating ¢ significant rela-
tive cantributfon £ homogeneous broadening to the width. The large density of low
frequency vibrations observed jor glacses is consiaten! with the increased Jlomogeneous
hreadth, as compared with -he erystailine case.

‘The .- «der is referred to the appendix for the du.a and a Iul! discussion of these
experiments.
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4. OTHER Ec"'-DOPED GLASS SYSTEMS

While most of the effort during the past year centered on the Eua+-doped sodium
barium zinc silicate glass (L-20 and 1-21), a number of other systems were also
examined. Foremost among these were the twin Eu3+-doped high-1ithia phosphate and
sillcate glasses, 1-199 and L-200. Matched in all other respects, these two materigls
were Investigated in an attempt to elucidate the effect of the glass-forming constituent
on the environment of the Eu:J+ ion. Spectra were measured under line-narrowing )
conditions, at liquid nitrogen temperature, over an excitation range between 5700 and '
5850; these spectra are shown in Figures § and 6. Both materials show behavior
similar to that of the I-21 system; in particular, the lowest wavelength component of
Ehe 5D0~ 7F1 transition shifts widely as the excitation is varied and the shape of the
"DO—’{FZ emission changes markedly.

At equal pump intensities,the emission from the phosphate is considerably more
intense than that from the silicate, presumably because of the greater intensity of the
5DO- 7i?0 absorption (Figure 7). This enabled meagurement of the phosphate emission
over the full range of exeitation wavelengths, while the sillcate emission was too weak
at the short and long wavelength extremes. More important, the emission from the
phosphate was sufficiently intense fo meagure the upconversion fluorescence. At all
excitation wavelengths above 58104, the degree of pumping into the lowest component
of the 7F1 state was sufficient to enable a clear resolution of the line-narrowed

5[)0-7];" emission. The wavelengths of these up-converted lines coincide precisely

with the values expected from the normal fluorescence measurements.

Although the spectra of the two materials have not yet heen fully processed,
it is clear that they are markedly similar, The phosphate does show greater crystal-
field splitting than the silicate at the same excitation wavelengths; this, however, is
deceptive since the DO- 7F0 pump absgorption ig some 54 higher in the phosphate. If
the exxritation is expressed in terms of its relative position with respect to the overall

absorption envelope, the crystal-field spliitings in the two materials are very nearlv
the same. This would imply that the ensemble of coordination structures is very simi-

lar in the two glasses, but the distribution is not. Again, the defailed crystal-field
analysis has not yet been performed.
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Figure 5, Emission Spectra of Eu3+ in L-199 Phogphate Glass {at 80°K) as Functlon of Excitation Wavelength, Delay 3
time after excitation is 100 us, Arrows indicate excitation, at 10} intervals between 5720 and 58504, .
Intensities are pormalized with respect to the 61154 erak at each pump wavelength, MNote the 'antistokes*
5D0 - 7F0 emlssion at pump wavelengths above §800A,
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Emisslon Spectra of Eu3+ in L-206G Silicate Glass (at 80°K) as Function of Excitaticnh Wavelength,  Delay

time after excitation Is 100 us. Arrows Indicate excitation at 104 Intervals between 5730 and 58104,

Intenslities are normalized with respect to the 61154 peak at each pump wavelength. Absolute intensities

are much lower than in the phosphate, roughly parallellng the lower absorption intensity of the pump transition.
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With regard to other glass systems, a Eu3+-doped fused le2 sample wag
exatined briefly and spectral line-narrowing was observed. The specimen was extremely
inhomogeneous and was not considered of sufficient quality to process in detall. A
Eu(P03)3 glass sample was also examined, but at liquid nitregen temperature the
cross-relaxation was foo fast for reliable spectra, Liguid helium measurements
were planned, but could not be performed during the remaining time. Work on this system

must await the appropriate opportunity.
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5. CONCLUSIONS AND RECOMMENDATIONS

As a result of the detailed study of the Eu3+-doped barium sodium zine silieate
glass system, a model has been generated for the microscopie structural variation
within the range of rare earth lon sites. This work has provided an important step in
the rationalization of the spectroscopic properties of rare earih ions in glasses. The
next stage of effort ahould involve a comparative set of such studies in & series of dif-
ferent glagses, for the purpose of extracting the composttional dependence of the
spectroscopic properties. Experimental spectra have been generated for high-lithia
content phosphate and silicate analogues, and crystal field analyses and structural
modeling of these systems should be carried out as the first step in this comparative
study,

In view of the specific significance of Nd3+-doped glass systems to the lgser
fusion program, and the availabilify of an extensive net of different Nd3+-duped glass
gamplos at LLL, the braad thrust of the compositional variation study should be divected
toward the Na%* glass system. To this end, further experimental work should be based
on excitation of isolated levels in the Na® ion for the purpose of generating FLN spectrs
of tl;e 4F3/2 - 4I o and Ty, = g transitlons Suitable levels for this include
the P1 2 leval at anpronmately 43501% and the F " level excited pasanently at
$800&. The former should be acceasable with the N, laser pumped dye lnser operating
with a blue dye. The specific information guthered for the g gystem should be
independently important in Nd glass laser design, while further probing the spectro-
seopie etfects of compositional variation of glasses,

