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Abstract. Molecular dynamics simulations are performed for a ZrFk-BaF1 glass system, which 
is expected to be a good ion-conducting material. in order to investigate the fundamental 
conduction dynamics of fluoride ions in the glass. The simulation results show that the ionic 
conduction is governed by the happing motion of fluoride ions, with an average hopping distmce 
of 2.5A in the glass. This is clearly different from the diffusive motion observed in the melt. It 
is dso found that the mobility is clearly different between bridging (Zr-F-Zr) and non-bridging 
(ZI-FqBa), (BatFqBa)) fluoride ions in both glass and melt. The present result gives a 
satisfactoly explanation of IWO distinct time scales observed in a previous NMR measurement 
(Y Kawamoto and J Fujiwan 1990 Phys. Chem. Glarses 31 117). The first-passage-time 
approach is applied to the melt to determine the self-diffusion cmfficients of the bridging and 
the non-bridging fluoride ions separately. 

1. Introduction 

Since Poulain and co-workers discovered fluorozirconate glasses in 1975 [I], many 
experimental and simulation studies have been carried out on the structures and properties 
of these glasses. The static structures of these glasses are rather well understood [2]; 
it  is generally believed that in these glasses ZrF,, polyhedra form a random network by 
sharing corners andlor edges. However, the relationship between glass properties and 
their physical origins is not yet understood very well [3]. One of the most interesting 
findings on the properties of fluorozirconate glasses is that they exhibit notably large 
electrical conductivity [4,5] a-' cm-l at 473 K), which is clearly larger than those 
of other fluoride glasses [6,7] (-1O-'O Q-l cm-I). Fast-ion-conducting glasses are of 
considerable technological interest because of their possible applications in batteries IS, 91, 
sensors [lo, 111, and displays [12]. Although the electrical conductivity of these glasses 
is still smaller than those of crystals which are called superionic conductors, such as PbF2 

a-' cm-' at 473 K), fluorozirconate glasses have attracted considerable attention 
for the following reasons: (i) fluorozirconate glasses are optically transparent over a wide 
range of wavelengths; (ii) they can contain a large amount of additives such as rare-earth 
ions, which are important for applications in active optical devices. 

Many studies on fluorozirconate glasses have been carried out to find and design 
appropriate glass compositions to be used as fast-ion-conducting materials [13-15]. 
However, only a few studies have been performed to understand the mechanism of ionic 
conduction based on microscopic considerations [ 16-17]. A pioneering simulation study has 
been made by Angel and co-workers [16]. They performed a molecular dynamics (MD) 
simulation for a 64ZrF4.36BaF2 glass at a temperature of I200 K. In their simulation, fluoride 
ions are put into two classes according to the initial ionic configuration of the simulation. 
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Table 1. The potential parameters used in the present simulation. 

Ion z a (A) b (A) Reference crystal 
F -1.0 1.500 0.090 ZrF4 
Zr +4.0 1.380 0.072 ZrF4 
Ba t2.0 1.800 0.077 BaF2 

These are bridging fluoride ions which have two or more nearest-neighbour zirconium ions 
(a-F-Zr) and non-bridging fluoride ions which have one or no nearest-neighbour zirconium 
ion (Zr-F-(Ba), (Ba)-F-(Ba)). They then performed an MD simulation and plotted the mean 
square displacement (MSD) for each class of fluoride ions separately. The length of the 
simulation is limited to be short enough (-9ps) so that ions cannot move far away from the 
initial positions. From the MSD plot, they concluded that the non-bridging ions are more 
mobile than the bridging ions. Although this conclusion is quite reasonable, it seems rather 
difficult to reach the conclusion from only a single short simulation run, as they themselves 
mentioned. 

Previously, our group performed a measurement of I9F nuclear magnetic resonance 
(NMR) for the ZrF4-BaFz glass system, and revealed that the mobility of fluoride ions in 
the glass has two distinct time scales [3]. A possible way to explain the existence of these 
two time scales is to accept the argument in 1161 of bridging and non-bridging fluoride 
ions. In this study, we have carried out MD simulations for a 50ZrF4.50BaFz glass at 
l00OK (glass) and 4000K (melt). We have then calculated the self-part of  the van Hove 
correlation function separately for the bridging and non-bridging Buoride ions to find out 
which contributes more to ionic conduction, and to confirm whether the argument presented 
in [I61 is acceptable. 

The self-diffusion coefficient is determined using a recently developed first-passage- 
time (FFT) approach [18]. This approach makes it possible to distinguish two classes of 
fluoride ions (bridging and non-bridging) when one calculates the self-diffusion coefficient. 
In contrast, the MSD approach cannot clearly distinguish them because there is no 
guarantee that bridging (or non-bridging) ions in a starting configuration remain in the 
same environment as time goes by. 

