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In the literature, the electric modulus representation has been used to provide comparative analysis of the ion
transport properties in different ion-conducting materials. In this paper we show that the modulus representa-
tion is not a suitable tool for such purposes. Our arguments derive from an examination of the scaling
properties of both the ac conductivity (v) and the moduludt* (v) which demonstrates how scaling that is
inherent ing™* (v) is lost in M* (v) by inclusion of the high frequency permittivity' («), the latter quantity
being unrelated to ion transport processes. Furthermore, we show how highly regarded shape changes of the
modulus that occur with varying ion concentration are merely a manifestation of includirg) in the
definition of M* (v). We conclude then that the electric modulus formalism has resulted in misleading inter-
pretations of the ion dynamics and, hence, should be discouraged.
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[. INTRODUCTION through a maximum at a frequency which is temperature
dependent and whose inverse is commonly associated with
For several decades now, researchers have striven to uthe characteristic time required for dipoles to reorient. In the
derstand the dynamics of the mobile ions in solid ion con-dipolar situation, a dc conductivity is unexpected and when
ductors by interpreting the frequency-dependent features inbserved usually indicates the presence of impurity ions in
their electric and dielectric response. These materials shatbe material. This unwanted contribution to the dielectric loss
common features such &%) disordered arrangements of the is normally subtracted away in a trivial manner.
mobile ions within an otherwise rigid matrix, ari@d) ther- For the ion-conducting materials discussed above, one
mally activated hopping processes of the mobile ions, givingnight at first consider a similar subtraction of the dc contri-
rise to a dc conduction. Highly conducting solid electrolytesbution so as to treat the resulting permittivity as a relaxation
include structurally disordered ionic crystals such asprocess akin to that occurring in the dipolar case. At one
a-RbAgyl5 and the B-aluminas as well as inorganic ionic level, this appears reasonable, since the mobile ions and the
glasses. oppositely charged matrix resemble an assembly of dipoles
A remarkable feature of these materials is that their reat short times. However, in practice, the polarization is in-
sponse to an applied electric field as described by an ac coseparable from the eventual conduction process. The mobile
ductivity o’ (v) is very similart At low frequencies, random ion, which creates polarization by reorienting locally, is the
diffusion of the ionic charge carriers via activated hoppingsame ion that later separates from its immediate neighbor-
gives rise to a frequency-independent conductivity. At highehood to produce conduction at lower frequencies. In ion-
frequencies, howeverr’ (v) exhibits dispersion, increasing conducting materials polarization and conduction are, there-
roughly in a power-law fashion and eventually becomingfore, integrated into a single, continuous process.
almost linear at even higher frequencies. Interestingly, po- As a consequence, alternative representations of the di-
laronic conductors, both crystalline and glassy, display a beelectric response have been explored in the literature over the
havior that is quite similar to the ionic ones. The physicalpast 30 years in attempts to better characterize the ion dy-
origins are not yet completely understood, but the dispersionamics in these materials. One prominent representation is
clearly reflects a nonrandom or correlated kind of motion ofthe ac conductivity,c* (w) =i wege* (w), which through
the ions occurring on relatively short time scales. linear response theory can be related back to fundamental
Dielectric spectroscopy has been traditionally applied tostatistical quantities of the ion hopping motions such as the
investigate dipolar relaxation in liquids and solids where reimean squared displaceme(n,z(t))hop.
orientation of permanent dipoles gives rise to characteristic However, considerably more prominent in the literature is