14



LASER-INDUCED FLUORESCENCE LINE-NARROWING
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ABSTRACT

By means of the techniques of laser-induced fluoregcence line-ngrrowing,
the emission spectrum of EuS" in a sodtum barium zine silicate glass, and the temporal
dependence of the emission, were measured as functious of excitation wavelength,
Large variations were observed In the Intensitles and wavelengths of the various com-
ponents of the emission. The observed transitiong were assign.d in tarms of a C o
site symmetry, which wes found to give an adequate approximation to the symmetry
of the local environment of the ion. Crystal fleld caleulations were performed and
gave a respectable fit to the observed splittings across the entire range of pump wave-
lengths, A simple structural model 18 proposed for the behavior of the first coording-
tion shell of the Eu®" ion in the glassy matriz. The model involves the gradual intrusion
of a ninth ligand into an originally octacoordinate site, and is consistent with the signs
and relative magnitudes of the experimentally derived crystal field parameters.
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1. INTRODUCTION

A detailed understanding of the optical properties of paramagnetic ions in
glasses represents cne of the most formidable challenges remaining in solid state
spectroscopy, Because an amorphous solid does not have the ordered strueture nor-
mally found in crystals, the environment of a fluorescent ion 18 not sufficiently well
sfi=nd to enable a simple characterization of its optical propertieafl in the gpecific
cage of o rare earth ion in a glass, the apectra are eomposed of a superposition of
contributions from fons distributed among the entire ensemble of local environments,
The resulting statistical distrfbution of Stark components brings about a significant
degree of inhomogeneous hroadening of the ahsorption and emission lines and has
severely Hmited the aumerous aftempts at structural lnterpretaﬁun.z's Similar difficulties
have limited the understanding of the excited state kinetiea in glassy media. -1

The technique of lager-induced fluorezcence line narrowing provides a new
and powerful tool for probing the emission properties of ions in disordered systems.
This technique, first demonstrated by Szrabu11 and later extended by Riseberg to the
case of rare earth fons in glass, 12 invoives the selective excitation, within an inhomo-
geneously broadened absorption Hne, of a subgroup of ion sites narrowly defined in
energy. If the emission can be measured in a time short compared to that necessary
for diffusion of energy from the excited ion, the fluorescence observed is specific to
that energetically defined subset and 18 narrowed relative to the inhomogeneous width
that is normally observed,

Utilization of time~resolved techniques permi... the elucidation of energy
transfer processes leading to the redistribution of the excitation throughout the entire
population, and a number of such Inveatigations have already been perfcrmed. 13-18
In addition, however, observation of the line narrowed spectra permits determinatton
of the energy levels and hence of the crystal field influencing the selected subset.
Furthermore, by excitation at various points across the inhomogeneously broadened
ahsorption it becomes possible to map the systematic variations of the crystal field
aver the entire ensemble of microscopic environments in the glass and to extreet infor-
mation on their structural properties.

In this rogard, the unique spectroscopic characteristics of the Eu°" fon make
it particularly appropriate for this type of experimental study, The fon has a aimple
energy level structure and generally well resolved Stark components, thus minimizing
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interpretational ambiguities. The emitting atate cannot be split by any crystal field, t
enhancing the precision of site selectivity. And the corresponding inthomogeneously
broadened absorption lies at a wavelength ideal for the most powerful dve laser,
rhodamine 6G. In this paper we present the results of such a study.

2. EXPERIMENTAL

The material chosen for this Investigation was a sodlum barium zine silicate
glass doped with Eu3+. The samples, denoted L-20 and L-21, were prepared by the
National Bureau of Standards and were provided to us by M. J. Weber of the Lawrence
Livermore Laboratory as part of a larger study on fluorescent properties of ions in
glasses. The respective percentage compositions are as follows:

1-20(0. 09 mol § E™): 10, 74.75; Na,0, 15.0; Ba0, 5.0; Zu0, 5.0; Eu,0,, 0.25

L-21(L. 10 mol % Eu*); $10,, 72.0; Nay0, 15.0; BaO, 5.0; 200, 5.0; Eu,Oy, 3.0

Since the only major difference was in Eu3+ ion concentration, most of the measure-
ments vere performed on the more intensely emitting higher concentration sample,
L-21, with just enough attention to the other to ascertain its similarity in behavior.
Unless otherwise specified, the subsequent discussion refers only to the higher

concentratlon specimen,

The bulk of the experimental measurercents were perfortaed using the tech~
niques of laser-induced line-narrowing spectroscopy. The basfc sef~up is shown in
Flgure 1. Excitation was accomplished with a rhodamine 6G dye laser (1 X 107 M
in ethanol) which in turn was pumped by an Avco Model C 950 pulsed nitroger lager.
The dye cell is wedged to minimize the residuzl feedback from the cell windows.
Tuning was accomplished using a Tropel collimator with anti-reflective opties and a
PTR echelle grating. The output could be tuned from 57004 to 62004, and had a typical
line width of 2 cm‘l. The output pulse had a peak power of approximately 10 Kw, a
duration of 15 nanosee, and & repetition rate of 10-20 Hz. The dye laser could also
be operated with broadband output extending over the entlre inhomogenenusly broadened
gbsorption line (Figure 2) by replacing the grating with a mirror.