2. Simulation methodology 

2.1. Potential model 

MD simulations have been performed for the ZrF4-BaFz glass system in which fluoride 
ions have large mobility: it is thus expected to be a fast ionic conductor. The simulation 
system treated in the present study is 50ZrF4.50BaF2, since our NMR data are available for 
the same composition. We used a Born-Mayer (BM) type of interionic potential function 
without the dispersion term, which is given by 

where ze is the ionic charge, a and b are the potential parameters, rij is the interionic distance 
between ions i and j ,  and fo (=6.9511 x IO-]' N) is a constant for unit conversion between 
these terms. The BM-type potential has been successfully used in simulations of various 
ordered I191 and disordered [20-231 ionic systems. The potential parameters used in this 
study were determined to give correct structures of reference crystals which contain the 
same ion species. The parameters are listed in table 1, together with the reference crystals. 
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2.2. Simulation details 

Our simulation procedure is as follows. 

system is equilibrated at a temperature of 2000 K. 
(i) The simulation is started from a randomly generated initial configuration, and the 

500 1000 1500 2000 

Temperature ( K ) 
Figure 1. A plot of the total potential energy against temperature during the cooling stage. The 
glass transition temperature is observed around 1200K. 

(ii) The system is cooled continuously from 2000 K to 300 K. The cooling rate is 
-4.0 x 10” Ks-’. Temporal total potential energies of the system are monitored during 
the cooling stage. These are plotted against temperature in figure 1. This plot has a bend 
around 1200K this represents the glass transition temperature of the model system. 

(iii) The annealing run is done at 300K. The radial distribution function is calculated in 
this stage. This is shown in figure 2 together with x-ray diffraction data. The agreement of 
the simulation with the diffraction data is not very good; however one finds that the present 
simulation can successfully reproduce some important features, such as peak positions, at 
least qualitatively. 

(iv) Two simulation runs are carried out at IOOOK Gust below the glass transition 
temperature, as is seen from figure 1) and 4000K (melted state) after the system is well 
equilibrated. The simulation at IOOOK is performed over very long times (-lOns). We 
use the microcanonical ensemble ( N V E  constant) in this stage. To investigate the diffusion 
mechanism of fluoride ions in the glass, the self-pat of the van Hove correlation function 
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Figure 2. A comparison of the radial distribution function obtained from the present Simulation 
with the x-ray diffnction data. 

is calculated, which is defined by 

S[T'  + T - r i ( t ) ] 6 [ ~  - r;(O)ldr 

where 4nr2G,(r. f) represents the distibution of the departure length of ions at the time 
interval t .  

Ewald's summation method was used in all stages of the present simulation to take 
into account correctly the long-range electrostatic interaction. In stages (i), (ii), and (iii), 
temperature was controlled using the simple velocity scaling method, and the pressure was 
kept at 0.1 MPa by adjusting the unit cell length routinely. 

3. Results and discussions 

The self-part of the van Hove correlation function at  a time interval 9 ns, G&, f = 9 ns). 
was calculated for fluoride, zirconium, and barium ions in the glass (1000K). These are 
shown in figure 3. One finds that only fluoride ions are conductive in the glass, whereas 
all ions are conductive in the melt (see figure 4) .  Figure 5 shows G&, t = 911s) for the 
bridging and the non-bridging fluoride ions in the glass. We used the same method as in [ 161 
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Figure 3. The self-pact of the van Hove correlation function for F-, Z++, and Bal+ at 1000K. 
This plot shows that only F- is mobile in the glass. 

to distinguish the bridging and non-bridging ions. Cut-off coordination radii are taken to be 
2.74A for the Zr-F pair and 3.83A for the Ba-F pair in the glass. Those in the melt are 
3.11 A for Zr-F and 3.89A for Ba-F. These values are the radii where radial distribution 
functions show the first minimum. The first peaks in figure 5 represent fluoride ions that 
remain in their initial sites (no hopping). The second and third peaks represent fluoride 
ions that hopped once or twice within the time interval. One can see that both classes of 
fluoride ions contribute to the ionic conduction; however, the non-bridging ions are more 
mobile than the bridging ions. The first moment r l ,  which is defined by 

/ Im 4rrrZG,(r, t)dr (3) 

is calculated and listed in table 2. This measures the average departure length of ions at the 
time interval 1 .  It is clear from table 2 that the non-bridging ions make a bigger contribution 
to the ionic conduction than the bridging ions in the glass. The present result supports the 
argument in [161, and is compatible also with our NMR measurement. It is thus reasonable 
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Tablc 2. The first momcnl II for the glass (IOWK) and the melt (4000K). 

rl(r) (A) 
Bridging F- Non-bridging F- 

IOOOK (i = 9ns) 0.88 1.54 
4000K (i = 1 2 5 ~ s )  3.22 3.44 
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Figure 4. The self-pari of the van Hove comlaIion function for P-, Z8+, and BaZ* at 4000K. 
This plot shows that all ions are mobile in the melt. 

to conclude that the origin of two distinct time scales observed in the NMR measurement is 
attributed to the difference in mobility between the bridging and non-bridging fluoride ions. 

