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Simulation of optical spectra of Eu 37 ion in fluorozirconate glasses
by molecular dynamics simulation and point charge crystal field
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Bunkyo-ku, Tokyo 113-8656, Japan
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Euw*-doped fluorozirconate glasses with two compositions Z#=BA(ZB11) and Zr:Ba
=3:1(ZB31) were prepared. The emission, excitation, and fluorescence line narrowing spectra of
those glasses were measured. Certain differences between the two glasses were observed in the
observed spectra. Structural models of the glasses were simulated by molecular dyihéics
simulation. The optical spectra of Euin those glasses were simulated from the simulated glass
structures using a point charge crystal field. The differences in spectral characteristics between the
two glasses in the observed spectra were reproduced in the simulated spectra. The MD simulation
showed that the barium ions were more apt to coordinate tq EwiSters than the zirconium ions

were. © 2001 American Institute of Physic§DOI: 10.1063/1.1351542

I. INTRODUCTION ions are affected by the environment of the ions. Therefore,
studies of the relation between a glass structure and its opti-
Rare-earth(RE) doped glasses are known as materialscal properties are significant from the standpoint of both sci-
for glass lasers, fiber lasers, upconversion lasers, and opticahce and application. In recent years, we have investigated
amplifiers’™ In these applications, the excitation and thethis subject by using fluorescence line narrowifgN)
emission are due to transitions of 4lectronic states of emission observatiofsand a spectral simulation using a
trivalent RE ions. Energy levels and transition rates 6f 4 point charge crystal field, in which the structures of glass
electronic states of RE ions in solids are dominated by thgvere simulated by molecular dynaniiglD) simulation'®

surrounding structure of RE iofts® Therefore, their optical Analysis of the spectra of RE-doped crystals has been
properties, such as spectral band shape and quantum efficigntensively carried out since the 1950s. Simulation of the
cies, are host dependent. optical spectra from a structure model including energy level

For the design of these materials, appropriate methodsplitting and transition intensities was performed for &,
for the analysis and the prediction of optical properties aréhy Pocheret al.in 1978.11‘13They have published numerous
important. In 1962, Judd and Oféftproposed an excellent papers on various kinds of crystafs* The simulation of a
method of treatment for analyzing absorption intensity ancRE spectrum in glass was first carried out on silicate glass in
predicting emission intensity. A number of researchers com1976 by Brecher and Risebefty The authors considered
bined the Judd—Ofelt analysis with lifetime measurements t@nly the structure of EuQfirst coordination polyhedrons, in
calculate the transition ratés? However, in most cases, the which the intensity calculation of transitions between Stalk
effects of the variation of the spectral band shape were néevels was not included. The symmetry of the RE site was
glected. For laser operation of the RE doped glass, the spefimited for the simplicity of computation. In the 1980s, there
tral band shape is important because it directly dominates thgere several articles dealing with this metf6c° In the
quantum efficiency. For upconversion lasers, the spectrahst decade, we and several other researchers have been
shapes are also important because excited state absorptigfudying the simulation of spectra including transition inten-
and energy transfer processes are strongly dependent on tsigies and the effects of ions outside the first coordination
spectral shapes of transitions. In the field of optical amplifi-shell without assuming any site symmetly3®
cation, the use of a wavelength division multiplexing  Fluorozirconate glass is a good host for the RE ions
(WDM) technique is inevitable. The knowledge of spectralbecause the quantum efficiencies of the emission of RE ions
band shapes is essential for the design of RE doped glassgfe relatively high in this glassin addition, the flat gain
for WDM optical amplifiers? Thus the simulation of optical ~spectrum of an Er-doped fiber amplifier made of fluorozir-
spectra of RE ions in glasses is crucial for the design of thesgonate glass is desirable for the WDM operaﬁon_
materials. The purpose of this article is to study a method of the

In many studies of the optical properties of RE-dopedsimulation of the optical spectra of RE ions in glass and
glasses, the discussions are based on the composition, not pivestigate the environment of RE ions in glass. The simu-
the glass structure As mentioned above, the energy level |ation of spectra is based on structural models by MD simu-
splitting and the transition rate off4electronic states in RE |ation. Even and odd crystal field parameters are calculated
from the structural models using a point charge crystal field

dAuthor to whom correspondence should be addressed; electronic mai](.Or thg.calculation.of energy Ieyel splitting an.d tra.nSition
ksoga@attglobal.net intensities, respectively. Electronic states ofEuons in a
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TABLE |. Cell size, number of atoms, and composition in a cell in MD

simulation.
Nd:YAG OPO
Laser Sample name Cell sizd) Number of atoms Composition
) ZB11 18.04 392 487r-48Ba—2Eu—294F
trigger ZB31 17.96 407 66Zr—23Ba—2Eu—316F
PC
— [P Monochromator formed for 200 different sets of random initial coordinates.
v ?data Thus 400 E&" sites were simulated for glass composition
ienal by MD simulation.
Digital D B y
Oscilloscope <jg_rL_ PMT

