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Optical absorption of ion-conducting glasses
as transformed from ac data
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For a condensed medium, optical data and electrical data can be transformed to each other.
A general procedure for calculating an optical absorption coefficient from ac data was
given. Tests were made for two ion conducting glasses using ac data near the frequencies
of relaxation for conduction, above the frequencies of which the ionic conductivities are
expected to decrease. © 2001 Kluwer Academic Publishers

1. Introduction 2. Theoretical

In the optical measurement of a condensed medium, iiThe interaction between an electromagnetic wave and
the frequency range of 10’ Hz, a sample is irradiated a material is described by the Maxwell’s equations, like
with light of intensity I and the transmitted light of
intensity | is measured as a function of frequency, to
obtain the optical absorption coefficient,from

rotH* = o*E* + eoe*dE* /0t, 4)

whereH* is the magnetic fieldg *(=01 + joy) is the

. conductivity,e*(= 1 + j&2) is the dielectric function,
| = loexp(=nd), (@) and g is the permittivity of free space. From Equa-
whered is a sample thickness. tions 2 and 4 and others the propagation constant,
On the other hand, in the ac electric measuremerif given by
in the frequency range 6£10’ Hz, we deposit metal K = (w/0)(* + jo‘*/a)go)l/z
electrodes on both sides of a sample, bias it with an ac .
electric field = (w/ON", ®)
which shows that the velocity of the electromagnetic
E* = Eoexp[—]j (ot — Kr)], (2)  waveisreduced fromtoc/N*(N*(=n+ jk) being the

refractive index, whereandk are the optical constants)

and observe the induced current in the external circuitwhen the wave travels through a material.

The induce*d current is usually represented by the ad- g Equation 4 suggests, the charge carrier motion in
mittance,Y”, which is given by a condensed medium can be classified into conduction
% _ . («—0o™*) and polarization{——¢*). Here, conduction
V= Ip/Vp =GB @) refers to the motion of free charge carriers while polar-
wherel; is the (complex) peak currentp(=Eod) is ization refers to the motion of bound charge carriers.

the peak voltageG is the conductance, aridl is the At frequencies of<10” Hz at which light of strong-
susceptance. enough intensity and a good detector are not available,

When we use an ac technique for studying ion dy-We must deposit metal eleptrodes on both sides of a
namics in ion-conducting glass, we are apt to think thaf@mple and extract conduction by electron transfer and
what we are seeing is an electrical response of a sanfolarization by eleptron accumulation/depletion V|at.he
ple and not an optical one. Of course, because of |arg§ample—electrode interfaces. For a sample of the thick-
difference in relevant frequency windows, both tech-ne€ssd and the electrode ares the response can be
niques survey different phenomena in general. Yet, th@iven by
electrical response can be transformed into the optical rotH* = (d/s)Y*E*. (6)
response and vice versa, because both arise from inter- ) i ,
actions of the electromagnetic wave with a sample. As & "M Equations 4 and 6, we obtain the relations
result, the response of a sample over very wide frequen- (d/S)G = o1 + eoer0 @)
cies can be represented either in the whole electrical U
in the whole optical spectrum.

The purpose of the present work is to evaluater
two ion-conducting glasses as examples using ac eled-hen,
tric data obtained near the frequencies of relaxation of .o .
mobile ions for conduction. A general procedure for = (H/weo)[~(02 — £0e100) + (o1 + £0e20)]
evaluatingy from the ac data is given first. = (d/sweg)(—B + jG) = jdY* /sweo. 9

(d/s)B = 02 — gps1w. (8)
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Let us define the response functi@ri by which originally was derived for free-electron metal.
) _ This identity in form of the frequency dependences of
N*™ =% =% + ]2, (10)  electronic and ionic conductivities means that, irrespec-
where tive of the charge carriers involved, the conductivity
¥, = —dB/swsg = €1 — 02/weg = N° —k? (11)  should decrease with increasing frequencies abfpve
by increasing difficulties of the charge carriers to follow
changes of the polarity of the electromagnetic wave.
As is suggested from Equation 14,has contribu-
tions from conduction and polarization. Provided con-
duction is the sole contributay,is expected from Equa-
fion21to approach the critical value

and
¥, = dG/sweg = g2 + 01/weg = 2nk. (12)

What we observe experimentally * or Y*, noto*
nore*. They should not be confused. However, becaus
of the difficulty in separating the conduction and polar-
ization parts, their sum is usually represented again by
o* ore*,

When an electromagnetic wave travels through a ma-

o . o henw > 1/.
terial, it would decay. The absorption coefficient, w ;
which characterizes decay is given by The aim of the present work was to evaluatifom

ac data of the N#8D—B,03 (abbreviated as N2B) glass

ne = (2/¢)(0de/207) " (22)

n = 2wk/c. (13) at 23C [1] and the 75Agl-25AgP,O; (abbreviated
) as Agl) glass at-147C [2], both near the respective
From Equations 5-9, frequencies of relaxation for conduction. They were

chosen as a typical ion-conducting glass and superion-

_ 2 212 1/2
= (Za)/C)[{(El + 22) ):1}/2] conducting glass, respectively.