The excitation was focused on specimens mounted in a Janls Vari-Temp

Cryostat, and measuremenis were made at about 800 K, 80 K and 20 K. The emission
was measured with & Jarrell-Ash 1-meter Czerny-Turner monochromator and detectad



with an RCA C31034A photomultiplier having an extended S-20 reaponrce. A PAR

todel 160 Boxear Averager, triggered by the laser, provided elevtronic:.dy gated
signal p: .vessing, allowing either f.xed or scanned delays. Sicady state fiuore scence
and absorption measurements w.re algo made, using routine techniques, &pectro.
were measured with the laser tuned ot 10 4 intervals between 5730 A and 5810 &; these
are shown in Figure 3, and the pertinent waveiengths a: listed in Table 1. The line-
narrowing effect is immediately evident, the most strildng featura beirg the strong
shift in the lowest component of the 5DO - 7F1 emigsion, especially when compared
with the ¢>:ission mnder broad band lser or steady state lamp exeitation (Figure 4).
This component s much sharper than the others, but some sharpe..ing and shifts are
measured in all, Similar shifts are obhserved in the 5D0 - 71-‘2 emission region, which
7;‘3 and SDO - VF 4 regions have
been sampled, but because of incomplete resoluticn are not useful in the subsequent
laterpretation.

shows dramatle changes in overall shape. The 5Dn -

3. DISCUR<'ON

A. Site Selectivity and Energy Migration

Although the sine-zarrowing effect is ¢ .Cily observable in the measured
spectra, the validity of the interpretation depenls rather significantly on the degree
of gite selectivity that this in fact represent This site selectivity can ve degraded
in a number of ways. Simplest among these is non-~monochromaticity of the exciting
radiation. The rhodomine 6G dye laser has such a high intrinsic gain that it is
impogsible to suppress entirely the untuned broadband emission caused by super-
radiance and stray non-selecilve feedback. The peak intensity of this emission is some
three erders of magnitude below that of the kmed Iine of the laser; since its ban”idth
18 a facio~ of 100 greater, however, it can con¢ribute significantly t- the totai c..citing
radiation falling on the sample. The contribution can be ascertained by blocking the
feedback from the grating and measuring the reeidual fluorescence from the sample,
The contribution ia not important except &t the extremes of the pump wavelength range,
where it cr.u be as much as 20% of the line-narrowed signal.

Another cause of degradation of the site selectivity is energy migration. Th*
effect is demonatrated in Figur~ 3, which shows the deterioration of .he line-narrowdn,
effect as the de’:y time of the massurement is increased from 50 mizrosee to 5 mili-
gec, Note that the respective apeetra change toward that measured und r broa? band




excitatior ‘Figure 4), of which the shoulder at about 58804 is the most readily distinguish-
able feature. The fa * thut the latter is observed only 50 microsec aiter excitation even
at 80 X, while some Une narroving persists 5 millisec Inter (and even at 300 K in the
more ilute samp.¢) indieates a remarkably broad range of cross-relaxation times.

We do not choose to consijer this question in detai’; suffice it to say that the incre-
ment2] degradation of the line narrowed signal is small, and that at times short com~
pared to the fluorescence decay (as in most of our measurements) the line narrowed
spectrum constitut " s the bulk of the contribution,

A fina] question cvncerns the remaining degree of inkomogeneity in the mea-
sured spectra. In the subgequent discussion it i assumed that the energy of that 5D0
fate pertinent to a particular spectrum is defined by the euergy of the pump line, and
that convessely the Test of the spectrum is characteristic of the single class of sites
selected. Although it is conceivable that two or more gites differing widely in their
crystal field p-operties may have tLe same 51)0 - 7}‘0 energy, We observe no line
narrowed components whose interpretation requives a second site. The homogeneous
widths should be large,lo however, 23 expected from the high density of Jow energy
phonens in giass; any vesidual inhomogeneous contribution {as veported in the Ca(PO
glass systeml } would be considered unimportant as long s it does not change the

measured position of the componert.

B. Assi;nment and Interpretation

Tha disordered nature of the glassy matrix presents a majox impediment to
the interpretation of the spectra, The lack of anything higher than trivial (CI) symmetry
removes all selection rules, allowing all transitions to appear in all directions; further-
more, the lack of Jong range correlation between sites prevents the use of polarization
behavior as 2 eriterion for establishing the identity of a given transition. Nevertheless,
certain features ecommon to the entlre set of spectra indicate that some degree of local
order persists in the immediate environment of the emitting 1on. We observe, for
example, that although the emission from the D level i be Fl and 7p states are
gplit into the maximum number of oomponents &} and 5, respectively), these components
differ markedly in their behavior. In the FI region, for example, the shortest wave-
length component 15 considerably sharper than the other two and its location is much
more sensitive to the pump wavelength, In the T
are substantially moro intense than the other two and shift less in energy, And finally
there 15 a clear systematic correspondence between the respective spe tral components

