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A unified model of ionic motion in glasses is presented which relates consistently the different quanti-
ties observed in nuclear-spin relaxation and electrical-conductivity relaxation due to thermally activated
ionic diffusion. Corresponding experimental data obtained in a low-ionic-conductivity fluorozirconate
glass are shown to be in reasonable agreement with the present approach. Limitations of the model are
pointed out and are discussed in view of observed deviations between the different experimental results.

L. INTRODUCTION

The diffusive ion motion in vitreous ionic conductors
can be studied either by electrical-conductivity relaxation
(ECR) or by spin-lattice relaxation (SLR) in nuclear mag-
netic resonance (NMR). In SLR measurements can be
made using either the mobile ion nucleus or an immobile
nucleus permanently tied to the glassy matrix structure.
Although both ECR and SLR monitor the ion motion, a
priori it is not clear whether the ion relaxation charac-
teristics (e.g., time scale of relaxation, activation energy,
and nonexponentiality parameter) deduced from the two
probes are the same or not. To answer this question, we
have been performing ECR and SLR measurements on
the same ionic conductor. The first series of measure-
ments were on the alkali oxide glasses.! Usually the slow
mobility of alkali ions in the oxide glasses does not permit
observation of a maximum in the SLR rate, 1/7, at tem-
peratures below the glass transition temperature, T,.
The 1/7T, maximum is defined by the condition w7, ~1.
However, for typical Larmor frequencies o (typically
10— 100 MHz) the ionic motion-induced spin correlation
time 7, is larger than 1/w in the entire temperature
range, i.e., o7, > 1. Thus, a determination of 7, is not
available from 1/T, data, and a comparison cannot be
made with the corresponding conductivity correlation
time, 7,, obtainable from dielectric measurements carried
out in a much lower frequency region (typically
10<w/27 < 10° Hz). Nevertheless, we can compare the
activation energy, E/ of 1/T, in the low-temperature re-
gime (w7, >>1), with the dc-conductivity activation ener-
gy E ‘3" and the ac-conductivity activation energy
E(wt,<<1). From experimental studies of many alkali
oxide glasses' and fluorozirconate glasses,”> we have es-
tablished the relation

E!l=(1—n, )E¥=E (1
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between E! and E % by means of a coupling coefficient n,
with 0Sn, S1. For these low-conductivity ionic con-
ductors, we recognized that the only way to obtain the
SLR rate maximum, i.e., to measure the correlation time
7, Is to go into the rotating frame and measure 1/T', at
a lower frequency in the kHz range. We have implement-
ed this idea by performing 1/7, and 1/T,, measure-
ments in a number of fluorozirconate glasses.” * As
shown in detail in Sec. IV, one observes a significant
difference between 7, and 7,. Generally, in the relevant
temperature region one obtains 7, >>7, due to different
activation energies and preexponential times. In this con-
text we refer to a recent work by Tatsumisago, Angell,
and Martin® in which they have found the same
difference between 7, and 7, in superionic conductors in-
cluding a (LiCl)y -(Li,O)g -(B,O3); ¢ glass. As the ionic
mobility is extremely high in these superionic glasses, the
laboratory frame SLR rate, 1/7, shows a maximum
below T, without having to go to the rotating frame.
They found the conductivity correlation at 500 K occurs
on a time scale shorter by 2 orders of magnitude than the
"Li SLR correlation, alike to what we have found in
fluorozirconate glasses by means of rotating frame SLR
measurements. Similar results were recently obtained by
Munro, Schrader, and Heitjans in fast ionic-conducting
lithium aluminosilicate glasses by comparing 7| and con-
ductivity data.® It is the aim of the present paper to in-
terpret the observed differences between the two correla-
tion times 7, and 7, in the frame of a unified model relat-
ing SLR and ECR in a simplified manner. The model is
based on the results of recent Monte Carlo simulations of
ionic motion in disordered systems performed by Meyer,
Maass, and Bunde’ and relations of the coupling model
as developed by Ngai.> ' The unified model predicts ad-
ditional relations between the different activation energies
than Eq. (1) and between crossover temperatures 7 and
T, as observed in SLR and ECR experiments (see Fig. 1).
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FIG. 1. Arrhenius representation (a) of ionic motion-induced
SLR rate 1/T, (b) of ionic conductivity o T, and (c) of dielectric
modulus M"' as given by Egs. (11)-(13) for two different fre-
quencies w; ®,. Note that the SLR rate maximum occurs at a
lower temperature T than the temperature T, of the maximum
of M"" and the crossover point Pof o T.

