VOLUME 82, NUMBER 18 PHYSICAL REVIEW LETTERS 3 My 1999

Universal Approach for Scaling the ac Conductivity in lonic Glasses
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In a recent Letter, Rolingt al. [Phys. Rev. Lett78, 2160 (1997)] proposed a novel scaling approach,
requiring no arbitrary parameters, for the analysis of the ac conductivity resulting from ionic motion
in glasses. However, this approach cannot be applied to alkali germanate glasses whose alkali content
varies by more than a decade, since changes which occur in the ion hopping length that accompany
the changing alkali content are not incorporated. Here, | show that these changes can be incorporated
into a universally valid approach which successfully scales the ac conductivity of sodium germanate
glasses as well as two additional ionic systems without the introduction of arbitrary parameters.
[S0031-9007(99)09058-4]

PACS numbers: 66.30.Hs

Scaling is an important feature in any data evaluatiorvalues of the prefactor are typically observed [12,13]
program. The ability to scale different data sets so as taround10~'? se¢/() m.
collapse all to one common curve indicates the process In regimes where the NCL contribution can be ne-
can be separated into a common physical mechanismglected, the ac conductivity then follows a scaling law of
modified only by thermodynamic scales [1]. A prominentthe form

example of the usefulness of scaling concepts is found in o ¥
the gas-liquid coexistence of many molecular fluids. Itis — = F(—); F(x) =1+ x", 2
well known that when the coexistence curves of different g0 fo

fluids are scaled by the density and temperature at th@&heref, is a characteristic, but arbitrarily determined, fre-
critical point, they collapse to a single universal curvequency. This scaling has been well documented in the lit-
[2,3]. Hence all these fluids, despite differing molecularerature [6,14]. In a recent series of publications, Roling
interactions involved, exhibit an identical process of phas@and co-workers [4,5] have proposed an improved form of
separation. In this example, the universality stems fromhe scaling law in which the arbitrary frequengy is in-
the dominance of long range correlations which develogtead expressed in terms of directly accessible quantities
near the critical point and which behave similarly for such as the dc conductivity, the temperature, and the con-
different fluids regardless of the nature of short rangecentration of mobile charge carriers. In their examination
interactions [1,3]. of a series of alkali borate glass@é,0).(B,0;)—x, they
Recently, renewed interest has developed regarding thghowed that for a given composition (i.e., fixell o ( f)
scaling observed in the frequency dependence of the ionimeasured at different temperatures could be scaled accord-
conductivity of ion-containing glasses [4—6]. For theseingto Eq. (2) withfy = ooT. However, when attempting
materials the ac conductivity, spanning frequencies fromo scales ( f) spectra obtained from glasses containing dif-
mHz to GHz, is generally well approximated by [7] ferent alkali concentrations, they concluded that this char-
_ n acteristic frequency needed to be modifiedgo= o7/ x,
o(f) = ool + (f/fo)"] + Af. (1) S0 as to incorporate changes in the cation number density.
The first term in Eq. (1) results from the relaxation of dis- This second version of the characteristic frequency did in-
sociated ions (usually cations) in the glass matrix. At lowdeed collapse the sodium borate spectrdfor< x < 0.3
frequencies, long range diffusion of these cations resultto a common scaling curve. The success of these expres-
in the frequency independent (dc) conduction With  sions for the characteristic frequency are remarkable given
increasing frequency, the conductivity increases approxithat the dc conductivity varies by several decades over the
mately as a power law whose exponent is often observetmperature and alkali concentration ranges investigated.
[8] nearn = % The last term in Eq. (1) represents an ad- In this Letter, | examine the Roling scaling approach
ditional contribution to the conductivity due to processesfor a similar glass systeniNa,0),(GeG;);—,, but for a
that are believed to be unrelated to the cation motion [9,10kubstantially wider range of cation concentratif903 <
This contribution has been referred [11] to as the “near < 0.1). Over this range, it is observed that the charac-
constant loss” (NCL) as its nearly linear frequency de-teristic frequencyfy = 0T /x, proposed by Rolingt al.
pendence implies a frequency independent dielectric los$4], fails to collapse the spectra to a common curve. Itis
Unlike the ionic contribution which exhibits a strong, ap- suggested that this failure stems from a neglect of changes
proximately Arrhenius temperature dependence, the NCloccurring in the length scale of cation diffusion which may
contribution is only weakly temperature dependent andiccompany the changing alkali concentration. Instead, it
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is shown that these length changes can be correctly irthrough the glass matrix occurs by random hopping be-

