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Abstract. Molecular dynamics simulations are performed for ZrFs-BaF;-EuF; glass systems
in which 0, 5 and 10% F~ ions are substituted by CI~ jons. Changes in local structures of the
glasses around each cation are investigated in terms of increasing amount of substitutions of
Cl- for F~. The average coordination number of F~ around Ze* is found to be approximately
7.7 and is independent of the amount of Cl1~ substitution. The power spectra of the velocity
autocorrelation functions are also calculated. The Zr-F stretching mode observed at around
800 em™! shows no shift with C1~ substitution. These results show that the local structure
around Zr** is not greatly affected by the small amount of CI™ substitution, The F~ coordination
number around Bu’* at a radius of 3.0 A and that around Ba?* at a radius of 3.5 A are found
to decrease from 8.0 to 5.6 and from 9.2 to 5.1, respectively, as the CI~ fraction increases, This
means that C1~ ions substituted for F~ exist almost around the Bu3* or Ba?* cation. Thus,
even the smail amount of Ci~ substitution greatly changes the local structures around Eu®t and
Ba?t, ‘

1. Introduction

The rare-earth-doped fluoride glasses (RDFG) have unique characteristics; high transmitiance
from the middle-infrared to the near-ultraviolet region [1], incorporation of rare-carth
elements at high contents (up to 30 mol%) and low phonon energies [2]. RDFG have
wide applications as optical devices such as laser oscillators and optical fibre amplifiers
[3-51. It is widely known that the optical properties of fluorescent jons doped in glasses
are greatly affected by the structures of the glass host. Although many experimental studies
have already been made on the structures of RDFGs [6-10], there are only a few studies
which treat the fluorescence properties of rare-earth ions in RDFGs in terms of the glass
structures except for the following studies: Adam et af [11] investigated the geometrics of
Eu** in fluorozirconate glass using site-selective spectroscopy, Todoroki et al [12) reported
the relationship between up-conversion luminescence of Er*t and phonon energy around
rare-earth ions, and Soga et al [13] studied the fluorescence properties of Eu?* and local
phonon modes around Eut ions in ZrF;-based glasses doped with C1™. These groups tried
to relate the optical properties of RDFG and their structures.

Recent progress in computer systems makes it possible to investigate the microscopic
structures of materials such as fluoride glasses by molecular dynamics (MD} or Monte Carlo
(MC) simulation. MD and MC simulations have already been applied to many topics in the
materials science field [14] and are regarded to be a powerful tool for understanding the
microscopic structures and dynamics of materials. Hirao and Soga [15] have carried out
MD simulations for borate glasses to investigate the local structures around Eu*t ions in
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glasses. They found that profiles of Eu3t fluorescence spectra are closely related to the
local structures.

Previously, we have confirmed from experiments that the emission efficiencies of rare-
earth jons in ZrF; glasses which contain a small amount of C1~ ions as impurities are higher
than those in pure ZtF, glasses [16]. Furthermore, Yano [17] reported that the substitution
of CI™ ions enhances the stabilities of the glasses, and Elyamani ef al [18] reported that the
absorption edge shifts to a longer wavelength with increasing amount of substitution of Cl~
for F~. These findings are particularly of interest because they all suggest that the glass
structures are greatly affected by a small amount of C1™ substitution.

In the present study, we have performed MD simulations for ZrF,;—BaF,~EuF; systems
to investigate the changes in glass structures with increasing amount of CI~ substitution
for F~. In particular, the local structures around each cation (Zr*t, Eu®* and Ba®t) are
extensively analysed by calculating the anion coordination numbers around the cation. The
power spectra of velocity autocorrelation functions are calculated as well. The substitution
of CI~ is carried out up to 10% in total number of anions ([CI/{[C!] -+ [F]) x 100). This
substitution range is within the experimentally obtained glass-forming range by means of a
melting method.

2. Simulation methodology

In the present MD simulations, all ions interact through the Busing approximation of the
Born—Mayer-Huggins type of potential without any dispersion terms. The potential energy
(U:;) between ions { and j is given by