Fz region, the lower three components

at different excltation wavelengths.
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In view of these points, wc feel it appropriate to assign the spectra in terme
of an ""aimost eymmetry", in which the immediate =:ivironment of the ion is assumad
to possess an gverage local orde:x not found in the bulk, and that the lowering of
symmetry below this level veflects largely (he randomness of orfentation from one
gite to the next. For this treatment the most appropriate symmetry {8 C o Itis
the higheat symmetry in which full splitting of the 71-'1 and 71-*2 levels is aliowed
while malntabing symmetry-based diatinctions between slmost all the components,
This point group allowﬂs optical activity for the three 590 - 7F1 eomponents and for
four of tha five 5D0 - ‘1’2 components. Iti8 a subgroup of ~Imost all of the higher
point symrmetries 1: which rare earth ions are normally found, enabling application
of the standard tcchnigae of descending symmettizs. And finally, it is the lowest
symmetry for which simple crystal field caleulations can he routinely performed.
The rmportance of thia last point will become evident below.

As 2 starting Doint, the unique behavior of the shortest wavelength component
of the 5D0 - 7F1 transition aszumes considerable importance. This component, much
sharper than the others and shifting more than 100 £ a8 2 funetion of pump wavelength,
is assigned to the transition terminating in the M g=0 level of the 71-‘1. Ttig level is
non-degenerate n all axial symmetries higher than Cj and does not mix with any of
the other levels until 21t axial symmetry is removed. I C % the level belongs to the
Al representation; the other two therefore belong to the B.1 and 1?.2 tepresentations,
alihough the ordering remains ambiguous.

In the 7FQ region we observe that the three shorter wavelength components

are consistently more intense and shift less in wavelength than the other two. By the
descending symmetyies argument, 17 v take this to be indicative of some residual
higher axia] symmetry. Following the point group correlations (Table 2}, the best
set of assignments identifies the terminal level of the three shorter wavelength com-
ponents as AI' Bl‘ BZ, while the other two fail into Al and Az. Again the ordering
is ambiguous.

In oxder to choose among the 24 combinations of assignments consisient with
the above argument, we apply elementary crystal fielc caleulations. In view of the
liritations of such ealeulations and the approximations already made, it would be
difficult to justify this approach for any single set of energies, In this case, however,
we do not have merely nine unrelated spectra, but rather a basie continuity, in which
the overall intensity relationships are maintained and the location and shape of




individual components can he followed as continuous functions of the pump wavelength.
We therefore must disregard best fits that require discontinuous changes in assignment
as the pump wavelength is scanned, and instead seek a best assignment common to the
entive set. We also disregard assignments for which the fit is substantially better at
one end of the pump wavelength range than af the other. Applying these additional
sriteria we find only two sets of assignments that are at all acceptable; the better of
these, with the observed and caleulated energles, is listed in Ta'de 3. The pertinent
cryatal fleld parameters are listed in Table 4.

In oxder te generate a geomstric model for the structure of the immediate
environment of the emitting ion, a number of additional assumptions are necessary,
Since the number of Hgands is unspecified, we assume as p starting point that, in the
the absence of lattice-imposed conatraints to the contrary, the bulk of the Eu3+
reside in gites of elght-fold coordination, With few exceptions such behavior i character-
istic of El.l3+ in oxide-type media and is consistent with considerationa of relative jonic
size (0.7:1) and number of available bonding orbitals(9). We treat the eight immediate
ligands as if they were equidistant from the central ion and disregard as insignificant
the contributions to the crystal field of any other neighboring ligands lying at more

than twice the primary distance.18

ions

Next we observe that the most efficient packing of eight unit spheres around
a central aphere of radius roughly 2/3 is the square Archimedean antiprism, symmetry
D, 4 (Figure 6a). Taking this uniaxial arrangement as the parent structure for a
descending symmetries treatment, we pexform a continuous and gradual distortion,
gystematically removing symmetry elements to reach the desired lower biaxial symmetry

19 ;
of sz.

The nature and magnitude of this distortion can be extracted from the derived
crystal field parameters, each of which can be expressed as the product of two factors:
the relevant tesseral harmondes (which contains the bulk of the orientational informa-
tion); and a scaling factor invelving charge magnitude, coordination distance, and
radial expectation values for the 4f electrons. We choose to disregard the latter factor,
and extract the pure orientational information by considering ratios of the parameters
of the same order; e.g,, BZZ/B20' B4 4/340. These values can be caleulated for any
appropriate geometrical arrangement of eight ligands; however, when compared with
the corresponding experimentally determined values, reasonable agrcement can be
achieved only at the long excitation wavelength imit of the set, The corresponding
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atructure 1s shown In Figure 6b. For successively shorter excitatfon wavelengths

the disagreement raplidly becomes intolerable; indeed, we are unable by any systematic
distortion to generate a reasonably close-packed eightfold eoordination structure whose
caleulated crystal field parameters behave in the appropriate manner. To resolve

this inconsisteney, we direct our attention to the massive changes in the mean energles
of the varlous spin-orbit states. For example, the barycenters of the F1 and F
states shift in energy by more than 25% over the range of excitation wavelengths,