It will be shown that corresponding experimental data
observed in a fluorozirconate glass can be interpreted by
the model within some deviation indicating the limits of
the simplified model.

II. THEORETICAL MODEL

Generally, the ion-induced SLR mechanism is caused
by time-dependent fluctuations of the nuclear-spin cou-
pling energy w;; between mutually interacting ion pairs
(i,j)." The resulting SLR rate is determined by the
Fourier transformation of the corresponding pair-pair

correlation function

Gs(t)= 2<wij(o)mij(t)>therm av - (2)

L

Typically, the nuclear-spin coupling between the
mobile ions is due to magnetic dipole or electric quadru-
pole interaction. Then, the coupling energy is given by
@, ; <Yy m(Qy; )/r,g where Y, ,, denote the spherical har-
monic and (;; and r;; are the spherical coordinates of the
vector r;; between the two ions (i,j) with respect to the
direction of the external magnetic field B,. It is worth
noting that the l/r,-i- factor in w;; weights more heavily
on the contribution to G,(¢) from ion pairs at smaller
separation. The SLR is related to wave vectors k =k,
which are the inverse of the order of interatomic dis-
tances.!?

On the other hand, ECR is related to the correlation
function

2
Go()=-L2 3 (vi(1)v;(0)) s ay » 3)
IYJ

where v,(¢) denote the velocities of the ions. The com-
plex conductivity is given by the Fourier transformation
of G,(t). Obviously G,(t) is a particle-particle correla-
tion function which should be contrasted with G¢(¢), a
pair-pair correlation function that emphasizes the contri-
bution from ion pairs at close separations. Though the
underlying process of ion diffusion is the same, in princi-
ple, the two correlation functions are different, i.e., SLR
and ECR probe the ionic motion in a different manner.
However, very recently Meyer, Maass, and Bunde”'3
have shown that both correlation functions can be ex-
pressed in first approximation by stretched exponential
functions in the relevant time regime (1073 St/rq <10),
ie.,

G,(t)=exp{—(t/r,) "}, 0

where ¢ =0 for ECR and g =s for SLR, respectively.
For that, they have studied by Monte Carlo simulation
the thermally activated hopping motion of charged parti-
cles in a disordered lattice. Because of the Coulomb in-
teraction a “slowing down” of the particle motion occurs
for longer times (i.e., t>t,~10"''-107'2 5, where
t.=1/w, denotes the characteristic time of the slowing-
down process) which is reflected by an exponent
l—nq <1,i.e., n,>0. Switching off the Coulomb interac-
tion leads to n,=0at intermediate times, i.e., to the com-
mon exponential decay of G,(¢z). Further, the authors
have shown that the deviation between the two correla-
tion functions G,(¢) and G,(t) is given by two different
coefficients n; and n, with n; >n_ and two thermally ac-
tivated correlation times 7, and 7, exhibiting different
preexponential factors as well as different activation ener-
gies. The relation n; >n, was confirmed experimentally
in fast ion-conducting chalcogenide glasses by Borsa
et al.'*

According to the coupling model® !° the correlation
times 7, in Eq. (4) are linked to the individual ionic jump
rate

1/79=(1/7y . Jexp{ —E /kT) (5)
for times t > w_ '~1071-10712 5 as follows:

7, ={(1=n)orire} " ©)
Here, E denotes the microscopic barrier as seen by the
hopping ion, w. is a cutoff frequency of the order of
101102 s ! describing the high-frequency limit of ionic
conductivity, and n, has the same meaning as in Eq. (4).