_ Z,' Zjez

i

+ folbi + b)) exp (f‘_ﬁ:’__r”)

b;-}-bj

where Z; is the point charge Iocated on the ion {, ry; is the distance between fons i and j,
e = 1.6022 x 10~ C and fu = 6.9472 x 1078 J. g; and b; are the size and sofiness
parameters, which were empirically determined to reproduce the structures of various
crystals containing the ion species at room temperature. The potential parameters vsed
in the present calculations are listed in table 1. We have carried out MD simulations for
three glass compositions 55Z:F4—(35 — x)BaF;—xBaCl,~-10Euf; with x = 0, 8 and 16.
These compositions correspond to 0, 5 and 10% CI~ in the total anions. From now on, we
refer these three glasses with x = 0, 8 and 16 as 0Cl, 5CI and 10Cl, respectively. The unit
cell contains 420 ions. The periodic boundary conditions are used as usual. The long-range
corrections for potentials and forces due to the Coulomb term are treated by Ewald’s [19]
method. The temperatures and pressures are controlled by a simple scaling method. The
initial jonic configurations were generated randomly; the initial velocities used were such
that a Boltzmann distribution was followed at simulation temperatures. The equations of
motion were integrated with a time step of 2.5 fs. The simulation schedule of each stage,
i.e. equilibration, cooling, annealing and data analysis, is summarized in table 2.

The paower spectra of the velacity autocorrelation functions for each ion are calculated
using the MD data during 1600 steps after the annealing process. Bond angle distribution
functions are also calculated by averaging over 3000 steps of MD data. In order to reduce
statistical errors, simulations were carried out three times for each glass composition using
different initial configurations.
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Table 1. Potential parameters used for ZrFs-BaF;-BaCl-EuF; glasses.

a b
Ion z (A) A
F -1 1500 0.090
ar -1 1970 01095
Ztt 44 1380 0072
Ba’t  +2 1800 0.077
Er®* 43 LS50 0075

Table 2. Schedule of the present Mp simulations,

Start End Temperature ~ Cooling rate
Stage step step (K} (K/step)
Equilibration 1 10000 2000 0
Cooling 10001 17000  2000-300 -1
Annealing 17001 27000 300 0
Data analyses 27001 31600 300 0

3. Resnlts and discussion

3.1. Structure of Zr-Ba—FEu-F glass

4585

Figure 1 shows a schematic diagram of the 55Zr-35Ba~10Eu-320F glass (0CI) at 300 K.
7r-F and Bu-F bonds are shown by the solid lines. One can see that the network structures
of Z¢F4 glasses are built up by linking ZrF,(n = 7 or 8) polyhedra by edge or corner
sharing. EuF, polyhedra also play a part in building up the network. Ba’* ions, however,
are located in the interstitial positions of ZrF, and EuF, polyhedra which construct the

three-dimensional network.

OF oZr

Figare 1. Schematic diagram of 55Zr--35Ba~10Eu-320F (0CI) glass at 300 K.
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3.2. Local structures around Zr'+

The pair correlation functions gz_x(r} and the running coordination numbers Ngz._x(r) for
the Zr**—X~ pair (X:F or Cl) are shown in figure 2. One can observe only very small
peaks on the gzr—ci(r) curves in the r range from 2.5 to 3.0 A for 5Ct and 10Cl. Thus we
can say that very few Cl~ ions exist around Zr*t, gz_p(r) curves show that the average
interionic distances between Zr*+ and F~ are 2.10 A and almost constant, being independent
of the anion substitutions. As is observed on Ngz_x(r) curves in figure 2, the total anion
coordination numbers around Zr** are about 7.7 in all glass compositions OCL, 5CI and
10CI. The curve profiles of Nz,_x(r) are quite similar to each other, Thus the average
interionic distances between Zr*T and F~, and the total anion coordination numbers around
Zr*t are independent of the anion substitution.

£7:-x(r)
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10

Nzex(r)
N OB on 09

. I : : ] N ] .
% 2 3 3
r(A)
Figure 2. Pair correlation functions gzr-x{r) and nmring coordination numbers Nzex (r) for
the Zet X~ (X:F or Cl) pair: (@) gze-x(r); () Nzr—x(r).

[

The power spectra of the velocity autocorrelation functions for Zr*+ and F~ are shown
in figure 3. The spectra for Zr+* and F~ show the same tendencies. Both spectra have a
peak at around 800 em™', Thus it can be assigned to the stretching vibration Zr-F bonds,
One can see that the peak frequency of this mode is independent of the anion substitutions,
This is consistent with our previous experimental study in which we have reported that
the frequency of the stretching vibration of Zr-F bonds is independent of C1™ substitution
in ZrF, glasses [20]. Both the MD and the experimental results show that Zr** ions are
surrounded only by F~ ions and that very few Cl~ ions coordinate to Zr** within the
substitution range 0-10 anion% of CI~.
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Table 3 shows the distributions of the number of F~ ions which are present in the ZrF,
polyhedra. For the OCI system, only the polyhedra with # = 7 or 8 exist. However, those
with n = 6 or 9 are also observed in the 5Ci and 10CI systems. The network connectivity
of ZrF, polyhedra is also studied by counting the numbers of F~ ions in the corner-shared
configuration and those in the edge-shared configuration. These are shown in table 3. It is
found that the corner-shared F~ decreases and the edge-shared F~ increases with increasing
amount of C1~ substitution. The increase in the edge-shared F~ contributes to keep the F~
coordination number around 7.7 using a smaller amount of F~ ions.