Such shifts, although clearly beyond the realm of elementary electrostatic crystal

fleld theory {which deals only with splittings from the barycenters and does not cover
finer Interactions, such as J-mixing), clearly implies a substantial and systematic
increase in the total external fleld influencing the iong excited at the shorter wave-
lengths. This 18 consistent with the parallel decrease observed in the vadiative life-
times at the shorter wavelengths (see lifetime section following). Even more -ignifi-
cant is the total breadth of the D state, which, as seen from the absorption profile
{Figure 2) spans an eneTgy range oi some 300 em 1. In other host systems, where
shifts one-tenth this amount are considered largs, sueb shifts have always been
associated with changes in the chemical nature of the epvironment; that s, in the
number or the bonding properties of the coordinating ligands, 20 The disorderad

nafure of the glassy host gives all the more reason to expeet similar effects in the
case at hand.

We propose, therefore, to treat the set of apectra in terms of 2 systematie
decrease in the average distance of a ninth coordinating ligand, We consider this
the most appropriate treatment for ¢ number of reasons:

1. The relative ionic radii are anpropriate (rEu3+ Prag.= 0.7:1). Close-packed
nine-fold coordination requires only a 2-3% increase in the mean radial distance to
equivalent coordinators over that required for the corresponding close-packed eight-
fold coordinated structure,

2. The medium is dilute in terms of Ev®" {appr. 1 mol%) and thus oxygen-rich

in terms of ligands available for coordination. The Eu3+ ion has sufficient empty
orbitals available for bonding(spadﬁ) and will accept the maximum coordination allowed
within the constraints of the glassy network.
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3. The requisite gradual coordination change can take place within the context
of an overall Coy local eymmetry. This gives a geometricai rafionalization for the
observed consistency In intensity patterns and continuity in component identification
despite the rather large shifts in energy.

We therefore generate the following model for the average struckure of the
Eu3+ gites in the glassy host: Begluning with eight approximately equidistant oxyzens
in a geometric arrangement of a slightly elongated Archimedean antiprism we allow
a ninth oxygen to approach along the two-fold symmetry axis. The other eight shift
their position to accommodate the interloper, until at the completion of the process
all nine are approximately equidistant from the Eu3+ fon. The process is a continuous
one, and can be described through & distortion parameter ¢, having limiting values of
zero (pure elght-fold coordination) and wnity (fully transformed to nine-fold, equidistant
coordination). Two stages are shown in Flgure 6c and d,

Crystal field parameters can be calculated for the various geometrieal
arrangements associated with the respective values of the distortion parameter ¢,
As shown In Table 5 and Figure 7, the agreement with the experimentally determined
values i3 remarkably good. All the parameters increase or decrease in the appropriate
manner a8 a function of ¢, and all have the sppropriate signs throughout. One, the
B 49 parameter, is considerably smaller in magnitude than the measured valve; this
parameter however, is the least precise of the set, entering only in the exchange
terms in the caleulations for the experimental fit. The By value does, in fact, change
sign as predicted. The best agreement is in the major ratios (Figure §): As ¢ inereases
from 0to 1, 1322/]320 decreases by a factor of eight and 344/340 inereases morg than
15- foid, changing sign in the process. The values agree sufficiently well to enable
a correlation between pump wavelength and distortion parameter (Figtre 9). An sven
better agreement could he obtained if we were to remove some of our self-imposed
limitations from the model, such as equidistance for the eight primary coordinators,
but such further refinement would not he useful. The agreement is most respectable
as it stands, and we feel that the simple model described gives a reasonable approxi-
maticn for the site variation behavior iz this glagsy medlum,

C. Decay Times

Inan attempt to shed additional light on the nature of the multiple sites in the
glass, measurements were made of the fluorescence decay as a function of pump
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wavelength, [f the sites selectively excited by the pump light are as distinet as in-
dicated by the gpectra, the structural diffsrences should be reflected in characteristic
differences in the fluorescence decay time. This is indeed the case, with the apperent
decay times becoming fncreasingly shorter as the wavelength of the pump is decreased.
The picture revealed by these measurements is, bowever, somewhat clouded; in all
cases, at both liquid nitrogen and liquid helium temperatures, the decay curves gre
distinetly non-exponentlal, This is clearly to be expected, in view of the spectro-
scopic evidence (discussed earlier) that a signifieant degree of non-Hne-narrowed
emission underlies all the ostensibly line-narrowed spectral components. In order

to extract the information relevant to the particular site in question, further processing
is required,

One approach is simply to accept the non-exponential behavior and to fit the
resultant curved plot of log Ivs, time by including a quadratie term:

logl =log I- ut+Bt2

As long as the linear coefficlent o remains relatively large compared io fit (short
time limit), we can extract the value of the faster lifetime T= 1/e with a reasonable
degree of confidence.