corporated by choosing the characteristic frequerigys=  tween charge-compensating anionic sites located through-

oo/Ae, whereAe is the observed increase in the dielectricout the lattice. The conduction can be related to this

permittivity due to ionic relaxation. diffusion through the Nernst-Einstein relation
Experimental—Glasses withx = 0.1, 0.03, 0.01, and 20

0.003 were prepared by melting high purity99.99%) oo = yNq“d”

GeO, and NaCO; in a platinum crucible at temperatures okT

between 1200 and 140C. Impedance samples were ob-here is the cation density (proportional 19,  is the
tained by rapid quenching of the melt onto a brass plate tg,ction of cations which are mobile, s the charge of the
form glass disks approximately 1 mm in thickness. Aftercation,d is the distance traversed in a single hop, #pd

annealing, platinum electrodes were deposited on 0pposi{g the rate at which these hops occuy is the Haven

faces. Measurements of the complex impedance were obssig \which accounts for possible cross correlation in the

tained over a frequency range from 1 Hz to 1 MHz for sev-yitsion. For low alkali contents, these cross correlations
eral temperatures using a commercial (Schlumberger 126Q),, e neglectedH; —

¢ = 1) and the hopping rate can be
impedance analyzer. expressed as
Results—For the purposes of the present discussion,
one individual spectrum was selected from the temperature _[6k\[ooT) 1 4
series of each of the four compositions studied. These fu = q? N ) yd*’ “)
were selected such that each exhibited a similar balance of o ) ) ]
dc and power law behavior within the available frequency1€re it is evident that the second term in parentheses is
window of the spectrometer. Consequently, all exhibitedUst the characteristic frequencgy = ooT/x proposed
roughly the samer, (3 X 107 S/m) andf, (3 kHz). In b_y Rollng et al. If the hop_plng distance and the mo-
all instancesg ( f) remained at least a decade larger tharp'le fraqtlon of carriers remains constant, then one expects
that of the NCL contribution. the Roling scaling alone to be successful. Indeed, for the
These four spectra are presented in Fig. 1 scaled witRa"ow range 2°f their investigation.( < x < 0.3), the
fo = aoT/x. In contrast to the findings of Rolinet al. variation in yd* may nc_)t be S|gn|f|_cant. How_ever, |t_|s
for sodium borate glasses over a narrower compositioR'obable thatd would increase with decreasing cation
range, this scaling approach is unsuccessful over the moféncentration, perhaps increasing l"{'}? the average separa-
substantial composition range of the present sodium geflon between anionic S|tezs (6§, ~ x~/°. Consequently,
manate glasses. A similar finding has recently been rdhclusion of the factord* would favor fo = ooT/x*,
ported by Jain and Krishnaswami [15] who interpret thisWherea is less than unity. _ _
failure as the result of increasing encroachment of the NCL " EQ. (4) the cation concentration enters into the char-
into o( ) with decreasing alkali concentration. acteristic frequency_both as a bulk numbt_er density as well
Instead, | contend that this failure is a result of ne-2s through the hopping length. This hopping length cannot
glecting the possibility that the distance over which theP€ @ priori determined from the measured /). How-
cations move in a given diffusion step may increase wit£Ver; this dilemma can be circumvented by making use

decreasing cation concentration. The diffusion of cation®f the dielectric permittivitye( f), which is also depen-
dent upon the quantityd= and which is obtained together

with o(f) in measurements of the complex impedance.
The frequency dependent permittivity is shown in Fig. 2.