Combining Egs. (5) and (6) and taking into account
that the exponents n, are different for SLR and ECR
(ng>n,), one obtains immediately the following relations
for the correlation times 7,:

'r,,='ra’wexp[Ef,° /kT} (7)
with E¥=E /(1—n,) and
TS =Tsywexp{E;’/kT} (8)
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with E}=E /(1—n,). The ratio of the preexponentials is
given by
n 1/(1—n_)
T [(1=n)o Ty o] ¢
— c !0, . 9)

n 1/(1—n_)
Toe [(1=n,)0,7) ] ’

Generally, from n;>n, it follows 7, /7, ,, <<1. For
instance, using n,=0.75, n,=0.6, ©0,=10 s~!, and
To, =107 13 5 typical for ionic-conducting glasses one ob-
tains 'rS,(,Q/TC,’mZIO‘3 in accord with experimental ob-
servations [see Egs. (15) and (16) in Sec. IV and Ref. 5].
Furthermore, according to Egs. (7) and (8) the coupling
model relates the barrier height E to the energies E% and
E! as follows:

E=EM1—n)=E%(1—n,), (10)

which provides more complete information than given by
Eq. (1). In particular, Ef=[(1—n,)/(1—n)]E® > E%¥
forn,>n,.

In order to calculate the SLR rate 1/7T, or the com-
plex electric modulus M* from the correlation function
G,(1) given by Eq. (4), one has to go into the frequency
domain by Fourier transformation (for details see Ref.
15). As pointed out, for instance, by Moynihan, Boesch,
and Laberge'¢ this cannot be performed analytically for
an arbitrary exponent 1 —n but has to be carried out nu-
merically by expanding G,(¢) in a power series. Howev-
er, in a first approximation the dependence of the experi-
mental observables on frequency w and on correlation

time 7, can be expressed as follows: %17
(i) SLR rate,
r
R S ) (11)

7=
Ty 4 @T) &

(ii) conductivity,

nO

UT0C~1—[1+(a)TU)

To

I (12)

(i) imaginary part M’ of the complex electric
modulus,

Mic—+— % (13)

1+(wr,)’ "
It is important to note at this point that the interpreta-
tion of the experimental results in the present paper is
based on Egs. (11)-(13) using the coupling model to ex-
press the corresponding correlation times 7, and 7.

In order to have an overview of the main features a
schematic sketch of the three observables 1/T,, (¢T),
and M" is drawn in Fig. 1 in an Arrhenius representation
for two different frequencies w; and w,(>w,). The
scheme offers the following experimental evaluations in
order to determine the different properties describing the
ionic jump process in glasses.

(a) The magnitude of the microscopic barrier, E, can be
determined from the slope of all three variables 1/T,,
M', and (o T') observed for 0T, > 1, i.e., at low tempera-
tures.

(b) The temperature dependence of the correlation
times 7, =7,(T) can be obtained from the position of the
maxima of 1/7T; and M" by means of the condition

VI 22 (n,~0.6) (14)

T, (T)=[1/(1—n,)]
when varying the frequency o in the experiments. As de-
picted in Fig. 1, it should be pointed out that generally
the maximum of M" and the corresponding crossover
point P of (o T) occur at a lower temperature T, than
the temperature of the maximum of 1/T observed at the
same frequency because 7, > 7, in the relevant tempera-
ture range.

(c) Moreover, the corresponding activation energies E
and E% of the correlation times 7, can also be deter-
mined from the Arrhenius representation of all three ob-
servables 1 /T, (o T), and M" by measuring the slopes at
high temperatures, i.e., for o7, <1. From E, E/, and E¥
the parameters n, and n, can be calculated by means of
Eq. (10).

(d) The parameters n, and n, are obtained also from
the frequency dependence of the experimental data mea-
sured at low temperatures (w7, > 1) as sketched in Fig. 1.

In the following we will show that the results of SLR
and ECR experiments observed in slow ion-conducting
fluorozirconate glasses can be explained consistently in
the framework of relations given above demonstrating
the capability of the approach. We should remind the
reader, however, that the approach is based on the fol-
lowing three simplifying assumptions: (i) The correlation
functions of various dynamical variables (g ) originating
from the same ionic jump process are presented by Eq.
(4). (i) The corresponding SLR and ECR observables are
approximated by Eqs. (11)-(13). (iii) The coupling mod-
el relates the correlation times 7, appearing in SLR and
ECR by means of Egs. (5) and (6) assuming an Arrhenius
behavior for the individual uncorrelated ionic jump rate
1/7 [Eq. (5], i.e., a nearly constant barrier height E.
Monte Carlo simulations of Meyer, Maass, and Bunde’
show that the correlation functions can be approximated
by Eq. (4) but only in a limited time regime. Further, ex-
perimentally n, is not exactly constant®?® as assumed
here. Also within the limitations and approximations of
Monte Carlo simulations n, is expected to decrease with
rising temperature but n, should remain constant in the
entire temperature region.