A better approach, in principle, would be to correct for the underlying
{long-lived) background. The line-narrowed spectral components, although generally
broader than would be desired, are st{ll considerably sharper than those exelited under
non-line-narrowing conditions (broadband pulse or contiouous). We therefore approxi-
mate the deeay curve of the non-line-narrowed contribution underlying the companent
in question by the arithmetie mean of decay curves measured 20 Aon either side of
the peak; this 1z then subtracted from the corresponding measurements at the peak
wavelength, vielding a decay curve that ariges essentially from the line-narrowed
component alene, Of the eight spectral components only two --- the highest and low-
eat memhers of the 500 -7F1 set --- ave sufficiently well resolved throughout the
range of pump excitation to justify this treatment, The decay values derived from
this approach, however, agree to within 10% with those abtained from the first approach,
and are not reported separately.

The decay times of the 5130 state were determined at all pump wavelengths
of interest, and ave summarized in Table 6 and Figure 10. Measurements were made
at the wavelengths of the various line-narrowed eomponents of the emission; these

10




should of course be redundant, the overall lifetime of the 500 state being independent
of the particular transition measured. In fact, however, a systematic discrepancy s
observed between the lifetime values derived from the shoriest wavelen tiy compenent
of the line-narrowed 500 - 7rl transition and the values dertved from the others.

This component consistently exhibits a shorter lifetime, and the discrepancy increases
a8 the pump wavelength js decreased. We attribute the discrepancy to the uniquely
high spectral resolution of the component, superimposing the strongest and sharpest
line-narrowed contribution upon the most diffuse non-line-narrowed background, Since
the long-lived background (~2. 2 msec) would tand to distort the line-narrowed measure-
ments toward higher values (with greater distortion for shorter lifetima value), and the
treatment depends on our abiiity to separate this contribution, we accept the lower
values as the true measure of the decay times of the 5[)0 state.

The most significant point about the decay times is their systematiz behavior
as a function of pump wavelength, The decay time is 2 maximum at 2 pump wavelength
of 5800 i, decreaning gradually and monotonically to leas than 1/3 of this value at the
short wavelength Jimit of the pump. A corresponding but precipitous drop occurs toward
the long wavelength pump limit, the decay time decreasing by at least a factor of four
inonly 10 A These measured velues presumslly correspond to the radlative Ufetimes
since the total emission intensity at any given pump wavelength is very nearly proportional
to the absorbed pump energy, as determined from the absorption constant and the laser
heam Intensity.

To explain the behavior of tha lifetimes at pump wavelengths 5800 A and below
18 quite straightforward, The progressive increase in the corresponding radigtive
transition probabilities parallels the apparent Increase in the total crystal field, pavti-
cularly that of the second order term 320. In addition, it Is quite consistent with the
geomstric model previvusly deacribed, which postulates an in¢rease In the number of
ligands in the first coordination sphere. The accompanying rearrangements also increase
the magnitude of the odd terms in the erystal field (particularly By B3 " and Bso,
which show increases greater than a factor of four), implying a consequznt increase
in the electric dipole transition possibilities. We consider this predicted increase to
be supportive of the model.

The lifetime behaviar at pump wavelengths longer than 5800 A is more diffi-
cult to understand, Presumably the radigtive lifetime shou'd coniine o increase as
the magnitude of the total orystal field decreases. Note, however, that at the shorter

i1
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pump wavelengths (the high-fiold sites) the emission cormpondlng to thc lowest 3 Dy”
F | componont has shifted below the long wavelength limit of the D, - p pump llne
Furthermora, the ensrgy of the lowut Stark companent of the 7 Fl siste in lhe high-
field sites s little more than 100 em™ ;bovc ground, 30 that cven at liquid nitrogen
temperature that lovel containg some 10-15% of the totsl population of thoge sitea.
Thus as the absovpiion due to the divect ¥ D, - 1- transition in Iow-neld stm drops
off above 5800 4, the absarption at the mno uvtlmg!h dus to the & D, - Fl transition
in high fick! sites may become dominant. The measured lifetime should then decreass
to values characteristic of thu lnuar sites. This is supported by the oiservation of an
anti-Stokes line-narrowed n - }‘ emission ll the tpproprw.e wavelengths cor-
responding to the high field llm «'xcited by the D - l-‘ absorptions. The persistence
of the offoct, al a Giminisned level, aven near uquxd heuum temperature indicates that
some unspocified energy transfor process may also be a contribuiing factor. A
indfcatod earlior, the question of energy migration is complex, and will be treated
elsewbcre“’ 15 2 the lifetime behavior presents no major inconsistencies with the
structural interpretation.

4. CONCLUSION

The spectroscopy of Eus' in glass has been partially clarified by spplying
the techniques of lasor-fnduced line-narrowing to the inhomogeneously brosdened
emission. The components of the emission, excited at various pump wavelengths,
have been assigned and their decay imee mossured. From these meusurements the
corresponding energy levels within the 7!‘1 and 7!-‘2 multiplels were ascertained and
the functional dependence of the erystal field was calculated over the range of sites
selected by the purmp wavelengths,

To provide a physical rationalization for the behavior of the cxystal fleld
parameters, & geometric model was generated. This model involves a gradual change
from eight-fold to nine-fold coordination in the immediate environment of the Eu3+ fon,
wiile maintaining an overall C o symmetry throughout. The model predicts vrystal
field parameters whose behavior agrees well with the experimentally derived values,
and we feel that §t gives a reasonable approximation to the average structure of the
emitting site,

12
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Figure 1.