Hpfu, 3

3 or T T T r T T

Na O(1-x)GeO R With decreasing frequency( f) increases from the unre-
2.5 xNa, 0(1-x) GeO, on & ] laxed baselings..) to the fully relaxed levek,. The per-
fADﬂoo" mittivity changeAe = &, — &~ is a direct consequence
o Zf o x = 0.100 oo‘;fﬁ &L 1 of the relaxation of hopping cations. Since the hop of the
AP =" wo;@‘?ﬂooﬂ‘) 3 cation between anionic sites is analogous to the rotation of
© ° x = 0.030 o;%ﬁéi"o a permanent dipole, the Debye model [16] offers a suitable
S 4 x = 0.010 ontto’ ] approximation of the permittivity change,
N
: yN(qd)*
Ag = —"——, 5
© 7 BeokT ®)
where the quantity in parentheses is the effective dipole
10° 10° 10" moment of the hopping cation. The quantity/® deter-
fx/c T (Hz Q m/K) mined from Eq. (5) is shown in the inset in Fig. 2 and in-
o

deed increases with decreasingoughly likex=2/3.

FIG. 1. The ac conductivity in(N&O),(GeQ),_, glasses Since bothoy [Eq. (3)] and Ae [Eq. (5)] contain a
scaled in the manner proposed by Roling and co-workers. similar dependence upoyd?, this unknown quantity can
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FIG. 2. The ac permittivity in(NaO),(GeG);-, glasses

showing variation ofAe with alkali content. Symbols are
defined in Fig. 1. The inset shows the increaseyi® (see

text) with decreasing alkali concentration.

FIG. 4. The ac conductivity in 0.4CaNO;),-0.6KNO;
(Ref. [17]) at four temperatures scaled usifig= o(/soAe.
The inset shows the temperature dependenceddf

be reduced away by simply choosing the characteristithioborate series, spanning a composition range similar to
frequencyfy = oo/gpAe, so that the scaling law becomes that of the sodium germanate series, similar increases in
yd? with decreasing alkali content were observed and scal-
o _ F<f80A8> ing by fo = o¢T/x was inadequate. Scaling could be at-
o0 oo /)’ tained, however, usingy = oo/eoAe.
Curiously, the characteristic frequengy = o(/epAe
As shown in Fig. 3, the present conductivity spectra caris similar to an empirical relation seen to hold between
be successfully scaled in accordance with Eq. (6). oo, Ag, and the frequency of maximum dielectric loss,
In an effort to evaluate the generality of this finding, known by some as the Barton-Nakajima-Namikawa rela-
the scaling is also attempted for two additional examplesion [19,20]. However, this characteristic frequency may
taken from the literature: the ionic melt [LFHCaNOs),-  have a more fundamental origin. Consider the relaxation
0.6KNO3 and the thioborate glass system [18LS), X  of fluctuating free space charge in the glass [16]. This
(B2S3)1-». Results are provided in Figs. 4 and 5, respecspace chargp..; could be envisioned as thermally driven
tively. For the ionic melt, an attempt to scale the spectraleviations from local charge neutrality due to displace-
using fo = ooT was unsuccessful. The reason appearsnents of the cations. From the Maxwell equations,
to be that, despite the fixed composition of the mAlg,

(6)

increases v;nth increasing temperature indicating that the jeat + —Deat =V X H @)
guantity yd-= does not remain fixed. For the potassium ot
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FIG. 5. The ac conductivity inK,S),(B,S3);-. (Ref. [18])
at four compositions scaled using = oy/epAe. The inset

FIG. 3. The ac conductivity in(Na0),(GeQ),—, glasses
shows the variation ofd? with alkali content.

scaled usingfy = oy/goAe.
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