B. Energy level and transition intensity calculation of
; 3+
FIG. 1. Schematic diagram of FLN emission measurement system. the 4 f electrons in Eu

A detailed method of the calculations can be found in the

_ _ literature*!1-13|n this article, we describe briefly the key
fluoride host were estimated by the DVeXnethod for the  heqretical points for the calculation. Using a point charge
simulation. Glasses with two different cation ratios Wereapproximation for the ions surrounding the rare earth, the

studied. By comparing the observed and the simulated Speggamiltonian describing the electrostatic figtdystal field at
tra of the two glasses, the validity of the simulation method,o europium ion can be written as

was obtained.

k
Herm2 2 BioCras (1)
Il. EXPERIMENT k g=-k
A. Sample preparation e? Qi
Bg=—2 4f|rk4f) >, <1 Cf
The compositions of the glass samples were a k477'50< I >2i r
457rF,-45BaF;-4Lak;-4AlF;- 2Eu ZB11l) and 67.5Zr
4 F2 F3 3 F3 ( ) E :ak<4f|rk|4f>Akq! (2)

-22.5Bak-4LaF;-4AIF;-2EuF; (ZB31). Glass batches for

10 g were prepared from commercially available fluorides e? Q

(>99.9% purity. The batches were heated in a gold crucible ~ Axg= — mz F!w—lcﬁq' (€)

using an electric furnace for 15 min at a temperature of ot

950 °C for ZB11 and at 850 °C for ZB31, respectively. Thewhere the ligand of chargeQ; is at a distance; from a

melts were pressed between aluminum blocks. The aboveuropium ion,(4f[r¥|4f) is the radial integral for the #

processes were conducted in a ¢love box. electrons. The value C(f4f|rk|4f> was calculated using the
DV-Xa method as described belo®, is a tensor operator

o given with spherical harmonic functiov,, as
B. Measurement of emission spectra q

The schematic diagram for the FLN measurements is Crg= / am Y. (4)
shown in Fig. 1. The concept and the method of measure- d 2k+1 "

ment of FLN emission spectra have been described Crystal field parameters, , were calculated form the),
previously?*® The system was calibrated using a standardynqy; in the structural models by MD simulation. A crystal
lamp. The excitation wavelengths were 17 271-17 346'cm fig|q parameter with an odé contributes to the transition
(corresponding to the excitation due #,—°Dy transition  intensities, and that with an evércontributes to the energy
with a 15 cm * interval. The emission spectra were mea-|eve| splitting of the RE spectra. No symmetry for the RE
sured in the 13698-17 241 éﬁwrange(correspondm.g_ tothe sjtes was assumed for this calculation. Although all of the
emissions due t8Do~"F1, ‘F2, 'F3, and’F, transitions. jons in a solid should be included in the summation vijth
Broadband emission spectra were calculated by integratingis kind of treatment is impossible. In the actual calculation,

the FLN emission spectra. the summations in Eq$2) and (3) were limited to the ions
within 200 A from a europium ion because the longer the
11l. METHOD OF CALCULATION distance from the center ion is, the less the contribution to a

crystal field as seen in E¢R). The necessity of encountering
ions farther from a europium ion than the first coordinated
The method and potential parameters of MD simulationdluorine ions was discussed in Ref. 10. It is known that cor-
are described in Ref. 10. The compositions and cell sizes arection factora, is needed for the interpretation of a struc-
shown in Table I. Laf and AlR, were removed as minor tural model to an optical spectrutfn this study,a, was
components for the simplicity of the computation. Each celltreated as an adjustable parameter.
contained two europium ions. To obtain the variation of the ~ The Hamiltonian for the # electronic state can be de-
Eu' sites in the glass structure, MD simulations were per-scribed as

A. Molecular dynamics simulation
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H=Hg+Hgot+ Hcr, (5) TA_BI__E II. Contribu_t_ion _of cry_s_tal field parameters\(,) to energy level
splittings and transition intensities.