Figure 2.

Figure 3.

Flgure 4.

Figure 5.

Figure 6.

Figure 7.

FIGURE CAPTIONS

Experimental apparatus for laser-induced fluorescence line-narrowing
measurements,

Intensity profile of the inhomogeneously broadened 500 - TFn resontnce
transition of Eu* tn L-21 glass (at 80 K) used for excltation.

Emission spectrn of Eud* in L-21 glass (st 20 K) as function of excitation
wavelensth. Arrows Indicate excitation, at 101 intervals between 5730
and 58104, Delay time alter excltation pulse, 100 psec. Intensities
normalized to 61131 peak at sach pump wavelength; for approximate
comparison of intensities at different pump wavelengths, multiply by the
respective intensities of the pump transition, Figure 2.

Emission spectra of EuS* in L-21 glass (at 80 K) undpr broadband excita-
tion, Upper spectrum, continuous excitation In 39004 region; lower spectrum,
pulsed excitation by fres-running (untuned) dye lassr emitting in broad-

band over full range of 5Dy - 7Fy absorption (indicated by arrows).

Emission spectra of Fu3* in L-21 glass (at 80 K) as function of delay
time after excltation pulse. (a) Excitation at 5770} ; (b) excitation at
58004 Upper spectrum in each case measured at 50 usec. delay, lower
spectrum at & millisec delay.

Geometric models for the environment of the Fu3* fon in L-21 glass.
The Eud* lon Is deplcted at the origin, and the eight equiradial eoordina-
oxygens are shown as located at the vertices of the solid geometrie
figure definzd by connecting their centers. The atructures are drawn in
perapective as viewed approximately from the ( 111) divection, with the
coordinate axes shown where they emerge from the solid figure. The
square Archimedean antiprism is shown in (a), with points A,B,C,D
and E, F, G, H forming two squares perpendicular to the z-axis. The
best-fitting purs eight-fold structure is shown in (b), which is derived
from (a) mostly by motion of points F and H in the -z direction, The
structure yemaing essentially unchanged by the approach of the ninth
caordinator 1 along the z-axis, wntil its radia) distance decreases o
1.4 times that of the other eight coordinators. Closer approach requires
a spatial rearrangement of the latter, which can be expressed in terms
of a parameter ¢, the fraction of the rematning decreass in distance
needed to achieve equiradial nine-fold coordination. Structures (¢) and
(@ sorrespond to ¢ values of 0.1 and 0,9, respectively. Note the major
distortions: ABCD bacomes longer and rectangular (AB = 1.05 x AD),
and points E and G move beyond points F and H in the -z direction,

Behavior of the crystal fleld parameters Bgg, Bgg, Bgoy Bygy and Byy
as functions of pump wavelength and distortion parameter. Symbol e
Indicates experimental measurement, o indicates caleulation from
geometric model. Values normalized with respect to maximum value 1q
oach case. Note that In all cases there is a monotonle relatlonship
between dlstortlon parameter an] wavelength, aud that both measured
and calculated values span roughly the same range,
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Flgure 8.

Figure 9,

Figure 10.

A DAl i e soeme e

Behavior o) the major crystal field ratios Gyz/Bgg and Byg/Bgg.
Symhbol eindicates experimental measurement, symbol © indicates
calculation from geometric model. Unliks Figure 7, thess are ratios
of the actual values of the respective paramaters, and carcy the full
geometric information. Note the substantial agreement except at the
maat extreme cases; only the described model glves agreement ovar
such a wide range.

Relation between pump wavelength and distortion parameter ¢, Values
extracted by {nterpolation along curves in Figure 8. Note the roughly
sigmotd approach to nine-fold cogrdination.

Decay time of fluorescence of Eud* fn L-21 glass (at 20°K) as function
of pump wavelength. Symbol e indicates measurements of longest wave-
Tength component of 50y - 7Fy transftion; symbol o, shortest wavelength
component. \While the discrepancy indicates a residua of unresolved
longer-Yived non-line-narrowed contribution in the former case, the
parallel decrease with pamp wavelength conf{rms that the major contri-
bution is indeed the line-parrowed emiasion.
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TABLE 1
EMISSION WAVELENGTHS OF Eud' IN L-27 GLASS
AS FUNCTIONS OF PUMP WAVELENGTH
PUMP WAVELENGTH EMISSION WAVELENGTHS
{A}) {A)
5810 5911 5026 5959 6107 6113 6169 6199 6244
5800 5888 5925 55665 8100 6113 6162 6198 6258
5790 5867 5926 5971 6099 en3 8157 6197 6268
5780 5646 5926 5975 6098 6113 6153 6197 6274
5770 5827 5925 5976 6097 6112 8151 6196 a277
5760 5810 5924 5974 6096 6112 6150 6199 8273
5750 5793 5923 5970 6096 811 6150 6199 6267
5740 5778 5922 5966 6054 6111 6150 6199 62680
5730 5764 5920 5962 6092 6110 6149 6197 6252
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TABLE II i
CORRELATION MAPPINGS AND SELECTION RULES FOR THE RELEVANT SYMMETRIES
. - .
Groups: Diea : Cyy H Caw
A3 £, 252 : -
M E
7 \|‘A' z 22 Xt ’2 4 -
Irreducible A, R, 4 \l E
. representations® A x o2 g gt
B and functions \ 2 Ra 1 *¥ K
- belonging to By = i : K
R them:
N Bz
Ey