III. EXPERIMENT

The experiments were performed on fluorozirconate
glasses of the following composition (in mol %): 27.4
ZrF,, 27.4 HfF,, 19.8 BaF, 3 LaF;, 3.2 AlF;, 20 NaF
(ZBLAN glass; T, =553 K). It is well known that F~
ions are responsible for the ionic conduction in these
glasses.> The "F SLR rates have been measured at
different Larmor frequencies by means of an upgraded
Bruker SXP 4-100 pulse NMR spectrometer including a
data acquisition system. The measurements were per-
formed beginning at room temperature and rising the
temperature up to about T,. For each run an individual
sample was used. Technical details of the high-
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temperature NMR device are given elsewhere.!®!® The
conductivity measurements were carried out on the same
samples using a Schlumberger S1-1260 impedance meter
and an electrometer-type preamplifier (Chelsea Dielec-
tric) operating between 10 uHz and 10 MHz. Automatic
control of the system and on-line data acquisition were
performed by a computer.

IV. RESULTS AND DISCUSSION

According to Egs. (11)-(13) the results of ECR experi-
ments [conductivity (oT) and dielectric modulus M"']
and SLR experiments (SLR rate 1/T; in the laboratory
frame and 1/T, in the rotating frame) presented in this
section are based on contributions from diffusion of ions
alone. In ionic glasses, however, at lower temperatures
(or higher frequencies) there always exists an additional
contribution to these measurable quantities from another
mechanism. Although the exact nature of this mecha-
nism is not well established at the moment, there is
sufficient experimental evidence to suggest that it corre-
sponds to relaxations of asymmetric double-well potential
configurations (ADWP) with a distribution of energy bar-
riers.?>2%?" Thermally activated transitions between the
two levels with a broad distribution of relaxation times
give rise to a dielectric loss that is weakly frequency
dependent and has a mild temperature dependence.?’”%
Such a dielectric loss corresponds to an excess ac conduc-
tivity, o.,(w), which is nearly independent of tempera-
ture and shows an approximately »'® dependence.”® By
the fluctuation-dissipation theorem, this excess conduc-
tivity corresponds to an excess 1/T;|, or 1/ Tlp]ex,
which has an approximate T /o dependence.?* When
compared with the ion diffusion this excess contribution
becomes more important at lower temperatures and
higher frequencies. Consequently, at sufficiently low tem-
peratures and/or high frequencies, the measured ac con-
ductivity may no longer be " ° exp(—E /kT) but instead
has the excess conductivity form @®B(T), where §=~1.0
and B(T) has a very mild T dependence.?*?® Similarly,
the measured total 1/T,|, or 1/ Tlp] . at sufficiently low
temperatures and high frequencies will not reflect the
o "S)cxp(E /kT) dependence but has instead an
© ®C(T) dependence where C(T) is another slowly
varying function of 7. In nonsuperionic conductors the
ion diffusion contribution to ac conductivity and 1/T|,
is not large. It may dominate in the high-temperature
and low-frequency regimes defined by w7, =<1 or wr; =1.
However, it will certainly be overtaken by the excess
ADWP contribution in the regimes w7, >>1 or w7, >>1.
In the transition zone between the two regimes, given
by w7,<1 and wr,>>1, 1/T,|, in alkali oxide glasses
is observed to have dependences of 1/T,|,
CJCa)_sexp(—E‘/kT), where & again is about 1.0. We
have interpreted this as spin relaxation by transitions of
ADWP assisted by a single alkali ion hop." ! This transi-
tion zone is prominent in alkali oxide glasses (see Fig. 3 of
Ref. 24) where 1/T|, rises Arrheniusly more than 1 or-
der of magnitude and E can unambiguously be deter-
mined.! This value of E from SLR together with E% and
n, obtained from ECR data verifies the relation
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FIG. 2. Arrhenius plot of observed total °F SLR rates in the
laboratory frame, 1/T,|,, and in the rotating frame, 1/Tpl,,
measured in ZBLAN at different Larmor frequencies.