whereHy+Hgg is the free ion Hamiltonian calculated from 5Dy 7, 7, F, r,
E,=5573.0cm?, E,=26.708cm?', Ez;=557.39cm?, Energy level splitting k=2 k=24 k=4,6 k=4,6
and¢=1326.0 cm*3’

. - A EDT EDT
By diagonalizing the matrix with the element Intensity MDT® k=13 (forbidden k=35
A=2 A=4

(aSLIMy|H|a’S'L'I'M}) (6)

3MDT: Magnetic dipole transition.
for the 51SL) states, 39BLJ) states, and 1393LJIM,)  'EDT: Electric dipole transition.
states, energy level splitting was obtained as the eigenvalues

€ and the eigenvectorisrSLJIM;) were calculated as tion gave the results fof4f|r|4f), sy and|5d). €ng> and

Ing) were estimated by using the approximation described in
|aSLIM))= > Cspyw|SLIMy). (7)  the literature®
SLIMy

. . L IV. RESULTS AND DISCUSSION
In this calculation of energy levels, the valkevas limited to
2, 4, and 6 for the selection rule. A. Simulation of optical spectra and

The magnetic dipole transition intensities can be calcuPhenomenological parameters, — a, and by
lated as described in Refs. 4 and 12 using the resultant eigen- The excitation and emission spectra of europium ions
vectors|aSLIMy) of the above diagonarization. They are \yere simulated using transition energies and intensities cal-
not sensitive to the local environment of the®Euion be-  ¢yjated from MD structural models. Obtaining smooth spec-
cause they apparently do not involve crystal field parametergys to compare with the observed ones, each transition line

The intensity of transition by the electric dipole operator,, 55 assumed to have a Gaussian distribution with a FWHM
P between the two statd&SLJIM;) and|a’S'L'J'Mj) is  of 15 cmi * at the position of the transition energy and with
dgsir;t;ed by the method developed by Judd and Ofelfye height of the transition intensity. A spectrum was simu-
with™" lated integrating those lines for all of the structural models
that belonged to a category.

The phenomenological parameters and b, had to be
determined to calculate the energy level splitting and transi-

(aSLIMy|P|a’S'L"I'M})

=S§M > / CstamCsLramy tion intensities. Due to the selection rules, the contribution of
IS'LIIM, a crystal field parameter to an energy level splitting or a

1 N K transition intensity is roughly limited by th& value as
X E (— 1)q+p[)\]( ) shown in Table II. The selection rules are strictly valid when
\k,q p —(@+p) q J mixing is not encountered. Although the calculated energy

—_ levels and transition intensities were affectedJayixing to

X ArgbkE (SLIM| UL, [S'L'I'M}), 8 : 0
aPiZ 1 bl Uge 2) ®  some extent, the effects were relatively small and it is ad-

equate to use those rules for the determinatioa,cindb, .

1 N Kk ) } ;
E=2>, (- 2f+1)2l +1)‘ ] We determined they,, and b, parameters using the differ-
' nl forf ences of their contribution of the crystal fields to the simu-
) ) K lated spectra by thk values. For example, the energy level
><<f||C IDANCTONE)4FIrInt)(nllr4f) , 9 splitting of the’F, state is affected only bj,q . Comparing

AB4—nl the observed and the simulated spectra, dhevalue was

determined. In the case dF, energy splitting, only the
crystal field parameter&, with k=2 and 4 affect the split-

. : ing. Using thea, value obtained above, we could determine
parameters are the crystal field parameters described as Hé 2, parameter by comparing the observed and simulated
(3) and were calculated from MD structural models using a 4 P y paring

7 i 1 -
point charge crystal field. The values kin the calculation fnﬁﬁggaacb)g\'/:é ér'?(ljnﬁ:g:’ usSIrg:ttrge%éa‘l F;?;?nn;fé?r\?v;se:jeer-
of electric dipole transition intensities are limited to 1, 3, 5 4 SP ! 6 P

and 7 for the selection rule "termined. Thea, and b, parameters are listed in Table I

. . . together with the parameters calculated for the Fafystal
The electronic states of rare earth ions are included aB the DV-Xa electronic state calculation. In the intensit
(4f|r¥|4f) in Eq.(2) ande,,, |nl) in Eq. (9). For the simu- y @ : y

lation of spectra, the & andng states were encountered as calculation A7 parameters were omitted because their con-

