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Abstract. We have studied the conductivity relaxation of fluoride glasses in the system
ZrF4–BaF2–YF3–NaF with NaF content ranging from 5 to 30 mol% in the frequency range
10 Hz–2 MHz and in the temperature range from 300 K to just below the glass transition
temperature. The conductivity decreases with the increase of NaF content in the compositions,
which is shown to result from the lower and lower decoupling of the F− ions from the viscous
motion of the glassy network. Small values of the stretching exponent are observed for the present
glasses and have been associated with the high cooperation between the F− ions in the conductivity
relaxation process.

1. Introduction

Heavy metal fluoride glasses based on ZrF4 are of considerable interest because of their
potential uses in ir optical components, ultra-low loss optical fibres, high power laser host
materials, sensors, etc [1, 2]. Also these glasses show a very high electrical conductivity for
which they can be used as solid electrolytes [3, 4]. The ionic conductivity in the zirconium
fluoride glasses arises mainly from the diffusion of fluorine ions [5]. However, zirconium
fluoride glasses containing alkali metals as modifiers are fluorine and/or alkali ion conductors,
depending on the concentration and nature of alkali ions [6–9]. Some authors have observed the
mixed alkali effect in zirconium fluoride glasses [10]. It has been observed that the electrical
properties for the zirconium based fluoride glasses containing lithium ions are different from
those of the glasses containing sodium ions [6, 7]. The fluoride glasses containing lithium
ions have ionic conductivity resulting from the migration of both the F− and Li+ ions at low
concentration of LiF, while at higher concentration of LiF the conductivity results from the
motion of Li+ ions only. In contrast, in glasses containing Na+ ions, the conductivity is due
to the motion of F− ions only. That the Na+ ions do not take part in the diffusion process
has been confirmed by the23Na NMR and23Na-tracer-diffusion results [8, 11]. The objective
of the present work is to study the dc conductivity and the conductivity relaxation in the
ZrF4–BaF2–YF3–NaF glass system with different NaF content in the temperature range from
300 K to just below the glass transition temperature and in the frequency range 10 Hz–2 MHz.

2. Experiment

The glass samples whose compositions are given in table 1 were prepared using the chemicals
ZrF4, BaF2, YF3 and NaF (Aldrich). The appropriate proportions of these chemicals were
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Figure 1. Temperature dependence of the dc conductivity for the different glass compositions.

Table 1. Compositions, pre-exponential factor and activation energy for the ZrF4–BaF2–YF3–NaF
glasses.

Composition (mol%) logσ0 Wσ Tg

(S cm−1) (eV) (◦C)
ZrF4 BaF2 YF3 NaF (±0.01) (±0.01) (±5)

55 30 10 5 3.08 0.76 311
50 30 10 10 2.63 0.74 310
50 20 10 20 3.42 0.83 272
50 10 10 30 2.95 0.82 260

mixed with an excess of ammonium bifluoride. The mixtures were then melted in a covered
platinum crucible in an electrical furnace at 800◦C for 10 minutes to avoid much evaporation
loss. The melts were finally poured into a preheated aluminium mould. Residual mechanical
stresses were removed by annealing the samples at a temperature 50◦C below the glass
transition temperature(Tg) which were determined by the differential thermal analysis (DTA)
using a heating rate of 20◦C min−1. The amorphous nature of the samples was confirmed
by x-ray diffraction. For electrical measurements, gold electrodes were deposited on both
surfaces of the polished samples of diameter∼1.5 cm and thickness∼0.05–0.01 cm. The gold
coated samples were then heat treated at 150◦C for the stabilization of the electrodes. The
electrical measurements such as capacitance and conductance of the samples were carried out
in the frequency range 10 Hz–2 MHz using a QuadTech RLC meter (model 7600) interfaced
with a computer. The measurements were taken in the temperature range from 300 K to just
below the glass transition temperatureTg. The dc conductivity was obtained either from the
complex impedance plots or from the extrapolation of the frequency independent conductivity.
The results of both the calculations agreed very well.
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Figure 2. Dependence of the dc conductivity at 473 K(σ473) for the ZrF4–BaF2–YF3–NaF glass
on the NaF content in the composition.

3. Results and discussion

The logarithmic dc conductivity as a function of reciprocal temperature for all the glass samples
is plotted in figure 1. In all cases, the dc conductivity varies according to the Arrhenius
equationσ = σ0 exp(−Wσ/kT ). The values of the preexponential factorσ0 and the activation
energyWσ obtained from the least squares straight line fits are shown in table 1 for all glass
compositions. The dependence of the dc conductivity at 473 K(σ473) on the NaF content in
the glass compositions is shown in figure 2. It is observed that the dc conductivity decreases
with the increase of the NaF content in the composition which indicates that the conductivity
in these glasses does not arise from the migration of Na+ ions and the F− ions contribute to the
conductivity. These results are supported by the23Na NMR and23Na-tracer-diffusion NMR
studies [8, 11]. A fraction of the fluorine ions is trapped by the Na+ ions and consequently an
increase in the NaF content results in a decrease of the conductivity [12, 13] similar to that in
other zirconium glasses containing Na+ ions [9].

