Nonlinear optical constants of ionic conductors: a study
based on the Sheik-Bahae equation
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Guided by the prediction of the bond fluctuation model
of superionic conductors, the relation between the non-
linear optical constants and the ion transport properties in
ionic conductors has been studied. Since the measured
values of nonlinear optical constants in ionic conductors
are very limited, they have been evaluated through the
Sheik-Bahae equation. Using such values, it is shown
that the activation energy of ion transport and the superi-

1 Introduction The advents of optical-fiber commu-
nication networks have motivated much study on nonlinear
optical materials [1]. On the other hand, new materials and
new functionalities have been searched in battery technol-
ogy related materials such as solid electrolytes [2]. How-

ever, no attention has been paid to link these two properties.

That is, optical nonlinearity from one hand, and ionic con-
duction from the other hand. Needless to say, if these
properties are interrelated, new developments in multifunc-
tional materials become possible. In the present paper, a
fundamental study on nonlinear optical constants in ionic
conductors is reported.

At a glance, it seems that optical nonlinearity has no
relation with ionic conduction. However, that is not true.
According to the bond fluctuation model of superionic
conductors that explains many aspects of ionic conducting
materials, the fast ion movement in solids is accompanied
by local change of the chemical bond [3, 4]. Since the
bonding nature of a solid is intimately related with its local
structure, the local fluctuation of the bonding can induce
the movement of other ions that surround the bond fluctu-
ating site. That is, when an ion moves in the solid, it influ-
ences the surrounding by creating new bond fluctuating
sites. Therefore, the model explains in a natural way the

onic transition temperature decrease with the increase of
the nonlinear refractive index. It is also pointed out that
the band gap energy and the linear refractive index in su-
perionic conductors are relatively weakly correlated
when compared with non-superionic materials. The de-
velopment of a new field of study that could be called
photoionics is suggested.

origin of the highly correlated ion dynamics, which is a
characteristic of superionic conductors. Thus, the model
suggests that there must be a close relationship between the
electronic polarizability which reflects the bonding nature
of the material and the ionic conduction in solids. In other
words, the model suggests the possibility that ionic con-
duction is related with high optical nonlinearity.

Guided by this model, and with an objective to gain
further understanding on the properties of superionic con-
ductors, studies on nonlinear optical constants in superion-
ic conductors has been started [5, 6]. As expected from the
predictions of the bond fluctuation model, in Ag ion con-
ducting glasses such as (AgX)y-(Ag20-B,03)1y (X = Cl, Br,
1), a correlation between the ionic conduction and the non-
linear optical constants was found. That is, the nonlinear
optical constant increases with the increase of the ionic
conductivity.

In order to consolidate the above finding, in the present
contribution, further evidence of the above correlation is
presented. In addition, since the measured values of non-
linear optical constants in ionic conductors are very limited,
evaluation has been done based on the Sheik-Bahae equa-
tion [7], an equation used successfully to analyze the non-
linear optical constants in semiconductors and insulators.



2 Estimation of the non-linear optical con-
stants of ionic conductors The refractive index n is
described as

n=ny,+n,l, 1
where ng and n; are the linear and nonlinear refractive in-
dexes, respectively, and I is the light-intensity. According
to the expression for the nonlinear refractive index derived
by Sheik-Bahae et al. based on two-photon excitation pro-
cess and the nonlinear Kramers-Kronig equation, nz is giv-
en by [7]
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where K' is a constant and G; is a function that depends
on frequency and bang gap energy Eg4. G is written explic-
itly as
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Figure 1 Comparison between the experimental and calculated
nonlinear refractive indexes n2 for various compounds.

The Sheik-Bahae equation has been originally devel-
oped for crystalline materials. The usefulness of this equa-
tion in the estimation of nonlinear optical constants has
been verified in ionic crystals and crystalline 11-VI and I11-
V semiconductors [7]. Recent studies have shown that it
could be applied as a rough approximation to glasses and
amorphous films as well. Examples of applications have
been shown for the cases of oxide and chalcogenide glass-

es [8, 9]. A new list of application could be added from the
comparison shown in Fig. 1. Here, the values of n; for su-
perionic glasses (AgX)y(Ag20-B203)1.y (X = Cl, Br, I) cal-
culated based on the Sheik -Bahae equation are compared
with the experimental values. For their evaluation, the ma-
terials parameters have been obtained from [10]. We can
see that the agreement is reasonable. For the sake of com-
parison, other compounds such as NaCl, ZnO, CdS, oxide
and chalcogenide glasses, etc. are also shown.

3 Relation between the nonlinear optical con-
stant and the activation energy of ion transport in
ionic conductors As mentioned in the Introduction, the
bond fluctuation model of superionic conductors predicts
that ionic conduction is related with high optical nonlinear-
ity. In a previous study, it has been shown that the nonline-
ar optical constant in (AgX)y-(Ag20-B20s)1y (X = ClI, Br,
I) increases with the increase of ionic conductivity [6]. To
consolidate that finding, further evidence should be given.
However, unfortunately, few measured values of n, for
ionic conductors are available. But now, we have the
Sheik-Bahae equation which provides a tool to estimate the
nonlinear optical constants with reasonable accuracy.
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Figure 2 Relationship between the nonlinear refractive index n2
and the activation energy of ion transport Ea in typical ionic con-
ductors. The inset shows the relationship between the band gap
energy Eg and Ea. The experimental data are taken from [7, 11-
13].