. . . Hibutions to the transition bands in our observation were
[nl) states. We applied an electronic state calculation calle -
DV-Xa for the electronic state of the &t ion in a fluoride negligible.
host Euk crystal. The program SCAT for the computation
was provided by Adachet al3® For the calculation, the first
coordination polyhedron, EyRvas used. The second neigh- Figure 2 shows the observe@) and simulated(a)
bor ions were treated as point charges. The D¥-€élcula- broadband emission spectra. The simulated broadband spec-

where by is the correction factor foE,,, which is also
treated as an adjustable parameter in this study. Ahe

B. Broadband emission and excitation spectra
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TABLE Ill. Electronic state parameter&|r|f) and 2, calculated for
EuF,; crystal by DV-Xu electronic state calculation and phenomenological

Soga, Inoue, and Makishima
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factorsay, andb, for the simulations of spectra.

Unit

EuF; crystal

A (by DV-Xa)

ay, bk

(FIre)

— kN

(R?)
(A%
(A9

(106 cnlerg)
(10~ %2 cn/erg)
(10" ?2cnlerg)
(108 cnlerg)
(10~ 28 cnlerg)
(10~ %*cnlerg)

oA N =
I

~N 0o wwek
OO0 BDdDNODN

0.26
0.16
0.21

—0.75
0.47
0.47

—-0.37

—0.80
0.59

0.59
2.2
4.3

0.93
3.0

5.2

tra are obtained by integrating spectral lines over all of the L N LA LA
structural models for each glass. In relation to the transition
intensity, the’D,—'F, bands mostly consist of magnetic di-
pole transitions, and those intensities are insensitive to the
glass structure. The crystal field affects only the splitting of
the energy levels. However, ti®,—'F, bands mostly con-
sist of electric dipole transitions, whose intensities are sensi-
tively changed by the crystal field, i.e., glass structure. Tran-
sition intensity corresponds to the area of an emission band.
To compare the intensity of the structure sensitive bands, all
of the emission spectra on this article were normalized so

that the areas of theD,—’F; bands would be constant.

In observed emission spectra, the characteristic differ-
ences between the ZB11 and ZB31 glasses were revealed as
the sharper profile of the ZB31 glass on the high-energy side

(@) SIMULATED

— ZB11
ZB31

Emission intensity (a.u.)

M 1 | L 1 PR
17.2817.32  17.40x10°

Excitation energy(cm'1)

(b) OBSERVED

® ZB11
LA O ZB31

Emission intensity (a.u.)

W | i 1 1 1 1 1
17.2817.32  17.40x10°
Excitation energy(cm'1)

of the °Dy—'F, band and on the low energy side of the
5D0_7|:4
emission intensity, spectral shape, and the above differences
between the two glasses were reproduced in the simulated

FIG. 3. Simulateda) and observedb) excitation spectra of B in ZB11
band compared to those of the ZB11 glass. Theand zB31 fluorozirconate glassésonitored at 14 300 ciit).

spectra.

ZB11 glass. This difference was reproduced in the simulated

The simulated and observed excitation spectra are showspectra. The energy of the low-energy edge of the ZB31
in Fig. 3. In both spectra, the energy of the high-energy edg@lass in the simulated spectrum was higher than that of the
of the band of the ZB31 glass was higher than that of theZB11 glass. However, this feature did not appear in the ob-

3 T T T T T T

8

=y (a) SIMULATED

5 — 1

| N\ |7 831

8

3 7 F, 7 [

o A L o

& N AV
14.0 14.5 15.0 15.5 16.0 16.5 17.5x1 03

Energy(cm'1)

= T T T T T T

s

> (b) OBSERVED

‘@

= i

‘ﬂ_‘) |

£

<

o

2 N ;

g F, <Dy

E \ i .
14.0 14.5 15.0 15.5° 16.0 16.5 17.5x10

Energy(cm'1 )

FIG. 2. Simulateda) and observedgb) broadband emission spectra ofEu

in ZB11 and ZB31 fluorozirconate glasses.

served spectra. The reason is not clear. One possible reason
for this mismatch of the observed and simulated spectra is
the neglect of the phonon effects, such as phonon sidebands
or thermalization.

