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A new kind of scaling analysis for the conductivity spectra of glasses without any arbitrary parameters
is presented. By applying this method to sodium borate glasses of different compositions, we find strong
indications for the existence of a universal ionic relaxation process as well as for a strong electrolyte
behavior. Our results enable us to show that the often used electric modulus formalism is misleading
when relaxation mechanisms on a microscopic level are concerned. A more meaningful discussion can
be based on the log-log dependence of the conductivity on frequency. [S0031-9007(97)02613-6]

PACS numbers: 66.30.Hs

In this paper, we present new insights into ion transport On the other hand, Kahnt [32] shows that the shape of
in glasses resulting from the scaling properties of thehe conductivity spectra taken below a few megahertz de-
conductivity spectra at frequencies up to 4 MHz. Wepends neither on temperature nor on glass composition.
show that our scaling method provides answers to twdn his scaling analysis, he utilizes the dc conductivity
problems which are being widely discussed; see [1-3] foand the inverse Cole-Cole parameigir as scaling pa-

a general review of this field. rameters for the conductivity and the frequency axis, re-

The first problem is the separation of the respective inspectively. Other authors take the frequency of ine
fluences of number density and mobility on the ionic con-maximum [31] or the frequency defined by /[ €€’ (c0)]
ductivity [4,5]. lon conducting glasses may be considered33] as scaling parameters for the frequency axis. Here,
as strong electrolytes where most if not all of the cations, and €/() are the permittivity of free space and the
are mobile [6—9] or as weak electrolytes where the frachigh-frequency value of the dielectric function, respec-
tion of mobile ions is some function of temperature andtively. A disadvantage of these scaling methodsdt(v)
composition [10—17]. A decision as to which descriptionis, however, that the choice of the parameters is somewhat
is more appropriate requires a proper solution of the separbitrary.
ration problem. We will show in this paper that master plots of the

The second problem concerns how the ionic relaxafrequency dependent conductivity can easily be generated
tion mechanism depends on the total ionic concentrationwithout the need of such arbitrary parameters, fitting
Contradictory results have been reported in the literaturgprocedures, or phenomenological theory.

Generally speaking, application of the complex electric Conductivity spectra have been taken of a wide range
modulus,M, formalism results in a pronounced concentra-of inorganic glasses, including fast ionic conductors, and
tion dependence of the relaxational characteristics, whil@lso of supercooled ionic melts of simple composition.
such a dependence has not been found in analyses of theall cases, we have found the same pattern of behavior
complex conductivityo . [34]. In this Letter, we will restrict the discussion to low-

These observations are now receiving much attentiofrequency conductivity spectra of sodium borate glasses
since they impact strongly on the assessment of theoreticalith different sodium ion concentrations.
approaches to charge transport in glasses and to relaxa-Glasses of general compositiatNa,O - (1 — x)B,03
tions occurring across the whole field of solid state ionicsvere prepared by heating dry mixtures of J&&; and
[18-24]. B,O; in a platinum crucible under an atmosphere of

Angell, Moynihan, Ngai, Martin, and others [2,25—-31] air. The melts were held at 98Q for one hour. They
have been using the modulus formalism. They show thawere then poured into a graphite mold and held inside
for a given glass the shape of the’ (= Im j/}) spectra the furnace for another ten minutes. After cooling to
does not depend on temperature. Therefore, appropriateom temperature the samples were annealed 20 K below
scaling results in a master curve suggesting that the ioniteir respective glass transition temperatures for twelve
relaxation mechanism is temperature independent. ABours. The glass transition temperatures were obtained
noted above, the width and shape of #é master curves from standard differential scanning calorimetry (DSC)
do, however, change with glass composition in the sens@easurements applying a heating rate of 10nkh. The
that the modulus spectra always become narrower witgamples were then ground to their requisite sizes and the
decreasing ionic concentration. Consequently, it has beestrfaces were polished. Gold electrodes were evaporated

concluded that the relaxation mechanism depends on ti@nto the sample surfaces. The frequency dependent
total ionic concentration in glass. electrical conductivity was measured in the frequency
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range from 5 Hz to 4 MHz using the LF impedance Let us now consider the scaling properties of glasses

analyzer HP 4192A. of different sodium oxide contemt For any given value
In Fig. 1 we present the frequency dependent conduaaf x, the conductivity isotherms are found to fall onto one
tivity (expressed as produet'T) of the glas9.3 Na,O -  master curve. As shown in Fig. 4, these individual curves

0.7 B,O3 at different temperatures. Data below 372 Kare, however, shifted to higher values of(o4.T) asx
are not included in the figure because of increasing scatiecreases.

ter at low frequencies owing to the high resistance of the We have now shifted the individual curves along the
sample. Otherwise, at low frequencies, the conductivityabscissa by introducing an additional scaling fagtor).

is constant. This is the dc conductivity of the glasg,, = Choosing f(x) = x, all of them fall onto one “super”

which is found to obey an Arrhenius law master curve; see Fig.5. This is expressed by the
oa.T * exq—ES /ksT]. 1) following scaling law:

This behavior is observed at all compositions, see Fig. 2, o _ F< v x) (3)

and can be used to extrapolatg. to lower tempera- Tde oo T /)’

tures. As expected, the activation enegy increases We now take into account that
with decreasing sodium oxide content [22,35]. The com-
positional range was limited at low values »fby the gdc = Nyq e . 4

increasing value of$° and at high values ok by the .
ability of the system to form glasses. HereNy, g, andug. are the number density, the charge,

Let N o Fia. 1. Th ¢ and the dc mobility of the charge carriers, respectively. In
et us rewrn 1o Fg. L= 1n€ Crossover Irequencyy,. sagium borate glasses, the mobile charge carriers are
from the dc behavior to the dispersive conductivity,

. . e . the sodium ions. Therefore, the chamyés independent
increases with temperature. Defining this frequency by of composition. Furthermore, assuming that o x, the

o'(v") = 204, (2) scaling law (3) is now rewritten as
we find that »* is thermally activated with the same /
. g ~ 14
energy aso4.T. Therefore, connecting the crossover = F( T>' (5)
frequencies in Fig. 1, we obtain a straight line with a slope Tde Mde

of one.
We have begun the detailed analysis by shifting them
conductivity isotherms along the straight line of slope
one, i.e. by scaling both axes with the factey.T. The
resulting scaling plot is shown in Fig. 3 with all isotherms
falling onto one master curve. Obviously, the time-

In this equation, the ion dynamics are described by
e universal function which is independent of both
temperature and composition. This is a decisive new
result. The fact that a super master curve can be produced
so easily for sodium borate glasses, just by assuming
. . . . .~ that Ny « x, indicates the existence of a universal ionic
temperature superposition principle is fulfilled SqueStmgrelaxation process in these glasses. It also indicates

a temperature independent reaxation mechanism. that the same proportion of the sodium ions is mobile
The validity of this scaling relationship seems, how-. prop

ever, not to be restricted to ion conducting glassesmdep.endem .Of composition. The latter resu_lt IS cl_early
: t variance with weak electrolyte models, but is consistent
but has also been found in the case of amorphou%l

semiconductors [36].
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FIG. 1. Frequency dependent conductivity of the glassFIG. 2. Arrhenius plot of the dc conductivity of sodium borate
0.3 Na,0 - 0.7 B,0O; at different temperatures. glasses of different compositions,Na,O - (1 — x) B,0s.
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sults we conclude that the scaling l&w(¢)) = f(Dt) is
also valid at shorter times, whén?(r)) varies withDt in
a nonlinear fashion [21].

This quantitative treatment as summarized in Eq. (5)
has so far been applied only to the sodium borate glass
system. In other glasses and also in melts, we find
the conductivity isotherms having the same shape. The
appropriate values off(x) may, however, vary from
system to system because of differences in chemical
stoichiometry and in density. These issues have still to
be examined in detail but the outcomes should not affect

the arguments presented above.

Finally, we are now able to explain the discrepancy be-
tweenM’(v) ando’(v) based analyses. As already sug-
gested by Elliott [38], by Dyre [39], and by Sidebottom
et al. [40], the electrical modulus formalism is misleading
when microscopic relaxation mechanisms are concerned.
We now know that the reason is that the number density
of the mobile charge carriers is not considered at all in
the modulus formalism. The position of th¢” peak on
with a strong electrolyte viewpoint and with conclusionsthe frequency axis scales in a good approximation with
reached earlier by Almond, Duncan, and West [7,8] forthe dc conductivity but certainly not with the dc mobil-
other solid electrolyte systems. ity. The modulus analysis ignores the effect that, for a

It is important to note that the frequency axis scalesgiven conductivity, a lower number density of more mo-
with the product of temperature and the dc mobility ofpjle charge carriers implies faster ionic relaxation and thus
the sodium ions, which by the Nernst-Einstein approximaz higher onset frequency of the conductivity dispersion.
tion is proportional to their coefficient of self-diffusioD, At very low number densities of mobile charge carriers,
This result bears an interesting implication for the timethe 1" peak therefore occurs in the dc regime, and in
dependence of functions like the mean square displacg&hape it approximates to a Debye peak. This does not, of
ment of the mobile iong;%(¢)). Based on linear response course, imply an entirely frequency independent conduc-
theory [37], we can say that if the frequency dependentivity. The characteristic dispersion in conductivity is still
conductivity is a function ofv/D, irrespective of tem- present [31], but it lies outside the dynamic window of the
perature and concentration, then at corresponding timegaodulus formalism.

(r*(1)) should be a function oDy, again irrespective of  The present work was largely funded by the Deutsche

temperature and concentration. We know that this is infForschungsgemeinschaft. Financial help from the Fonds
deed correct at long times, when macroscopic diffusion is

properly described b{r2(¢)) =« Dt. From our present re-
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FIG. 3. Master plot of the conductivity data ©6f3 N&O -
0.7 B,0s.
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FIG. 5. Conductivity master curves fox Na,O - (1 —

FIG. 4. Conductivity master curves of sodium borate glasses)B,0; glasses where is included as an additional scaling
of different compositionsy Na,0 - (1 — x) B,0s.
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