(1—n,)E% =E for many alkali oxide glasses.

In comparison to oxide glasses, for fluorozirconate
glasses, the transition zone involves no more than half a
decade of 1/T,|, because of the low glass transition tem-
perature T, (see SLR data in Fig. 2). Obviously, in such
a case the determination of E becomes difficult. In Refs.
2 and 3, the procedure of subtracting the excess 1/7T|,,
or 1/ T,plex contribution from the total measured values
was used. This excess contribution which is about 10!
s~! at 100 K for '°F under 15 MHz in ZBLAN was ex-
trapolated within some error to higher temperatures.
The resulting ionic motion-induced 1/T was fitted to an
Arrhenius 7 dependence. The activation energy thus
determined may underestimate the actual E. Any incom-
plete subtraction of the ADWP-induced excess contribu-
tion from measured 1/T,|, or 1/T,|, at low tempera-
tures will yield a lower value for the actual E. An alter-
native way to estimate E is to calculate the highest ap-
parent activation energy for 1/T,, on the low-
temperature side of the observed maximum from 1/T,/,
and 1/ Tlpl, data without subtracting off the excess con-
tribution. This was performed in the present study for
the SLR rate exhibited in Fig. 2. As listed in Table I
within a relatively large uncertainty of 0.05 eV we found
E=0.34 eV. Further the frequency dependence of the
SLR rates due to the low-temperature side of the max-
imum leads to a value of about 0.75 for the coefficient n.
It should be noted that the observed very weak frequency
dependence of the SLR rates at high temperatures was
neglected in accord with the present model [Eq. (11)].

In exactly the same manner as we have just discussed
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TABLE I. Summary of the parameters obtained from different evaluations of SLR and ECR data as

discussed in the text.

Energies for

E 0Ty <1 (eV) n,

E} 0.7£0.15 [from energies, Eq. (10)]
SLR 0.33+0.05 1.15 (from )

1.1 (from slope 0.75+£0.07 (from freq. dependence)

in Fig. 2)

Ed 0.54+0.05 [from energies, Eq. (10)]
ECR 0.35+0.04 0.78 (from 7,)

0.85 (from slopes 0.59 (from freq. dependence)

in Figs. 3 and 4)

for SLR, the excess ADWP contribution to ECR may
tend to obscure the relation (1—n,)E% =E expected for
ion diffusion contribution [see Eq. (9)]. Figures 3 and 4
show the corresponding ECR data 0 T and M" in an Ar-
rhenius representation. Evaluation of the slopes of the
curves in Fig. 3 leads to E4°=0.87 eV and E=0.37 eV,
while the corresponding slopes of Fig. 4 are given by
E%=0.85 eV and E=0.36 eV. Pradel and Ribes have
performed a similar evaluation of ECR and SLR (T)
data in fast ionic-conducting chalcogenide glasses.?> Fur-
ther, the frequency dependence of the ECR data yields a
value of 0.59 for the parameter n, of Eq. (4). The most
important difference between SLR and ECR data of
ZBLAN is manifested in their correlation times 7, and
7,. As discussed before, 7, is about an order of magni-
tude longer than 7,. This is confirmed by the more de-
tailed analysis of electric modulus data in Fig. 4 which
give directly 7, as a function of temperature. The result
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FIG. 3. Arrhenius plot of ionic conductivity (o T) in the
same ZBLAN glass as in Fig. 2 measured at different frequen-
cies. The lines are a guide to the eyes.

is presented in Fig. 5 leading to the following relation for
Tot
0.78 eV

=4.1%x10"1
Ta exp kT

(15)

Within a large error due to the limited frequency range of
the observed SLR rates 1/T, (see Fig. 2), one is able to
determine also the SLR correlation time 7, from the max-
imum condition given by Eq. (14). We find

1.15 eV

7,=6.6X 10" exp ©T

(16)

The corresponding line is depicted in Fig. 5, too. As
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FIG. 4. Arrhenius plot of dielectric modulus M"' in the same

glass as in Fig. 2 observed at different frequencies. The lines are
a guide to the eyes.
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FIG. 5. Temperature dependence of the correlation times 7,
from data analysis of M"’ and of 7, from frequency dependence
of 1/T, maxima in Fig. 3.