C. FLN emission spectra

An excitation with a narrow line by a tunable laser is
known to give narrower emission spectra than a broadband
excitation for glassy materials because of the limitation of
the excitation in an excitation spectrum broadened by the
random distribution of the structure. This method is referred
to as FLN and has been used by many spectroscopists inves-
tigating rare-earth doped glasses to provide clearer informa-
tion for the spectra than broadband excitation dtr@g®

Figure 4 shows the simulatdd) and observedb) FLN
emission spectra of Eii in the ZB11 and ZB31 glasses. The
Fo—°D, excitation energy was varied for the observed
spectra by tuning the excitation laser. A corresponding
change of the excitation energy in the simulation was per-
formed grouping the structural models with thE,—°D,
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T T | I T T T
excitation energy /X, 5

*Dg-> F, Fy

(a) SIMULATED
17317 cm’'
- 1 1 1 1

€

Emission intensity(a.u.)

15.8 16.0 16.2 16.4 16.6 1§.8
Emission energy(cm )

T T T L T T T
excitation energy o e

5Do-> F, Fy

X (b) OBSERVED
17301 cm’'| 4 N
17316em’ |

Emission intensity(a.u.)

16.0 16.2 16.4 16.6 16.8
Emission energy(cm )

15.8

FIG. 4. Simulateda) and observedb) FLN emission spectra of Eli in

ZB11 and ZB31 glasses.

grated.

simulated spectra as well as in the observed spectra.
As a matter of convenience, three peaks ofbg—'F,
band are noted as, €,, ande; from the higher energy side

17.2x10°

Eu-X pair distribution
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2 3 4 5 6 7 8
Eu-X distance[X=Zr,Ba and F](A)

FIG. 5. Pair radial distribution function of Eu—& =Zr, Ba, and F pairs in
ZB11 and ZB31 fluorozirconate glasses.

D. Structure models by MD simulation

The results of optical spectrum simulation showed that
the structures of the RE sites, which affected the optical
spectra, were reproduced by MD simulation. We will discuss
the structural aspects of the RE coordination in the structural
models by MD simulation in this section. Figures 5 and 6
show the Eu—X(X=Zr, Ba, and F pair distributions and
cumulative distribution, respectively, as a result of MD
energies in the same region, for example, between 17310 anfimulation. The peak of the Eu—F pair distribution was at 2.4
17324 cm, when the simulated emission lines were inte-A whose value was comparable with the average Eu—F dis-
tances of europium fluoride crystals. The average coordina-

The characteristic differences between the two glassesion numbers of the atoms to the Eu ions, obtained from Fig.
which were not clear in the broadband spectra, are clearlg, are shown in Table IV. The Eu—F coordination number
observed in the FLN spectra. A gradual increase of the splitwas larger in the ZB11 glass than in the ZB31 glass. Com-
ting by increasing the excitation energy was observed in th@aringRy=N(Ba)/N(Zr+Ba) (ratio of the number of atoms
in a cel) with Ryc=N¢(Eu—-Ba)Nc(Eu—{Zr+Ba}) (the ra-

as shown in Fig. 4. The characteristic differences between
the ZB11 and ZB31 glasses in the observed spectra were as

follows;

(1) Inthe®Dy—"F; band, the splitting of the, ande; com-
ponents was larger for the ZB11 glass than for the ZB31

glass.

(2) In the®Dy—'F, band, the shoulder on the higher energy
side was sharper for the ZB31 glass than for the ZB11

glass.

(3) In the °Dy—'F, band, the differences in the spectral
shape and intensity between the two glasses were smaller
at the higher excitation energy side of the band.

The above three characteristic differences between the two

Eu-X cumulative distribution

glasses were reproduced in the simulated spectra. This fact
means that the structural difference which affects the spec-
troscopic character of rare-earth ions in glass was simulated
properly by MD simulation, and that the simulation of spec-

tra using a point charge crystal field is usable in analyzing;g. 6 Eu—x (X=2r, Ba, and § cumulative distribution of ZB11 and
ZB31 fluorozirconate glasses.

the spectra of the RE ions in glass.

15

=~ Bu-Zr(ZB11)

_.-7 — Eu-Ba(ZB11)
/

— Eu-F(ZB11)

Eu-Zr(ZB31)

Eu-Ba(ZB31)

Eu-F(ZB31)

2

3 4 5 6

Eu-X distance[X=Zr,Ba and F](A)
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TABLE IV. Average coordination numbers of atoms to europium ions.  8G. H. Dieke,Spectra and Energy Levels of Rare Earth lons in Crystals
- (Interscience, New York, 1968
Size of the 7B. R. Judd, Phys. Rev.27, 750 (1962.