=(3) == G &)
= @6 /

o~
u,
1
AN
R
4 A
N\
TR Ty
.|
o
8 &

Transitions Representations® to which transitions belong
0—-0 Ay A Ay
o-1 Ay+Ey ArE APyt
: 0—2 A+ Ey+ By A+ B+ B+ E 24, +Ay+ B4+ By

dBecause of nonstandard orientations of the coordinate axas, tha representations for group Diad diHer from those

usually found. The coordinate axes are contained in refiection planes rather than rotations, so as to facilitate
carrel tion to Cq, -

Representations underlined are those for which optical activity is allowod; magnatic dipole for the 0-1 transition,
elentric dipoie elsewhere,
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ENERGY LEVELS OF Eu3" IN L-21 GLASS AS FUNCTIONS OF PUMP WAVELENGTH ASSIGNMENT (IN TERMS OF Co, SYMMETRY)

TABLE 111

PUMP 7ry 72
WAVELENGTH Az 8] B, Ay " Ag By P
£3i'0 observed 294 334 430 853 1196 1080 821 1002
calculated 295.3 320.0 436.1 862.2 177.0 10834 862.9 1015.9
5800 observed 258 364 477 883 1257 1107 848 1013
calculated 257.3 354.3 487.7 <ok & 1230.1 1105.3 825.8 1037 .3
5790 observed 227 396 52h 213 1312 1134 875 1029
calculated 224 .2 388.3 535.9 934.3 1204.6 1126 .4 857.5 10560
5780 observed 195 426 565 a2 1362 1164 902 1049
c3lculated 191 .4 521.3 575.2 960.5 1328.9 1154 .1 891.3 1072.1
5770 observed 170 453 597 970 1400 1197 930 1074
caiculated 166.9 450.6 604 .0 983.9 1383.8 1188.6 924.5 1090.0
5760 observed 149 481 622 1000 1420 1229 957 110
calculated 147 .9 480.5 6241 1004 .0 1415.0 1226 .1 955.8 1105.8
5750 observed 129 508 641 1027 this 1260 96h 1131
caleulated 130.6 508.4 638.2 1e2i.5 bl .9 1264.13 985 .0 1124.6
5740 observed 115 535 660 1058 1447 1290 1012 1161
calculated 119.9 535.6 652 .1 1051.9 1467 .1 1303.4 1013.3 1M43.0
5730 observed 103 560 €79 1085 157 1215 1037 1189
calculated 1.5 560.1 666.1 1058.1 1590.6 1338.2 1037.2 1159.8
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CALCULATED CH ¥ 2YAL FIELD PARAMETERS FOR

TABLE WV

Eu3* IN L-21 GLASS

CRYSTAL FIELD PARAMETERS {cm' 1)

Ry

PUMP - -

WAVELENGTH E, E, Byg By, 840 By TR
5810 352.5 989.5 -143.0 275 .2 -128.2 it65.9 375.5
5800 366.4 1020.6 -272.7 333.7 -119.0 1108.1 97.6
579G 1828 1051.9 ~396.4 368.9 *105.6 1085 .9 ~172.7
5780 335.9 1083.4 R ] 384.7 L 1029.4 ~381.7
5770 L07.2 111k.0 ~600.7 383.6 ~ 86.2 968.0 -489.6
5760 m7.5 LR LS LY ~674.C 359.1 ~ 78.6 886.8 “523.4
5750 L25.7 1167 .4 ~737.9 324.5 T 69.6 817 .8 “524.3
5740 435.9 1193.7 ~789.8 291.3 =~ 6k.7 750.9 =504.4
5730 4ig 9 1216.8 ~836.0 265 .1 ~ 60.5 701 .4 -483 .6




TABLE V

CRYSTAL FIELD RATIOS FOR VARIOUS STRUCTURES
AND PUMP WAVELENGTHS

DISTORTION PUMP
PARAMLTER WAVELENGTH B22/B20 Bya/Bsp
{e) {A)
0 205 061
6810 182 093
0.1 1.27 o012
5800 .22 082
03 .00 +083
5790 0.93 164
05 29 163
07 0.83 259
5780 0.75 403
08 075 an
§770 064 5.68
09 054 6.45
5760 0,53 666
6750 0.4 753
5740 037 780
5730 0.32 7.99

10 -0.23 9.56




TABLE i

DECAY TIMES OF Eust FLUORESCENCE IN L-21 GLASS

PUMP

WAVELENGTH (A)

5810
5808
5805
5800
5796
5740
5770
5760
5750
5740

5730

DECAY T}HE (MILLY5EC

LOWEST

Fy COMPONENT

0.64

1.09

1.88

2,18

1.95

1.56

1.21

0.94
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