Table 3. Anion coordination number around Zr*+ and the interconnectivity of ZrF, polyhedra.

Amnion coordination number Interconnectivity of
around Zr*t (%) Z1F, polyhedra (%)
Sample 5 6 7 8 9 Corner-shared F~  Edge-shared £~
0Cl 0 0 287 M3 0 91 9
5C1 0 1.8 26.0 70.4 1.3 88 12
10C1 0.1 5.0 62.8 319 0.2 79 21

The distributions of F-Zr-F bond angles are shown in figure 4. The width of the peak
around & = 75° increases with increasing C1~ substitution. F-Zr-F bond angle is distributed
in a wider range as the Cl™ substitution increases.

T T T 1 T T T ™7 T T
=3 —~
= >
E g 10CI
=] =]
w A=)
5 E
2 E 5C1
Z Z
5 a
a
0Ci
b1 1 N T WS S B
00 800 1000 1200 30760 90 120 150 180
Wavenumber (em™) F-Z:-F angle (degree}
Figure 3. Power spectra of the velocity autocorrelation  Figure 4. Distributions of F-Zr-F bond angles (a.u.,
fanctions for Zr'*+ and P~ (a.u., arbitrary units). arbitrary units).

From the present MD results, it is found that the average Zr**~F~ interionic distance
and the average F~ coordination number around Zr*+ are not greatly affected by the anion
substitution. However, the variation in the number of F~ in ZiF, polyhedra and the network
structures of ZrF, polyhedra are found to be affected by the anion substitution,
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Figure 5. Pair correlation functions ges-x(r) and running coordination numbers Ngy—x (r) for
the Bo®*-X" (X:F or C1) pair: {(2) geu—x(r); (&) New-x{r).

3.3. Local structures around B+

The pair correlation functions gg,—x{r) and the running coordination numbers Ng—x{r) for
the Eu*+—X~ (X:F or Cl) pair are shown in figure 5. As can be seen from the gpy—x(r)
curves, the average interionic distances of the Eu**—F~ and Eu**—Cl™ pairs are 2.41 A and
296 A, respectively. These are mostly independent of the anion substitution. Nes—x(r)
curves for OCI has a clear shoulder at 2.5 A as is seen on that of the Zr—F pair. Ngy—x(r)
curves for 5CI and 10C] show two discernible shoulders at 2.5 and 3.0 A. The former
shoulder corresponds to the Eu~F pair; the latter corresponds to the Eu-Cl pair. The total
anion coordination numbers around Eu?t are approximately 9.5 at a distance of 3.5 A for
all glass compositions treated in this work. Figure 6 shows the distributions of coordination
numbers of F~ and C1~ around Eu®*, We used the threshold distance of 3 A for Eu-F bonds
and that of 4.0 A for Eu~Cl bonds. The average F~ coordination numbers around Eu>* are
8.1, 7.4 and 5.7 for OCl, 5C1 and 10Cl, respectively. For the 0Cl system, the number of
F~ ions in the EuF, polyhedra is 7, 8, 9 or 10, and the principal number is 8. This result
is almost consistent with the experimental data of Lucas er al [21] obtained from the x-ray
and MD investigations on a ZB glass. For the 5CI system, the principal F~ coordination
number is also 8. However, the rate of eight-F~-coordinated Eu** is smaller than that for
0C! system and many six-F-coordinated Eu>* exist. For the 10CI system, F~ coordination
numbers around Eu?* are distributed widely from 2 to 9 and the principal number of F~
around Eu** is 5. The Cl~ coordination number around Ev?* for 5Cl is 0, 1 or 2; that for
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10Clis 0, 1, 2, 3, 4 or 5. The average Cl~ coordination numbers are 0.6 for 5CI and 1.78
for 10CL The Cl™ coordination number increases with decreasing F~ coordination number
around Eo*t. All these results indicate that the substituted C1~ coordinates to Eu*t, and the
coordination number of Cl~ around Ev** seems to increase proportionally with increasing
amount of Cl~ substitution.

