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Monte Carlo simulations of the structure of Eu®*-doped BeF, glass show that in con-
trast to the almost perfect fourfold coordination of Be by F, the rare-earth sites are dis-
ordered and no fixed coordination number can be defined. The calculated distribution of
Eu®* electronic energy levels is in general agreement with the inhomogeneous broadening
observed in optical spectra and measured using laser-induced fluorescence line-narrowing

techniques.

PACS numbers:

Optical and magnetic resonance spectra of para-
magnetic ions in glass are characterized by large
inhomogeneous broadening attributed to site-to-
site variations in the local structure of the im-
purity sites.! There have been numerous attempts
to infer the local glass structure from the optical
spectra of the impurity,! but these have been frus-
trated by the lack of uniqueness of any such con-
struction. In this paper we take a new approach
to the problem of the optical spectra of impurities
in glass, with specific application to BeF,:Eu®",
To investigate the disorder and distribution of
local environments at activator ion sites in inor-
ganic glasses, we have (1) simulated a rare-
earth—doped BeF, glass by the Monte Carlo (MC)
technique of statistical mechanics, (2) used laser-
induced fluorescence line narrowing (FLN) tech-
niques to measure site-dependent energy level
splittings, and (3) compared measured optical
spectra with energy level distributions predicted
from the simulated structure. The results are
in good agreement with experiment and show very
clearly the variations in local structure and
fields. This approach canbe extended to calculate
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spectroscopic properties of many paramagnetic
ions in glass.

Our model glass system consisted of 199 ions:
65 Be?**, 133 F~, and 1 Ev®" in a cubic cell of
side 13.82 A (the density of 2.06 g/cm?® corre-
sponding to the doping concentration of 1.3 mol%
EuF,). Because of its simple energy level struc-
ture, Ew®* provides a convenient probe of the
local fields.? The interionic potential energy in-
cluded a Coulomb term and a Born-Mayer repul-
sion for ions i and j of the form A;; exp(-07).

The Coulomb potential was evaluated as the Ewald
sum by use of the Hansen approximation.® The
A;; for Be-F ions was the same as used by Wood-
cock, Angell, and Cheeseman.* For Eu-F ions

it was chosen to make the first peak in the Eu-F
radial distribution function (RDF) occur at 2.35
f\, the sum of the Pauling radii’; for Eu-Be ions
it was set equal to zero. ¢ =3.448 A~! for all
ions.

Computations were made with an array proces-
sor (Floating Point Systems Model 120 B) and a
PDP-11/55 host computer: this combination gen-
erated 250 000 configurations per hour. A high-
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temperature fluid was simulated first by making
a run of 16 million steps (individual ion displace-
ments) at a temperature of 1667 K where suffici-
ent diffusion occurs to ensure complete randomi-
zation of the fluid. Glasses were formed by start-
ing with one of the high-temperature fluid config-
urations and carrying out the MC process while
slowly lowering the temperature. During the cool-
ing process the step size was adjusted to keep the
acceptance rate between 40% and 50%; a total of
200000 steps were made. At the final temper-
ature (900 K) no diffusion occurred. Every
100 000th configuration of the initial high-temper-
ature fluid was quenched in this way. Because
the model system contained only 1 rare earth
(RE), 159 different initial fluid configurations
were quenched. The collection of these low-tem-
perature configurations is the glass. Other de-
tails of the simulation are the same as described
elsewhere.®

The glass structure for ions more than 4 A
from the RE was similar to that of simple amor-
phous BeF, and consisted of a nearly continuous
random network of distorted BeF, tetrahedra
joined at vertices with fluctuating Be-F-Be an-
gles. A few defects in the form of coordination
irregularities were observed, as discussed in
Ref. 6. Calculated RDF’s are in good agreement
with experimental data for BeF,.”?® Our MC re-
sults are the same as those obtained in molecular
dynamics simulations of BeF,.*:°

Our particular interest is the structure near
the RE. The Eu-F and Eu-Be RDF’s, which
give the number of ions per unit volume at dis-
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FIG. 1. Calculated Eu-F and Eu-Be radial distribu-

tion functions g. and g4, respectively, for computer-
simulated BerzEu3+ glass. (The vertical scale for g
is half the left-hand scale.) The quantity » is the aver-
age coordination of Eu by F.

tance », are shown in Fig. 1. The distributions
of Eu-F and Eu-Be distances are broad. Some