can be seen from the figure in the relevant temperature
regime between about 300 and 500 K, 7, is significantly
larger than 7, in accord with earlier observations. These
data explain clearly the origin of the difference between
the crossover temperature T, for conductivity and the
temperature T, of the SLR rate maximum, observed at
the same frequency (see Fig. 1). For illustration, an ex-
ample is shown in Fig. 6 exhibiting the ionic motion-
induced SLR rate 1/T, obtained by optimized subtrac-
tion of the excess (ADWP) contribution from the ob-
served SLR rate, 1/ Tlp! ¢» and conductivity data (o T')
taken at about the same frequency of 25 kHz. The data
yield T, ~525 K and T, =425 K in agreement with the
corresponding temperatures of 525 K for T, and 425 K

for T, determined from Fig. 5  using
Temperature (K)
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FIG. 6. Comparison of the temperature dependence of the
ionic motion-induced part of the ’F SLR rate, 1/T,, and of
ionic conductivity (o T) for ZBLAN, observed at the same fre-
quency of about 25 kHz. Note the different temperatures T
and T, of the SLR maximum and of the crossover point o T (see
text).

7=1/2mv=6.4X 10" s corresponding to 25 kHz.

The experimentally obtained activation energies E and
parameters n governing the correlation functions [Eq. (4)]
are summarized in Table I. In particular, the following
set of parameters from Table I provides the best agree-
ment with the main predictions of the model in terms of
Eq. (10): E=0.35 eV, E!'=1.15 eV, E*=0.8 eV,
n,=0.7, and n,=0.56. Further, using . =10"?s"' and
T, =2X107" %15 we estimate the preexponential
times from Egs. (5)—(8) as follows: 7, ,~8X10""" s and
T 0 =4X107" 5. The values are in good accord with
the experimentally observed data presented in Egs. (15)
and (16) indicating again the validity of relation (6) of the
coupling model. One has to note again, however, that al-
though the present model is able to interpret and relate
the experimental SLR and ECR results there are some
limitations. For instance, the two values for E%° listed in
Table I which were determined with a high degree of ac-
curacy show a noticeable difference which cannot be ex-
plained by the present model alone. Further, the parame-
ter n, calculated numerically from Fourier transforma-
tion of M"'(w,T) was found to decrease weakly with ris-
ing temperature in accord with the results of Monte Car-
lo simulations by Meyer et al.” On the other hand, as
pointed out by Nowick and co-workers®®?’ an alternative
evaluation of conductivity data by means of Eq. (12)
seems to lead to a temperature-independent value for n,
at elevated temperatures. The finding would indicate
that the exact correlation function G, (¢) may differ from
Eq. (4).

V. SUMMARY

In this work we have revisited and analyzed SLR and
ECR data of ZBLAN nonsuperionic glass to show the
pronounced difference between the SLR time 7, and the
ECR time 7,. This corroborates the more recent findings
by Tatsumisago, Angell, and Martin in superionic
glasses.”> An explanation of this pronounced difference is
given in the framework of the coupling model. The key
result is the inequality n; >n, between the coupling pa-
rameters of SLR and ECR, which is supported by a re-
cent Monte Carlo simulation of SLR in a Coulomb
lattice-gas model by Meyer, Maass, and Bunde.” Based on
this result, the consequences of the coupling model are
exploited to provide a detailed analysis of the ZBLAN
experimental data. Various relaxation parameters con-
tinue to be related even though they are different for SLR
and ECR, e.g., n,>n,, 7, >>7,, and E'> E®. This new-
ly discovered drastic difference between SLR and ECR in
superionic conductors by Tatsumisago, Angell, and Mar-
tin’ and in nonsuperionic conductors by us? provides an
important experimental fact to test the veracity of
theoretical models of ion motion in glassy ionics. We
have conducted low-frequency 1/T;, measurements to
compare with ECR measurements. This is a necessity for
nonsuperionic conductors but not as much for superionic
conductors. It would be interesting to extend this tech-
nique to superionic conductors where we expect an even
more dramatic difference between 7 and 7.
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