(a) (b) (c)

0C1[] 5C1] 10c1 [
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Figure 6. Distribution of the coordination number of F~ and C1~ around Eu**: (g) for 0CI;
(&) for 5CI; (c) for 10C1,

The distribution functions of F-Eu-F bond angles in EuX; (X:F and/or Cl) polyhedra
are shown in figure 7. The average F-Eu-F angles for the 5CI and 10Cl systems become
smaller than that for the OCI system in which no Cl™ ions exist in EuX; polyhedra. This is
atiributable to the fact that the ionic radius of CI” is larger than that of F~.

Figure 8 shows the power spectra of the velocity autocorrelation functions for E
F~ and CI~ obtained from Fourier transformation of the velocity antocorrelation functions.
A small shoulder appears for the 5C1 and 10C] systems on the higher-energy side of the
peak around 250 cm™!. We have experimentally observed that the phonon energy coupled
to Ev®* in ZrF, glass systems shifts to a higher-energy region by the substitution of CI~™
for F~ [15]. The shoulder on the higher-energy side of the power specira obtained by
simulations agree with the experiments. This high-energy peak in the spectra for Eu*
seems to correlate to that for Cl=. We suppose that the existence of C1~ produces the
high-energy phonon modes around Bu®*,

The local structure changes around Bu®t with the anion substitution are summarized as

follows.

(i) CI~ substituted for F~ exists around Eu’t, and CI~ coordination numbers around
Eu®* increase in proportion to the C1™ concentration.

(i) The total anion coordination number around Euw’* is independent of the CI~
concentration. In other words, the F~ coordinetion number decreases with increasing C1™

coordination number,
(iii) The F-Eu-F bond angle distribution shifts to a smaller-angle region.

II3+,
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Figure 7. Distribution of F-Eu-F bond angles in EuXy;  Figure 8. Power spectra of the velocity autocorrelation
(X:F and/or C1} polyhedra (a.u., arbitrary units). functions for Eu’t, F~ and CI~ {a.11., arbitrary units),

(iv) The existence of Cl™ produces the high-energy (high-frequency) phonon modes
around Bu3+,

3.4. Local structure around Ba®+

The pair correlation functions gga—x{r) and the running coordination numbers Np,.x(r) for
Ba?*—X~ (X:F or Cl) pair are shown in figure 9. The distribution of the Ba>*—X" interionic
distance is much wider than that of Zr**-X~ or Ev**-X~. The CI~ coordination number
around Ba?*t is the largest of all. Since Ba?* is a network-modifying cation in the glass
systems, the anions are weakly bonded to Ba?* and construct BaF,Cl,, polyhedra.

The CI~ coordination numbers around the cations increase in the order Zr*t, Eu’t
and Ba?*, This can be explained by comparing the interionic potential energies between
those cations and anions. The potential curves for the cation-anion pairs are depicted in
figure 10. The minima in the potential curves for cation—Cl~ pairs are shallower than for
cation—F~ pairs in all cases. Thus the total potential energy increases with increasing anion
substitution of C1~ for F~. The energy differences at the minimum of the potential curves
between the cation—F~ pair and the cation-Cl~ pair are 0.88 x 10712 J, 0.52 x 10~ J
and 0.28 x 107!% J for Zr**, Eu®* and Ba?*, respectively. Thus the substituted Cl~ ions
preferentially coordinate to Ba2* or Eu** to keep the total potential energy lower.

4. Concluding remarks '

We have carred out MD simulations for ZrF,—BaF;-FuF; glass systems to investigate
changes in the local structures around glass constitutive cations with increasing amount
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Figure 9. Pair correlation functions gga—x{r) and run-  Figare 10. Potential corves for the cation—anion pairs.
ning coordination numbers Np,—x (#) for the Ba?+-X~
(X:F or Cl) pair: (2) gea-x(r); {b) Npa-x{r).

of the substitution of C1~ for F~. Three glass compositions have been studied: 0Cl, 5CI
and 10ClL.

It is found from the present MD simulations that the F~ coordination number around
Zr*t is approximately 7.7 and independent of Cl~ concentration. The F~ coordination
numbers around Ba** and Eu?t are found to decrease with increasing Cl™ concentration.
Instead of this, Cl~ coordination numbers around Ba®** and Eu®*+ increase. The total anion
coordination numbers around Eu* remain unchanged. These MD results clearly show that
CI™ substituted for F~ mostly exists around the Ba?* or Eu®* cation. Only very few CI~
exist around Zr** in the Cl™-substituted ZrF; glasses treated in the present work. The power
spectra obtained by the present simulations also support this.

We have investigated also the network structures of ZrF, polyhedra and F-Zr-F bond
angle distributions. MD results show that the distribution of numbers of F~ ions in ZiF,
becomes wider as the amount of Cl™ ions increases. The F-Zr—F bond angle distribution
also becomes wider with increasing CI™ substitution.
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