We have employed the modulus formalism [14] to analyse the ac conductivity data. In
this formalism [14] an electric modulusM∗ is defined as the inverse of the complex dielectric
constantε∗:

M∗ = M ′(ω) + jM ′′(ω) = 1/ε∗ = (ε′ − jε′′)/|ε∗|2

= M∞
[
1−

∫ ∞
0

exp(−jωt)(dφ(t)/dt)dt

]
(1)

whereM ′ andM ′′ are the real and imaginary parts of the complex modulusM∗, M∞ is the
inverse of the high frequency dielectric constantε∞ and the functionφ(t) gives the time
evolution of the electric field and hence the distribution of relaxation time within the material.
The frequency dependence ofM ′ andM ′′ respectively at several temperatures for a particular
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Figure 3. Frequency dependence ofM ′ andM ′′ at different temperatures for the 50ZrF4–20BaF2–
10YF3–20NaF glasses.

glass composition is shown in figures 3(a) and (b).M ′ shows a dispersion at low frequencies,
while at high frequencies it tends to an asymptotic valueM∞. M ′′ shows an asymmetric
maximum(M ′′max) centred at the dispersion region ofM ′. It is clear from figure 3(b) that
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Figure 4. Plot ofM ′/M∞ andM ′′/M ′′max versus log (ω/ωc) at different temperatures for the same
glass composition as in figure 3.

the maximum of the asymmetric peak shifts towards higher frequencies as the temperature
is increased. The frequencyωc where the maximum inM ′′ occurs is given by the condition
ωcτc = 1, whereτc is the most probable conductivity relaxation time and indicates a transition
from a short range to a long range mobility at decreasing frequency. Similar effects have also
been observed for other glass compositions. A master plot in whichM ′ andM ′′ are scaled
by theM∞ andM ′′max respectively and each frequency is scaled by the frequencyωc is shown
in figure 4, which shows that the plots for all temperatures superpose perfectly on a single
master curve, implying that the dynamical processes occurring at different frequencies have
the same thermal activation energy. The data forM ′ andM ′′ for all temperatures were fitted
simultaneously to the values obtained from the modulus formalism (equation (1)). In the fitting
process, the Kohlrausch–Williams–Watts (KWW) functionφ(t) = exp[−(t/τc)β ] was used
[15]. A best fit for a glass composition having 20 mol% NaF is shown in figures 3(a) and 3(b).
Other glass compositions also showed similar fits. The values ofβ and the high frequency
dielectric constantε∞ obtained from the fits are shown in table 2. It is noted that the values of
β are independent of temperature. The temperature dependence of the conductivity relaxation
time τc obtained from the maximumM ′′ is shown in figure 5 for all glass compositions.τ−1

c

exhibits an Arrhenius behaviour similar to the dc conductivity. The data were fitted in figure 5
to the Arrhenius equationτ−1

c = τ−1
0 exp(−Wc/kT ). The values ofWc and the pre-exponential

factorτ0 obtained from the fits are shown in table 2 for all glass compositions in agreement
with the fluctuation–dissipation theory [16].

The composition dependence of the dc conductivity can be explained on the basis of
Angell’s criterion. Angell [17, 18] defined the glass decoupling indexRτ by the ratio
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Figure 5. Temperature dependence of the inverse conductivity relaxation time for the same glass
compositions as shown in figure 1.

Figure 6. Variation ofRτ with the NaF content in the glass compositions.
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Table 2. Different parameters of the studied glasses obtained from the conductivity relaxation
model.

Composition Wc (eV) logτ0
(mol% LiF) (±0.01) (s) β ε∞ = 1/M∞ log(Rτ )

5 0.76 −14.81 0.61 12.33 10.55
10 0.74 −14.37 0.58 11.05 10.25
20 0.82 −14.91 0.64 14.13 9.59
30 0.82 −14.77 0.64 11.73 9.26

Figure 7. Variation of the stretched exponentβ with the NaF content in the glass compositions.

〈τs(Tg)〉/〈τc(Tg)〉, where〈τs(Tg)〉 and 〈τc(Tg)〉 are the average structural and conductivity
relaxation times at the glass transition temperatureTg. It has been shown thatRτ describes
the extent to which motions of the conducting ions in a given glass are decoupled from the
viscous motion of the glassy matrix and is consequently related to the ability of the mobile ions
to migrate in the glass electrolytes atTg. We have calculatedRτ by extrapolating the logτ−1

c

versus 103/T plots atTg (figure 5) and assuming the structural relaxation timeτs = 200 s
[18]. The calculated values ofRτ are shown in figure 6 as a function NaF content in the
glass compositions. We note thatRτ decreases with the increasing NaF content in the glass
compositions, suggesting that the motion of the F− ions is decoupled less and less from the
viscous motion of the glassy network as the NaF content is increased in the compositions and
consequently the conductivity decreases.

The composition dependence of the exponentβ is shown in figure 7. We note that values of
β for all compositions are very small(∼0.60) and do not vary strongly with composition. It has
been suggested thatβ represents the cooperation between charge carriers in the conductivity
relaxation process [19]. The smaller the value ofβ, the greater is the cooperation between
charge carriers. The small values ofβ observed in the present zirconium fluoride glasses
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indicate that the cooperation between F− ions is high in the relaxation process according to
this model.

4. Conclusions

The dc conductivity and the conductivity relaxation of the ZrF4–BaF2–YF3–NaF glass system
with varying NaF content have been studied in the temperature range from 300 K to just below
the glass transition temperature and in the frequency range 10 Hz–2 MHz. The conductivity
decreases with the increase of NaF content in the glass composition due to the trapping of F−

ions by the Na+ ions. The decrease of the conductivity with the increase of NaF content is
also supported by the decrease of the decoupling index. The small values of the stretching
exponent for the present glasses arise from the high cooperation between the F− ions in the
conductivity relaxation process.
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