In Fig. 2, the relationship between the nonlinear refrac-
tive index and the activation energy of ion transport in typ-
ical ionic conductors is shown. The mobile species are Ag*
Cu* or F ions. Datum of (Agl)os-(Ag20-B203)os glass is



also included for comparison. In the figure, with the excep-
tion of fluoride compounds and (Agl)os-(Ag20-B203)os
glass, we have used calculated values of n,. The figure in-
dicates clearly that there is a material trend. The activation
energy decreases with the increase of the nonlinear optical
constant. The result is in accord with the previous finding
[6].

The origin of the trend can be understood as follows.
The decrease of E, is related with the weakening of the in-
teratomic interaction between the mobile atom and its sur-
roundings. If the electronic distribution around the mobile
specie is tight, the atom is strongly bonded and difficult to
migrate. Therefore, in this case, the activation energy for
migration is large, and at the same time, the electronic po-
larizability is low due to the tight electronic distribution,
resulting in the low value of optical constant. On the other
hand, easy deformation of the electronic distribution re-
sults in the lowering of the activation energy and increase
of the electronic polarizability. To avoid misunderstanding,
a comment should be given here. The above discussion
does not imply that materials exhibiting high optical non-
linearity should exhibit high ionic conductivity. For in-
stance, the ionic conductivity of chalcogenide glasses such
as AsSes is negligible, whereas it exhibit high value of op-
tical constant. For the appearance of ionic conductivity, the
material must fulfil some conditions such as low coordina-
tion, easiness of structural transformation, atomic size,
availability of free volume, etc. [3, 4, 14]. The point that
we want to stress here is that good ionic conductors exhibit
also a high value of nonlinear optical constants as have
been reported previously [6, 7, 10].

It should be informative to mention the relationship be-
tween the optical band gap E4 and the activation energy of
ion transport Ea. Such relationship is shown in the inset of
Fig. 2. We can note that E4 increases with the increase of
E.. This behaviour is expected, because the electronic po-
larizability increases with the decrease of Eg. From the
mechanistic point of view, the decrease of Eq is also fa-
vourable for the occurrence of bond fluctuation processes,
because it leads to an easy formation of different hybrid
orbitals [3].

Fig. 3 shows the relation between the superionic transi-
tion temperature T. and the nonlinear optical constant n..
We can see that the transition temperature decreases with
the increase of np. The result provides another support to
the picture discussed above. It also reinforces the conjec-
ture of the bond fluctuation model of superionic conduc-
tors. That is, the fast ion movement is related with the in-
stability of the chemical bonding. The results shown in
Figs 2 and 3 provide clear evidence that optical nonlineari-
ty is related with ion transport properties. The results sug-
gest also that a new field of study that could be called pho-
toionics can be developed.
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Figure 3 Relationship between the nonlinear refractive index nz
and the transition temperature to the superionic state Tc. The ex-
perimental data of Tc are taken from [12].

4 Relation between the optical parameters In
the previous section we have shown the intimate correla-
tion between the optical constants and the ion transport
properties. In this section an interesting trend of the optical
parameters is shown. The function Gz(x) of the Sheik-
Bahae equation given in Eq. (3) describes the frequency
dependence of the nonlinear refractive index ny. It is a
smoothly varying function that exhibit a maximum near x
= 0.5. Its range of variation is confined approximately be-
tween 0.07 and -0.03. Therefore, according to Eq. (2) the
magnitude of n; is controlled mainly by the factor noEq*.
Explicitly, small value of noEg* results in large value of n..
This is an interesting observation when we consider super-
ionic conductors, because the bond fluctuation process is
facilitated with the reduction of the band gap energy as
mentioned briefly in the previous section.

The relation between the linear refractive index no and
the band gap energy Eq has been discussed widely in the
literature [15-17]. In the following, an analysis based on an
empirical relation proposed by Reddy et al. [17] is present-
ed. It is expressed as

Ny =— In(AEg) , 4)

where A is considered to be a constant that depends weakly
on the materials. Fig. 4 shows the result of the analysis.
We can see that not all the materials can be fitted with a
single value of A as suggested in [17]. It is interesting to
note that superionic materials are best fitted by adopting a
larger value of A. More interesting, superionic materials at
temperature above transition temperature T, seem to follow
a curve with A even more larger. This observation points
out that in superionic conductors, Eq and ng are weakly cor-
related when compared with other materials. From the fig-
ure, we note that in superionic conductors, large variation
in no results in relatively small variation in Eg. The exact



origin of the behaviour is not known at present. However,
undoubtedly it is providing a hint to understand better the
mechanism of ion transport in solids.
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Figure 4 Relationship between the band gap energy Eg and the
linear refractive index no. Experimental data are taken from [10,
11].

The above observation is reinforced with the result
shown in Fig. 5, where the relationship between the activa-
tion energy of ion transport and the parameter A is shown.
We can see clearly that the activation energy decreases
with the increase of A.
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Figure 5 Relationship between the parameter A of Eq. (4) and
the activation energy of ion transport in some typical ionic con-
ductors.

5 Conclusion The bond fluctuation model of superi-
onic conductors predicts that there must be a close rela-
tionship between the polarizability and the ionic conduc-
tion in solids. Guided by this model, the relation between

the nonlinear optical constants and the ion transport prop-
erties in ionic conductors has been studied. Since measured
values of nonlinear optical constants in ionic conductors
are very limited, they have been evaluated using the Sheik-
Bahae equation. In the study, it has been shown that the ac-
tivation energy of ion transport and the superionic transi-
tion temperature decrease with the increase of the nonline-
ar refractive index. Analysis based on the Reddy relation
indicated that in superionic conductors, large variation in
linear refractive index results in relatively small variation
of band gap energy, when compared with other materials.
The results presented in this study suggest that a new field
of study that could be called photoionics can be developed.
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