coordination ZB11 ZB31  8g. s. Ofelt, J. Chem. Phy§7, 511(1962.
9K. Soga, M. Uo, H. Inoue, and A. Makishima, J. Am. Ceram. S@ 129

N (Eu—F) 3.2 88 84

Average coordination (1995.
number No(Eu-2r) 55 56 80 10K, Soga, H. Inoue, A. Makishima, and S. Inoue, Phys. Chem. Gl&&es
N_(Eu-Ba) 55 63 3.1
253(1995.
11
Ratio of coordination  Ryc=N.(Eu-Ba)/ 0.53 0.28 12P' Porcher and P. Caro, J. Chem. Pt6fs.89 (1976
ber of cati N,(Eu—{zr+ Bal) P. Porcher and P. Caro, J. Chem. Pl§&.4176(1978.
[‘“m er of cations N, 3p_ porcher and P. Caro, J. Chem. P68.4183(1978.
0 & edropium ion 14p. Porcher and P. Caro, J. Lumizt, 207 (1980.
) 15M. Taibi, J. Aride, E. AnticFidancev, M. LemaitreBlaise, and P. Porcher,
Ratio of the number of Ry=N(Ba)/ 0.50 0.25 Phys. Status Solidi AL15, 523 (1989.
cations in a unit cell N(zr+Ba) 16E  Anticfidancev, M. LemaitreBlaise, P. Porcher, M. Taibi, and J. Aride, J.

Alloys Compd.188 75 (1992.
17E. AnticFidancev, J. Aride, M. LemaitreBlaise, P. Porcher, and M. Taibi,
. . . . J. Alloys Compd.188 242(1992.
tio of coordination numbejs the Ryc was larger in both i8¢ cascales, E. AnticFidancev, M. LemaitreBlaise, and P. Porcher, J. Al-
ZB11 and ZB31. Thus barium atoms tended to coordinate to loys Compd.180, 111(1992.
EuFX ponhedron in both g|asse3‘ 19E. AnticFidancev, M. LemaitreBlaise, J. Chaminade, and P. Porcher, J.
Alloys Compd.180, 223(1992.
20E. AnticFidancev, C. Cascales, M. LemaitreBlaise, and P. Porcher, J. Al-

V. CONCLUSION loys Compd.207, 178 (1994
. . . 2IA. Florez, M. Florez, S. A. LopezRivera, J. Martin, P. Porcher, O. L.
The S|mulatlon of the spectra .o'f Eurdoped fluorozir- Malta, Y. Messaddeq, and M. A. Aegerter, J. Alloys Compd5-277,
conate glasses with two compositions, Zr:Bal (ZB11) 333(1998.

and Zr:Ba=3:1 (ZB31), was studied using MD simulations #J. Holsa, R. J. Lamminmaki, and P. Porcher, J. Alloys Con2g&-277,

and a point charge crystal field. The characteristic differ- 398(1998. o , _
231. Holsa, E. Sailynoja, P. Ylha, E. AnticFidancev, M. LemaitreBlaise, and

ences of observed emission ;pectra between two glasse . Porcher, J. Chem. Soc., Faraday Tr&ds 481 (1998.
were revealed as .sharper profiles of the peaks c_’f the ZB?‘éhJ. Holsa, R. J. Lamminmaki, P. Porcher, P. Deren, and W. Strek, Spectro-
glass compared with those of the ZB11 glass. A difference in chim. Acta, Part A54, 2189(1998.

the splitting behavior between the two glasses by the changiég- Bfecnef ang L. A. R?Segerg. PEyS- Rev;g gé éli(??géo
g faad . Brecher and L. A. Riseberg, Phys. Rev 7(1 .
of excitation energy was observed for the FLN eMISSION,; " "5 wer and M. J. Weber, Appl. Phys, Legs, 31 (1979,

spectra. Those difference§ in the observed optical SPECtEs A Brawer and M. J. Weber, Phys. Rev. Ldi, 460 (1980.
were reproduced in the simulated spectra. The analysis Gfs. Brawer and M. J. Weber, J. Non-Cryst. Sol&&&39, 9 (1980).
structural models by MD simulation showed that barium ions®M. J. Weber and S. A. Brawer, J. Non-Cryst. Sol&s 321 (1982.

» . ‘
tended more to coordinate with EyElusters than with zir- G- Cormier and J. A. Capobianco, Europhys. L2d, 743 (1993.
= 32G. Cormier, J. A. Capobianco, C. A. Morrison, and A. Monteil, Phys. Rev.

conium lons. B 48, 16290(1993.
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