F ions are as close as 2.1 A; there are no Be
ions closer than 3.0 A. Included in Fig. 1 is n(»),
the average coordination number of the RE by F,
obtained by integrating the RDF out to ». As
shown in Table I, the site-to-site variations in
coordination number are large. In addition, we
find that the closer a F is to the RE, the greater
the probability that it is nonbridging, i.e., bonded
to only one Be. (If a Be-F separation is < 2.41"&,
we call them “bonded”.) Thus for F ions at dis-
tances of 2.4, 2.6, 2.8, 3.0, and 4.0 A (+0.14)
from theRE, the probabilities of being nonbridg-
ing are 0.80, 0.55, 0.32, 0.08, and 0.02, respec-
tively. This statistical distribution of bridging
and nonbridging fluorines about the RE is a type
of disorder not measured by the conventional
RDF. Since all F have at least one Be neighbor
within 2.4 A, there are no free F ions.

The presence of the RE introduces another kind
of short-range order into the glass. We find that
the BeF, tetrahedra adjacent to the RE are ori-
ented so that one vertex points toward the RE.
Specifically, consider a Be bonded to a F which
is within a distance » of the RE (the distance » is
the cutoff for the RE first coordination shell and
is to some extent arbitrary). Let p be the proba-
bility that all the other F ions bonded to that par-
ticular Be are farther than » from the RE and
hence are not ligands. Thus p is the probability
that the BeF, tetrahedron is monodentate for
ligands within distance » of the RE. For » =2.25,
2.5, 2.75, and 3.0 A, the computed p values are
1.0, 0.99, 0.93, and 0.87, respectively. There-
fore the smaller » is, the more probable that
BeF, tetrahedra adjacent to the RE are mono-
dentate.

In summary, the RE is complexed mainly, but
not entirely, by nonbridging F, with no local sym-
metry and with site-to-site fluctuations in coor-
dination number and RE-F distances. Each dis-
ordered coordination polyhedron shares mostly

TABLE 1. Fraction of Eu®* jons with exactly » first-
neighbor fluorine ions within a sphere of radius », based
on a computer-simulated BeF,:Eu®* glass.

First-neighbor coordination number »n

Radius 7 (5\) 5 6 7 8 9
2.7 0.09 0.29 0.47 0.15 0
3.0 0 0.12 0.34 0.48 0.06
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corners with adjacent BeF, tetrahedra in agree-
ment with Pauling’s second rule for ionic struc-
tures.® This rule is obeyed statistically; the
smaller the cutoff defining the first coordination
sphere, the fewer the number of exceptions.

To test the validity of our simulations of the
local structure at the RE site, we calculated the
electronic energy levels of Eu** using a point-
charge model of the crystal field (CF). While
such a calculation is only of qualitative signifi-
cance, it offers further insight into the structure
at the RE sites. To limit the number of parame-
ters, we restrict ourselves to the "F, and "F,
manifolds of Eu** for which the second-order CF
terms are of overwhelming importance. The
point-charge CF is given by
2
VE-AYils D Y0, 00U 1)

L g==2

where ligand L of charge ¢, is at distance R,
from the RE, Y, is a second-order spherical
harmonic, U2 is the reduced tensor operator for
the f electrons of Eu®**, and A is a positive free
parameter. To clarify the relation between ener-
gy and structure, only F ligands within 2.75 A of
the RE are assumed to contribute to the CF.1°

- The energy levels of the "F, and "F, manifolds of
Eu®* for 159 configurations of the glass were com-
puted from Eq. (1) by diagonalizing the 16 x16
matrix in the basis of the /=0, 1, 2, 3 manifolds
of the "F term. The constant A and the centers
of gravity of the manifolds were chosen to give
the best fit to the observed spectra.

Both broadband- and laser-excited fluorescence
spectra from the °D, state to levels of "F were
recorded and compared with the calculated energy
levels. The BeF, sample contained 0.5 wt% EuF,
and was measured at # 30 K. The two upper
curves in Fig. 2 are the experimental fluores-
cence spectra for broadband excitation into lev-
els above ®°D,. The histograms are the calculated
distribution of Eu®* energy levels for 159 sites.
(The energy of the °D, level was taken to be con-
stant.) Although the site dependence of the tran-
sition probabilities is unknown at present, the
asymmetry of the 5D, ~ “F, profile and the magni-
tude of the inhomogeneous broadening of the °D,
~ "F, band are both successfully modeled.