frequency-dependent features of the complex permittivitythe electric modulus, M* (v)=1/e*(v), representation
e*(v)=¢'(v)—ie"(v). In this cases’(v) increases with which was developé&dn 1972. The modulus shares an im-
decreasing frequency approaching a limiting va#ti€0) at  portant analogy with shear stress relaxation measured by me-
low frequencies associated with the polarization resultingchanical spectroscopy in solids, and in the case of ion-
from alignment of the dipoles along the direction of the elec-conducting materials, the frequency dependencé16{ v)
tric field. Concomitantly, the imaginary pa#’(v) passes can be related to a corresponding time-dependent evolution
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of the electric field resulting from ion displacements. T T T,
Controversy about which of the two representatigifis -4 f
eithep provides better insight into the nature of ionic pro-
cesses in these materials has surfaced and resurfaced over the
intervening years. Several researchers have noted discrepan-
cies between interpretations drawn from the two analysis
formalisms® More recent examinations of the scaling
properties ofc* (v) and of M* (v) have again shown dis-
turbing difference§-8 On the one hand, bote™* (v) and
M* (v) for a given material exhibit linear scaling as a func- 7F . . 0 . 105
tion of varying temperaturétime-temperature superposition , 107 107 10" 10® 10° 107
principle). This means that spectra of (v) or M* (v) mea- : Frequency (Hz)
sured at various temperatures can be scaled so as to collapse
to a single master curve. On the other hand, studies of ion- FIG. 1. Characteristic frequency dependence of conductivity
conducting glasses in which the concentration of the mobil@nd permittivity in ion-conducting materials.
ions is varied by one or two orders of magnitude show pro- ] ] o
nounced systematic changes in the shapM{v) without ~ WhereA s typically about 10 20 mHz)~ 1. The origins of
corresponding changes in the shapes$f(v). This depar- thls_ linear reg|_me(the s_o-called nearly con_stant loss or NCL
ture between the two formalisms seems paradoxical. Bothegime are still a subject of debate. While several authors
o*(v) and M* () are in principle derived from the same havg %rgltzjed for causes _that are unrelated_ to the ionic
experimental datéi.e., real and imaginary components of the Motion,~*“others have derived models regarding the entire
sample impedangeHowever, as many have recognized, thediSPersion as resulting from the hopping dynamics of the
shape of the modulus is sensitive td(«), the high- mobile ions. o
frequency limiting permittivity that results from near-  In the real part of the permittivityFig. 1) one observes
instantaneous electronic and atomic polarization which is not’ (V) approaph a |Iml_tlng constant valueg () .at high fre'-
directly related to the hopping motion of the mobile ions. guencies. This value is unrelated to the hopping dynamics of
This sensitivity has been recognized by Almond and Westthe m_ob|_le ions and instead |s_the _result of muc_h more rapid
as early as 1986. Nevertheless, the modulus is still beingolarization processes occurring in the material. With de-
used and misleading conclusions are still frequently drawn.créasing frequency’(») increases and approaches a limit-
In this paper the scaling differences between the condudld low frequency plateas’(0) associated with polarization
tivity and modulus representations are illustrated in a graphiéffects of the mobile ions with respect to the immobile ma-
cal fashion wherein no model-dependent assumptions are r&ix. The magnitude of this polarization is then given by
quired. This illustration clearly and irrefutably demonstratesde’ =&'(0)—&’(). At even lower frequencies;’(v) be-
how the shape of the electric modulus is corrupted by inclugins to increase once more. This final increase is substantial
sion of the quantitye’ () in its definition. It thus becomes and is caused by interfacial phenomena often referred to as
evident that the modulus representation is no suitable tool fopléctrode polarization. It is the bulk polarization of the
a comparative analysis of the ion transport properties of difSample that results from the presence of metallic or blocking