The self-part of !he van Hove correla!ion function G&, I = 25Ops) is calculated also 
for the melt (4000K) and shown in figure 6. One finds that the diffusion nieclianism in the 
melt is apparently different from that in the glass (see figure 5). The hopping motion is 
no longer observed in the melt. The diffusion occurs continuously both in time and space, 
as is usually observed in simple liquids. By comparing Gs(r, f = 250ps) between the two 
classes of fluoride ions, one finds that the mobility is larger for the non-bridging ions than 
for the bridging ions in the melt. However, the difference becomes smaller in the melt than 
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Figure 5. The self-part of the van Hove carrelatioo function for the bridging and non-bridging 
fluoride ions at 1000 K. 

in the glass. 
Although the plots of the self-part of the van Hove function give only qualitative 

information on mobility, one can determine the self-diffusion coefficient by use of the 
FPT approach [18]. We briefly summarize the FPT approach here. Let us imagine a sphere 
S(I; TO) with a radius I centred at TO. Tracing the aajectory of the particle that is located 
at r0 at the time to, we record the time t +to at which the trajectory crosses the sphere for 
the first time. The time t is the FPT. We can calculate a histogram off, which is called the 
FFT distribution PM&; 1).  from MD data. By assuming Brownian motion, a theoretical 
expression for the FPT distribution can be given by 

where D is the self-diffusion coefficient. The summation in (4) is truncated at n = 100 in 
our calculations. One can calculate D by comparing PMD(t; 1 )  with &(t; 1;  D). Since it is 
possible to evaluate locally defined self-diffusion coefficients by use of the FFT approach, 
this approach is suitable for the present problem. We have determined the self-diffusion 
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Figure 6. The self-part of the van Hove correlation function for the bridging and non-bridging 
fluoride ions at 4000 K. 

coeficients of the bridging and non-bridging fluoride ions in the melt. The FPT distributions 
with 1 = 3.5, 5.0, and 7.OA are shown in figure 7(a), (b), and (c).  respectively. Table 3 
summarizes the diffusion coefficients calculated using the FPT approach. One finds that the 
mobility of the non-bridging fluoride ions is slightly larger than that of the bridging ions 
even in the melt. We could not accomplish the FPT analysis for the glass, since there were 
few hopping events even in the present long-time simulation. 

Table 3. The self-diffusion coefficients for the melt determined by the first-passage-time 
approach. 

Self-diffusion coefficient (10-~cm's- ' )  

1 (A) Bridging F- Non-bridging F- 
3.5 I .23 1.40 
5.0 I .32 1.47 
7.0 1.34 I ,44 
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4. Concluding remarks 

We performed MD simulations for a 5OZrF4.50BaF~ glass to investigate the fundamental 
conduction mechanism of ions in the fluorozirconate glasses. We calculated the self-part 
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Figure 7. (Continued) 

of the van Hove correlation function Gs(r, t )  separately for the bridging and non-bridging 
fluoride ions to study the conduction mechanism from a microscopic point of view. It is 
found that the ionic conduction is governed by the hopping motion of fluoride ions from one 
site to neighbouring sites in the glass. The average hopping distance is approximately 2.5A 
for both classes of fluoride ions. In contrast, only diffusive motion is observed in the melt. 
Comparisons of Gs(r, I)  between the bridging and non-bridging fluoride ions showed that 
these actually have different mobilities; the non-bridging fluoride ions are apparently more 
mobile than the bridging ions in the glass. It is also found that, in the melt, the mobility is 
larger for the non-bridging ions than for the bridging ions. However, the difference becomes 
smaller in the melt than in the glass. 

The self-diffusion coefficient was determined for the melt using the FPT approach. 
This approach makes it possible to evaluate the self-diffusion coefficient separately for the 
bridging and non-bridging ions. It is found that the self-diffusion coefficient is actually 
larger for the non-bridging ions than for the bridging ions, even in the melt. 

We conclude that the two distinct time scales observed in the NMR measurement can 
be attributed to the difference in mobility between the bridging and non-bridging fluoride 
ions. The present conclusion is the same as that of Angel and co-workers 1161; however, 
we could reach the conclusion more clearly due to the following points. (i) The self-part 
of the van Hove correlation function provides information on both hopping distances and 
rates. (ii) When one calculates the self-diffusion coefficient separately for the bridging and 
non-bridging fluoride ions, the FPT approach is valid even for very long-time simulations, 
whereas the MSD approach is valid only for short-time simulations in which ions do not 
depart fai from their starting positions. 
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