# 12
— (1/0)[2dw(/ Y* /+B)/ss0] . (14)
. . . Results and discussion
In an ion-conducting glass, the elementary process igs 1 and 2 show the curves for both glasses, as

conduction (governed by the ionic relaxation tim)@c- evaluated from Equation 14 using the obser@end

companies po_Iarization in_one-to-one correspondenceB (Figs 3 and 4). Also shown in the figures are the
to yield the universal relation [3-5]

odc = goA¢e/T = 2 fregAe (15) -4

between the dc conductivityg, and the amount of
dielectric dispersionAe, where f; is the frequency of
relaxation for conduction which satisfies

1/cm

ot =2nfir =1 (16)

(Abs. Coeff.),

This conduction-related polarization satisfies the De-
bye equation

LOG

g = g5 + Ag/(1 — jowr), a7)
LOG (Frequency), Hz

althoth itis believed by many workers thahas dis- Figure 1 Optical absorption coefficiens, of N2B glass neaw ~ 1/t

tribution due to the disordered structure of glass. at 23.C. Also shown are; andsc estimated using 1.47 10-10S cnrt
The charge density which flows to a particular elec-for oy, and 12 fora¢. The shaded region is ascribed to be the contribution
trode at an extremely high frequency is to  from ionic conduction.
QL = coex ET, (18) -4
1
while the charge density at a given frequency is 3 st
Q" = goe*E™. 19 £ ,
By one-to-one correspondence between ionic conduc ; |~ ~ T T T N\ \‘
tion and conduction-related polarization, the relation:%_7 i \\\ R
(the real part of which gives Equation 15) @ \\
- .
AQ*/TE* = (Q"—Q%L) /tE* = ¢o(e"—tx) [T = 0" 8 . " p
(20) LOG (Frequency), Hz

should hold. From Equations 15, 17, and 20, one obtains _ _ -
Figure 2 Optical absorption coefficient, of Agl glass neaw ~ 1/t at

the Drude equation —147C. Also shown ard, ands. estimated using 7.54 10-° S cnr!
) forogcand 35 forAe. The shaded region is ascribed to be the contribution
0" = og4c/(1— jwr) (21)  ton from ionic conduction.
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Figure 3 Frequency dependences Gfand B for N2B glass at 23C
[1], as well as the frequency of relaxation for conductién,at which
or=1/t.
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Figure 4 Frequency dependences®fandB for Agl glass at-147C
[2], as well as the frequency of relaxation for conductidn,at which
wr=1/7.
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Figure 5 Optical absorption coefficient of N®-3SiG, glass over wide
frequency range up to the infra-red [7].

play. The response is no more reproducible, nor of in-
trinsic origin but is electrode-related. Our data (Figs 3
and 4), on the other hand, were reproducible and of
intrinsic origin.

Although 5 increases with frequencies for both
glasses, shows deflection more upward at some fre-
guency abovef,. Contrary to a crystalline material,
glass is believed to have a distributionzinAs a result,
thee, dispersiond, absorption are broadened from the
Debye’s description (Equation 17) and thatande;
decrease slowly over more than four decades of fre-
guencies abovd; [2]. It is suggested, then, that the
slowly decreasing* would become dominant at fre-
guencies abové;, and enhance. The shaded regions
in Figs 1 and 2, on the other hand, are expected to be by
the contribution from the conduction term. The conver-
gences off, andy to the uppermost portion of the shade
support our assignment. According to Equations 16 and
21, conduction would cease contributing at some fre-

ne and f, values evaluated from Equation 22 and 15,quency abovef,, even if we accept large distribution

respectively, using the reported valuesogf and Ae.

in . The difference inoyc, o4c(Agl)/oac(N2B)~ 50,

For N2B glass, the relaxation of sodium ions was stud+eflects the difference in. for the two glasses. That s,
ied in the frequency-, temperature-, and time-domainghe higher the dc conductivity, the higher would be the

from which Ae was estimated to be around 12 at@3
[1]. Similarly, Ae for the relaxation of silverions in Agl

glass was estimated to be around 35-a47C [2].

In the frequency ranges measured, the electrical re-

optical absorption coefficient.
From Equations 12 and 13 one obtains the relation

N = 0ac/NCo (23)

sponse of the samples is well described by parallel com-

bination of the resistancé, and the capacitanc€,

provided the ac conductivity,, is defined (as many

of the bulk. The equivalent circuit of any single phaseworkers do) by

is a paralleRC, with R(=1/G) andC(=B/w) repre-
senting, respectively, the in-phase and 80t-of-phase

components of the response to ac bias voltage.

0ac= dG/s. (24)

At lower frequencies than this, we encounter “elec-Wong and Angell [7] joined the infrared data and the ac
trode polarization” as a result of appearance of an addata of the NgO-3SiQ glass, in the frequency range
ditional phase (or phases) at the electrode-glass intenf 10° to 10 Hz, by Equation 23 (Fig. 5). Theiy
face(s). Another paralldRC circuit must be added in curves, however, give plateaus at frequencies fiaar
series to the bulkyC circuit for representing the re- parallel withG plateaus due to ionic conduction (Figs 3
sponse [6]. There remains a question whether it is posand 4). This disagrees with ours (Figs 1 and 2). This
sible to transform the electrical response into the optiinconsistency arises from their assumption thab)
cal response when “electrode polarization” comes intds constant (1.9 for the N®-3SiQ, glass) over wide
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3 sorption of the sample in the corresponding frequency
range. A general procedure for calculating an optical
absorption coefficient from ac data was given.

21 The optical absorption coefficients, were calcu-
lated for two ion-conducting glasses using the ac elec-
tric data near the frequencies of relaxation for con-

1F k duction, f.. At frequencies belowf;, n is dominated
\Wﬁ&w by the conduction term. At frequencies nefr the

LOG (n or k)

conduction-dominateg coincides well withn. esti-

0 mated. Finally, at frequencies abo¥g the contribu-
\/n tion from ionic conduction decreases and is gradually

overwhelmed by the growing contribution from the po-

-1 ‘ 5 2 "‘ s larization term, by which thg curve is deflected more
LOG F (Hz) upward at some point abovie.

Figure 6 Optical constantsn(andk) of N2B glass neaw ~ 1/t at
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