ferent solid or liquid electrolytes. Therefore, its use for such€lectrodes that do not permit transfer of the mobile ions into
purposes is strongly discouraged. the external circuit. Consequently, the mobile ions “pile up”

near the electrode causing a large bulk polarization of the
specimen.

Electrode

trod 12.5
" Polarization

3 Boj
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log o’ (S§/m)

Il. FEATURES OF THE DIELECTRIC RESPONSE

Typical features otr’ (v) ande’(v) are illustrated in Fig. Ill. ELECTRIC MODULUS FORMALISM
1. At low frequency the conductivity is a frequency-
independent constant’(0), which arises from a random
hopping motion of the ions. This dc conductivity can be
interpreted in terms of the Nernst-Einstein relatiatri(0)
=Ng@?D/(VKT), whereN/V, g, andD denote the number
density of the mobile ions, their charge, and their coefficien
of self-diffusion, respectively. If the ions perform a random
hopping motion with hopping distanocg and hopping rate
I, then D will be given by x3I'/6. At higher frequencies,
o' (v) increases with frequency. Over a limited range which

The history of the electric modulus seems to begin with a
reference by McCrum, Read, and Williathsvhere the re-
ciprocal complex permittivity is discussed as an electrical
analog to the mechanical shear modulus. While McCrum,
IRead, and Williams used the complex moduM$ (w) to
describe the dielectric response of nonconducting materials,
Moynihanet al? also applied the modulus formalism to ma-
terials with nonzero dc conductivitie®l* (w) is then simply
related toc* (w) via

can be roughly characterized by<b'(v)/o’'(0)<100, the M* (w)=1le* (w)=iwey/o* (). (D)
ac conductivity o’ (v) is reasonably well described by a
power law of the formo’(v)= o' (0)(1+ (v/v)"), corre- On the other handV* (w) is also related to the function

sponding to correlated ion motion at short times with®d(t) that describes the decay of an electric field in the ma-
(rz(t))hopoctlfn. At even higher frequencies, the conductiv- terial under the constraint of constant dielectric displacement
ity o’(v) merges smoothly to a linear form'(v)=Av, D:
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this procedure does not provide a conceptual link for bridg-
ing the gap from the macroscopic experimental results to
time-dependent functions that characterize the ion hopping
dynamics such as, e.g., the mean squared displacement

0.03 F

0.02 F
M” <r2(t)>hop'
0.01 F IV. LINEAR RESPONSE THEORY AND COMPLEX
CONDUCTIVITY
I i In contrast to the modulus approach, which relates
10° 10" 10% 10® 10" 10° 10° M*(w) to the (macroscopig electric-field-decay function
Frequency (Hz) d(t), linear response theory relates (w) to functions of

FIG. 2. Real and imaginary parts of the electric modulus fortlme.that reflec't Characterls'tlc properties O.f the hopping dy-
. ) namics of the ions. To derive these functions from the ex-
LiPO; glass at room temperature. The dashed curves are fits of the” . . . . .
KWW decay using3=0.60. perimental data and to extract the information contained in
them, one first has to realize that there are two distinctly
= dd(t) different contributions tar* (w). One of themo},(w), is
1+f exp—iwt)dtf. (2) entirely due to the hopping motion, while the other,
0

M* (@) =M’ ()
dt iwege’ (), is caused by much faster polarization processes:

Equationg1) and(2) are equivalent to the following E¢3),
O* (w)=epe’(»)/ 0™ (w), 3

where®* (w) denotes the Fourier transform @f(t), i.e.,

U*(w)=0'ﬁ0p(w)+iw808’(00). (6)

According to linear response thedr%/a’;op(w) is propor-
tional to the Fourier transform of the autocorrelation function
o _ of the current density caused by the hopping motion of the
q>*(w)=fo O (t)exp —iwt)dt. (4 mobile ions(I(0)I(t))nop:

, . V (=
It has long been realized that the stretched exponential * :_j J(0)J(t exn —iwt)dt. (7
KWW (Kohlrausch-Williams-Wattsfunction, Thod @) 3kT o< (03O nopexpl —i ) 0