The Stark splitting of subsets of sites were
probed with use of a tunable flashlamp-pumped
Rhodamine-6G dye laser (Chromatix CMX-4) and
fluorescence line narrowing techniques.? Excita-
tion was via the weak "F,- °D, transition* and
photon counting detection was necessary. To
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FIG. 2. Measured fluorescence spectra (smooth
curves) and calculated energy-level distributions (histo-
grams) for Eu’* in BeF, glass. Energy levels were cal-
culated using a point-charge model of the crystal field.
The two top curves are broadband-excited spectra; the
two bottom curves are narrow-band laser-excited spec-
tra.

avoid distortion to spectral diffusion by ion-ion
cross relaxation, the fluorescence was monitored
during the first 500 us of the = 10-ms decay. The
two lower curves in Fig. 2 show the emission ob-
served for excitation on the short- and long-wave-
length sides of the "F,-°D, band. The histograms
are calculated distributions of "F, energies for
those sites having "Fy-°D, energies within + 0.2
nm of the excitation wavelength. The histograms
again model the overall splitting and distribution
of the "F, energy levels for different sites. The
smallest and the largest "F, splitting observed
experimentally differed by a factor of = 4; the
calculated energy levels show a similar range of
relative splittings.

To correlate energy levels with structure at
each RE site, we do a principal axis transforma-
tion. The matrix M;; =2,7;(L)r,(L)/R.°, where
73, Vs, 75 are the x,v,2z components of the position
of ligand L, is diagonalized by a simple rotation
of the coordinate system. If R;(L) are the ligand
positions with respect to the new principal axes,
the eigenvalues of M are x; =), R;3(L)/R,°. We
assume A; >A,>Xx,. To examine the variation of
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FIG. 3. Diagonal moments A; (see text) of the F ligand
distribution about a Eu®* ion in BeF, glass as a function
of configuration. The sites are ordered with 7F0 energy
decreasing monotonically to the right.

the moments with energy, we plot A; as a function
of Eu site in Fig. 3 for a subset of 80 configura-
tions. The sites are ordered such that the F,
energy decreases monotonically to the right. (The
order of the sites was not found to be related to
the order in which the initial fluid configurations
were generated.) As the "F, energy decreases
(and the ®D,-"F, separation increases), the aver-
age of x, tends to increase slightly from =~ 0.18 to
= 0.21, A, fluctuates randomly about = 0,155, and
A5 decreases from = 0.14 to = 0.05. The fluctua-
tions in A, and x; are almost perfectly correlated
with each other, while X\, exhibits less correla-
tion, especially for the lower "F, energies. From
second-order perturbation theory, the energy of
""F, is

E('Fy)
= —const[(y = 1,)% + (A, =252+ (0, =25)%]. (2)

Because the variation of A, is the largest, it is
the most significant site parameter affecting the
variation of E("F,). Thus as the "F, energy be-
comes more negative (and the "F, splitting in-

creases), the ligand distribution about the RE
tends to be more planar (A, becomes small); for
small splittings the moment distribution is more
spherically symmetric (all »; nearly equal).’? We
have determined that there is no correlation be-
tween "F, energy and coordination number. There-
fore it is the symmetry of the ligand distribution
that is responsible for the average behavior of

the energy levels.

Finally we note that we have simulated glasses
under several different quenching conditions and
there are only small changes in the properties
discussed here.

This work was supported by the U. S. Depart-
ment of Energy Office of Basic Energy Sciences
and by the Lawrence Livermore National Labora-
tory under Contract No. W-7405-Eng-48.

1. Wong and C. A. Angell, Glass: Structure by Spec -
troscopy (Dekker, New York, 1976).

2See, for example, C. Brecher and L. A. Riseberg,
Phys. Rev. B 13, 81 (1976).

3J. P. Hansen, Phys. Rev. A 8, 3096 (1973).

‘L. V. Woodcock, C. A. Angell, and P. Cheeseman,
J. Chem. Phys. 65, 1565 (1976), C. A. Angell, private
communication.

L. Pauling, The Natuve of the Chemical Bond (Cor-
nell Univ. Press, Ithaca, 1960).

bg, Brawer, to be published.

g, Zarzycki, Pnys. Chem. Glasses 12, 97 (1971).

8A. J. Leadbetter and A. C. Wright, J. Non-Cryst.
Solids 7, 156 (1972).

%A, Rahman, R. H. Fowler, and A. H. Narten, J. Chem.
Phys. 57, 3010 (1972).

This is a reasonable approximation because the sum
Z,q.R. "% over ligands within 2.75 A is (70—80)% of the
sum ZLqLRL'3 over all ions of the system. In addition,
the closer ligands are expected to be proportionately
more important because of wave-function—overlap con-
tributions to the CF.

7o match the wavelength of the transition in a fluoride
glass, Rhodamine 6G was dissolved in trifluoroethylene.
We thank Peter Hammond for recommending this com-
bination.

2This does not, however, imply spherical symmetry
at the site.

463