O (t)=exp(— (t/7)P), (5 Here,V denotes the volume of the sample. If there Are
mobile ions with charge and if their velocities at timé are
denoted by; nho{t), then the current density and its autocor-
relation function will be, respectively,

provides a reasonable fit to typical experimental data.
An example of M*(v)=M'(v)+iM"(v) is shown in
Fig. 2 for LiPO, glass. Typical features include a broad,

asymmetric peaked function of for M”(v) whose fre- 1 N

quency at maximumy,, varies in proportion to the dc con- Jhopt) = VZ QVi hodt) and

ductivity. The real partM’(v) exhibits a sigmoidal shape =1

that increases with increasing frequency and approaches 51N

1/e' (=) in the high-frequency limit. Also shown in the fig- _a : ‘

ure is a typical fit of the data which emphasizes the fre- (30N nop=12 .2, {Vi(0)j(1)nop- ®

guency range near the peak M”(v) as advocated by .
Moynihan®® While fits of the KWW function are generally 1herefore,opq(w) becomes
successful for frequencies below aboutylQ the fit quite 5 1N
often underestimates the data at higher frequencies. The rare _ 9 fw > 0 (t Ciwbdt
exception seems to be in materials of ultra low ion concen- Thol @) = ZykT 0 (Vi(0)vj(t)nopexpl —iwt)dL.
tration whereM”(v) is nearly symmetrical and where fits (9)
with 8=1 are successful over nearly the entire observable
frequency range. Proponents of the KWW description argue It is now important to note that on the time scale of the
that this failure at high frequencies is merely an artifact oféxperiment, i.e., at times &/ the duration of an individual
the data that arises from the presence of the NCL behavior. fiop is very short and a hop may, hence, be considered in-
the NCL is a separate phenomenon from that of the ioni¢tantaneous. As a consequence, the expressions
motion, then it may dominate the data in the high frequency(Vi(0)V;(t))nop @re nonzero only, if hops occur at time 0 and
regime and artificially “lift” the measured data above the fit. at timet as well. If the hopping isandom then each hop

For a realistic assessment of the modulus formalism it igvill be correlated only with itself. In this case, all the cross
important to realize that it is based on a description of théerms (#j) will vanish, and the self-termsi €j) will be
electric response of the sample in terms of the macroscopidlose to &-functions with weightl'x3/2. Again, T' and x,
field-decay functiond(t). Empirically, the KWW function denote the hopping rate and the hopping distance, respec-
is a convenient choice fob(t), and the nonexponentiality tively. According to Eq(9) a random hopping would, there-
parameters is suitably varied for fitting the data. However, fore, result inoﬁop(w)zconstant. As this is not observed,
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except at low frequencies, there must be a correlation be- 10® v rremm—rremmg ooy 10
tween a hop performed by a mobile ion at time 0 and later & AT K) o 8
hops of this ion and/or other ions. Ag\,{ ) is an increas- % ¢ £ Lo ™
ing function of angular frequency, the sum 10°F i
37N (0)v; (1) Ynop must, in addition to its sharp maximum S i . Lo i
att=0, have a pronounced negative tail, reflecting the fre- o) o'l N 0.08 @
guent occurrence of ensuing hops whose direction is oppo- i) g 0.008 >
site to the one at=0. K SLB,S), gy - 00035)107
A further important result has been obtained from Monte 10° | onempemmmmcn® e,
Carlo simulationg® viz., the essential terms in the sum ettt sttt 102
SHNVi(0)vi(1) )nop are, indeed, the self-terms. This imme- 10*  10° 10 100 10f
diately implies that correlated back-and-forth hopping of in- V/"O

dividual mobile ions is a frequent phenomenon in ion-

conducting materials. Neglecting the cross terms we arrive at FIG: 3. The master curvesee Eq.(14) and Eq.(15)] of five
an expression for the hopping-conductivity spectrumpOtass'um thioborate glass@®ef. 26 of substantially differing ion

O_;Op(w), which relates it to the velocity autocorrelation concentration pIottefj together to demonstrate the common scaling.
. L . Inset shows howAe'T decreases with decreasing ion concentra-
function of the hopping iongv(0)V(t))nop:

tion.

Ng* (= .
Tho @) = m—fo (V(O)V(t) )hopeXP( —Twt)dt. (10) As shown by Sidebottof and by Schroder and Dyfé,
an appropriate choice for the scaling factog is vg
Alternatively, o, (@) may now also be expressed in =0'(0)/(soAe"). This leads to the following scaling laws,
terms of the mean squared displacemént(t))no,=((r(t) respectively, for the real part of the conductivity:
- r(O))Z)hop. This is possible because of the identity ,
U(V)—F’(V) (14)

a'(0) v

d2

W((r(t)_r(o))2>hop:2<V(0)V(t)>hop- (11
and for the real part of the dielectric function:

Equation(10) hence transforms into

g'(v)—¢g' () v
NG e . a9l 49
Thod @)=~ 6VKT lim fo (r*(t)) nopeXp — i wt —et)dt. 0
em0 with
(12)
Equation(12) conveys an important message. The shape G'(x)= izpfmfzi)z dx. (16)
T 0o X*—X

of the function(rz(t)>hop is uniquely determined as soon as

. o * .
the hopping-conductivity Spectrumio{w) is known from Here, P denotes the principle value of the integral. Equation

experiment. Moreover, if the shape ofi,() turns out to (1) is obtained by inserting Eq(14) into the Kramers-
be preserved when parameters such as temperature and COMonig relation

position are changed, then this will imply that the shape of
<r2(t))hOp is preserved as well. In other words, any scaling 1 foo o' (9)

properties that experimental spectrfi, ) might display g'(v)—¢&'(»)= Sowzp 7247 (17)

will prove the existence of corresponding scaling properties

of the mean squared displacement. Clearly, any observationhe scaling laws, Eq$14) and(15), can be used to generate

of such scaling is bound to impact strongly on the assessnaster curves ofr’(v) ande’(v) —g’ ().

ment of models describing the hopping dynamics of the mo- |t has been found that the master curves of different ma-

bile ions. terials have very similar shapt821%-2°As an example,
spectra for (KS),(B,S;)1_x glasses obtained by Patel and

V. SCALING PROPERTIES Martin®® are shown in Fig. 3. These spectra are scaled in

accordance with Eqg14) and (15) for a range of ion con-

For many ion-conducting materials, the conductivity cenyrations spanning about two orders of magnitude. The

spectra as measured at frequencies below a few MHz arg,,q,ctivity isotherms of a given glass superimpose onto a
found to follow the time-temperature superposition principle.

) : aster curve, and the individual master curves of the glasses
That means that the shapes of the real and imaginary parts @hnnot he distinguished within the experimental error.

Thopl @) = 0™ (0) —iweqe’ () do not depend on tempera- | ot ys now consider the scaling propertieswf(») spec-
ture. This can be expressed by the following scaling law: 5 For a given material” () isotherms can usually be
% collapsed onto a master curve. However, when N v)
Thorl V) —F* (l) _ (13  master curves of different materials are compared, significant
a'(0) Vo differences in shape are observed. In materials with high
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FIG. 4. Master curves of the electric modulus isotherms of the FIG. 6. A demonstration of how retention ef(0) in the elec-
five potassium thioborate glasses shown in the previous figure plotric modulus results in a sensitive dependence of its shape upon the
ted together to demonstrate the substantial narrowing of the moduatio A=¢'(*)/Ae’. IncreasingA results in narrowing of the
lus with decreasing ion concentration. modulus with a concomitant increase of the KWW parameter to
unity.

number densities of mobile ionsN(V~10??cm™3), the
M”(v) master curves are considerably broader than a Debyat in contrast to theM”(») master curves, thélp,(v)
peak. However, with decreasing number density of mobilenaster curves do not exhibit a peak. Thus, it i§=) which
ions, M"(v) narrows and eventually becomes a Debye pealproduces the pronounced folding Mf’,qop(v) into the peaked
at low number densitieg*° This narrowing has often been shape characteristic " (v).
interpreted in terms of changes in the ion transport mecha- However,s'(>) is not significantly concentration depen-
nism with changing ionic concentrations. As an exampledent. So why does the shape Mf’(v) vary systematically
Fig. 4 shows the M"(v) master curves of the with changes in ion concentration? To answer this question
(K2S)(B2S3)1-« glasses. Clearly, the individual master we need only form the modulus according to Ft), using
curves do not superimpose, in contrast to the correspondinge functionss’ (») ande’(v) as described by Eqél4) and
o’'(v) ande’(v) —e'() master curves. (15). For the quantityM,(») we find

We will now show that the narrowing of1”(v) with
decreasing ion concentration is not caused by changes in the

mechanism of ion transport, but is a trivial effect caused by Mo ¥) = i, - F2 (x)/f27rx) 5

the influence ot ’ () on the shape of th¥”(v) spectra. To Ag" (G'(x)"+ (F'(x)/(2mx))

do this, we define a quantityl ﬁop(v)=1/[s*(v)—s’(oo)],

i.e., a modulus containing only contributions from the hop- = EH(X);XZ vlvg, (18

ping motion of the mobile ions. As seen from Fig. 5, the
individual My, (v) master curves of the (8),(B,S3)1
glassesanbe scaled onto a common master curve simply b
usingAe’ as scaling parameter for thé; (») axis. Note

which, as was demonstrated in Fig. 5, collapses to a master
Yeurve. For the imaginary part of the modulus we find

102 M () 1 F'(x)/(2mX)
& (V)= o7 B+ G702+ T (01 2m)?
,9),B,S)),..

(19

whereh=¢'(»)/Ae’. From Eqgs.(18) and(19) it becomes
apparent that the retention ef (=) has destroyed the inher-
ent scaling. In Eq(19), £'(«) is introduced in the form of a
ratio of ¢’ () (not caused by ion hoppingo Ae’ (caused
by ion hopping that is irreducible in the sense thatannot
be extracted as a scale factor.
To see how the presence afinfluences the shape of
e e M”(v), we use the experimental master cunkeqv/vg)
/v andG’ (v/vg) obtained in Fig. 3, and from Eq19) we sim-
° ply computeM”(\,v) for a variety of possible values of.
FIG. 5. Master curves dfl,o () for the five potassium thiobo- The result presented in Fig. 6 shows tht(\,») exhibits a
rate glasses plotted together to show how removat'gfe) pro- ~ Peak(as a function ofy) only for non-zero values oX. In
duces common scaling despite substantial changes in ion concetlis caseM”(\,v) may be characterized by three distinct
tration. Note that unlikeM”(v) (see Fig. 4 M,(») does not regions of frequency-dependent behavior. At low frequen-
exhibit a peak. cies,M"(\,v) is linear. At high frequencie®l”(\,v) varies
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like o' (v)/v, i.e., the function is approximately proportional while &’ () is unrelated to the ion hopping. Thus, we note
to »"~ ! and approaches a constant value at still higher freonce again thag is a quantity that is not exclusively deter-
quencies. It is in the intermediate frequency range just aboveined by the ion dynamics.

vy, WhereM”(\,v) displays a dependence upenHere, the Finally, we wish to comment on a paper recently pub-
folding of M”(\,») becomes more and more acute for in- lished by Ngai and Leoft In that paper, the authors claim
creasing\. This intermediate frequency range is also thatthat the shape oM”(») is “uniquely determined by the
which is emphasized in fitting the KWW decay function. To movements of the mobile ions.” We can now show that this
demonstrate how changes inmodify this fit, we have in- claim is based on a misinterpretation of the following equa-
cluded approximate values gfobtained by fitting the KWW  tions used in the paper:

function to the spectra in Fig. 6. For>100, we find a 1

nearly Debye-type form fokM”(\,v). As is evident from the TEmion( @)= 808'(00)(*__ i w) , (21)
figure, these fits of the KWW decay function are destined to ' P* (w)

underestimate the experimental data at high frequencies re- 1

gardless of issues about the NCL contribution. Furthermore, M*(w)=——— 0w ®* (). (22

the inequality of3 and 1—-n as metrics of the dispersion has &'(%)

profound ramifications for how dielectric studies of ion dy- Ngai and Leon define®,, ,n(w) as the “conductivity en-
namics are to be compared with those of alternative methodsirely from the motions of the ions.” Now, E¢21) can be
e.g., nuclear magnetic resonarite. rewritten as

goe’ (%)

VI. DISCUSSION O* ()= (23

UEM,ion(w)"_iwsOs,(oo) .

We are now in a position to offer an interpretation of the From this equation it is obvious that the shapedst(w)
expenment.ally observed narrowing M”(V) which occurs  §pes not only depend ont,, o (w) but also one’ ().
when the ion concentration is drastically redudsdy by According to Eq.(22), the same applies tM* (w). Any

Zrd,ers of ma_lgnri]tu%e This_ narrovx;ing isz\ c;o_nsdequen_ce of scaling that exists forgy, ;,n(w) is thus corrupted by the
e’ present in the denominator bf SinceAe’ isdue toion ;1 sion of &’ (). Therefore,d* (w) and M* () can of

hopping, it is related to the number density of hopping ior]S'coursenot be regarded as functions that only reflect the hop-

Roling _et aII., for /exzigwple, ha}/e d_emonstrated thﬁ% IS ping dynamics of the ions, nor do they scale with such func-
proportional to (N/V) " at very low ion concentrations.S0, — tiong by inclusion of any time constants it their arguments.
even if ¢'() is virtually concentration independent, de-

creases inAe’ with decreasing ion concentration will in-
crease\ and produce the observed narrowingvri(»). The
narrowing inM”(v) is, technically speaking, due to decreas- We have compared the scaling properties of electrical
ing concentrations of the mobile ions. However, this narrow-conductivity and electrical modulus spectra of ion-
ing is clearly not a reflection of any intrinsic change in theconducting solids taking the spectra of J3,(B,S3)1_«
ion transport mechanism, since in the(v) and &' (v) glasses as an example. While the shapes of the conductivity
—¢&' () representations, master curves are obtained by linspectra are virtually independent of the number densities of
ear scaling. the mobile potassium ions, the modulus spectra narrow con-
In this context, we would like to comment on the follow- siderably with decreasing number density. We demonstrate
ing Eq.(20), which has been presented in a recent paper byhat this narrowing isiot caused by changes in the ion trans-
Ngai and Rendelf3 port mechanism, but is a consequence of the inclusion of
e'(%) in the definition of the modulus. We define a “hop-
As,_(B-F(Z/B)

VII. CONCLUSIONS

2_1) e () (20) ping mod_u!us”Mﬁop(v)z_ll[:_s*(v)—s’(oo)], i.e._, a modu—

I(1p)) lus containing only contributions from the hopping motion of
the mobile ions, and show that the shape of this “hopping
modulus” is virtually independent of the number density of
the mobile ions. Furthermore, we analyze mathematically in

Here, B is the exponent obtained from a KWW fit M" (v)
spectra, whilel’ denotes the Gamma function. The authors

state thatAe’ can be written as a “product af’ () and a what wayz’ (=) influences the shape &1”(). Our analy-

factor whose \(alue IS tot_ally determlned by the pe}rgmﬁter ses clearly lead to the conclusion that the modulus represen-
that characterizes the dispersion of the conductivity relax;

ation _tim(T:-s..” Furthermore, the authorg, claim that this ex-girggzr,lisesm;fZlf#gz?]tt%c:tgﬁ;g?mparmg the ion transport
pression is in contrast to other expressionsAer, as, e.g.,

proposed by Sidebottoft.We would like to emphasize that
this claim is based on a misinterpretation of E20). This
equation does, of course, not imply that’ dependson Financial support from the Deutsche Forschungsgemein-
g'() and B, but rather this equation only expresses the fackchaft via the SFB 458 is gratefully acknowledged. D.L.S.
that B is determined by the ratia=¢’(*)/Ae’, as illus-  acknowledges financial support from the U.S. Department of
trated in the previous sectiofe’ is a quantity that depends Energy, Basic Energy SciencéGrant No. DE-FGO3-
exclusively on the hopping dynamics of the mobile ions,98ER45696.
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