
Original Paper

Dynamics of mobile ions in glass - What do conductivity spectra
teil U S ?
Klaus Funke, Cornelia Cramer and Bernhard Roling

Institut für Physikalische Chemie and Sonderforschungsbereich 458 (DFG), Westfälische Wilhelms-Universität Münster,
Münster (Germany)

Dedicated to Professor Malcolm D. Ingram on the occasion of his δΟ *̂" birthday

In glassy electrolytes, the diffusive motion of the mobile ions consists of thermally aetivated hops from site to site. Beyond this
Statement, little is known about the microscopic dynamics of ionic transport in glass, the problems originating mainly from the lack
of long-range order. An important step forward has been made recently by employing the technique of conductivity spectroscopy
in a frequency ränge that Covers about fourteen decades, extending up to the far infrared. This particular experimental tool acts as
a "microscope in time" resolving hopping processes down to the sub-picosecond time regime. The power of the method is exemplified
for the case of a lithium-ion condueting lithium bromide-lithium borate glass, which is representative in many respects. Among the
results obtained is the frequent oecurrence of correlated back-and-forth hopping processes as well as the fmding that ions have
preferences for optimally configured sites which play the role of stepping stones for translational diffusion.

Platzwechseldynamik beweglicher Ionen in einfachen anorganischen Gläsern - Was können wir aus Leitfähigkeits-
spektren lernen?

In glasigen Elektrolyten besteht die Diffusionsbewegung der beweglichen Ionen aus thermisch aktivierten Sprüngen von Platz zu
Platz. Darüber hinaus ist nur wenig über die mikroskopische Dynamik des lonentransports in Glas bekannt, wobei sich die glasspezi-
fischen Schwierigkeiten vor allem aus dem Fehlen von Fernordnung ergeben. Wesentliche Fortschritte sind in der jüngsten Vergan-
genheit durch den Einsatz der Leitfähigkeitsspektroskopie möglich geworden, die auf der Frequenzskala etwa vierzehn Dekaden
umspannt und sich bis ins ferne Infrarot erstreckt. Die Methode hat die Wirkung eines „zeitlichen Mikroskops" und löst noch
Platzwechselvorgänge im Subpicosekundenbereich auf Die Aussagekraft des Verfahrens wird am Beispiel eines Lithiumionen leiten-
den Lithiumbromid-Lithiumborat-Glases demonstriert. Die erzielten Ergebnisse enthalten einerseits den Nachweis, daß es sich bei
den meisten Platzwechselvorgängen um korrelierte Hin  und Rücksprünge handelt, und andererseits den Befund, daß die Ionen
solche Plätze bevorzugen, die ihren Bedürfnissen optimal angepaßt sind. Ionische Sprungvorgänge über derartige Plätze sind die
Elementarschritte der translatorischen Diffusion.

1. Introduction
T h e electrical proper t ies of mater ia ls are determined by
the dynamics of their mobi le charge carriers. If the
Charge carr iers are ions, as in m a n y glassy materials, an
appl ied electric field will result in an ionic current den-
sity. Electric field and cur ren t densi ty are propor t ional
to each other, the p ropor t iona l i ty c o n s t a n t being called
(specific) conduct iv i ty In glasses, the de conductivity is
no rma l ly found to be Arrhenius-ac t iva ted . This reflects
the fact tha t it originates from thermal ly aetivated hop -
p ing processes of the mobi le ions. Add i t iona l infor-
m a t i o n abou t the ionic h o p p i n g is ob ta ined , if the ap
plied electric field is per iodic , wi th frequency ν and
a n g u l a r frequency ω = 2 π ν. T h e resul t ing current den-
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sity has the same frequency, but a different phase. In the
foUowing, let us consider its in-phase componen t only.
The ratio formed by this component and the applied
field is called the real par t of the complex conductivity
and will be denoted by σ{ω).

Figure 1 is a log-log representation of the frequency-
dependent conductivi ty of a sodium Silicate glass as
measured at different temperatures [1]. The frequency
scale covered in this plot extends up to the far infrared.
At Terahertz frequencies, the eonduetivity displays max-
ima which are caused by the excitation of vibrat ional
mot ion . However, the most interesting feature of figure
1 is the characterist ic frequeney dependence of the con-
ductivity below the vibrational regime. The very exist
ence of this frequency dependence is in sharp contras t
to the naive coneept of a r andom hopping of the mobile
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Figure 1. Frequency-dependent ionic conductivity of Na20
3Si02 glass [1].

ions. R a n d o m hopping would, in fact, result in a con-
ductivity that is cons tant as a function of frequency.
M o s t notably, the main features of the da ta shown in
figure 1 are representative of the entire class of glassy
electrolytes [2 to 6]. Even glasses with polaronic conduc-
t ion are found to display similar behaviour [6 to 9].
Therefore, a high degree of relevance is at t r ibuted to the
quest ion "What do conductivity spectra teil us about the
dynamics of the mobile ions in glass?"

Answering this quest ion a m o u n t s to fmding a way of
" read ing" conductivity spectra σ(ω) . To at tain this goal
we must in the first place realize that the ionic move-
ments reflected by σ(ω) occur in the sample perma-
nently, irrespective of any applied electric field. This is
one of the basic Statements of linear response theory [10
to 12]. Using hiiear response theory as our guideline, we
may then proeeed as follows.

Α time window, 1/ω, is defined by the angular
frequency ω in the sense that σ(ω) conveys informadon
with resolution Δ/ on the t ime scale. In the case of ionic
hopp ing m o ü o n , σ(ω) is a measure for the number of
hops seen per unit time, if the t ime window is Δί. More
explicitly, it is p ropor t iona l to the number of ions found
on one side of a Virtual plane at t ime /  and on the
other at t ime ί  + Δ/, divided by the time interval
Δ/. T h e Situation is particularly clear-cut in crystalline
electrolytes like, e.g., R b A g ^ s [13]. Let us, therefore, first
consider the conductivity spectrum of R b A g 4 l 5 pre-
sented in figure 2a. In this case, the contr ibut ions to the
conductivity that are due to hops and to vibrations are
easily separated from each other. The contr ibut ion
caused by hops of the mobile silver ions is found to in
crease as a function of frequency, at taining a high-fre-
quency plateau in the millimetre-wave regime, at some
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Figures 2a and b. Conductivity spectra of a) crystalline
R b A g 4 l 5 [13] and b) glassy B 2 O 3  0.56 Li20  0.45 LiBr [2].

200 G H z . Evidently, the n u m b e r of h o p s seen pe r un i t
t ime is m u c h larger in the high-frequency p l a t eau t h a n
in the low-frequency or de pla teau. The re is a s imple
explana t ion for this Observation. M o s t h o p s seen w h e n
Δί is Short are n o longer seen when At is long, since
they have meanwhi le been cancelled ou t by cor re la ted
b a c k w a r d hops . We may, therefore, safely e o n e l u d e t h a t
there is a considerable a m o u n t of cor re la ted forward-
b a c k w a r d h o p p i n g in the system. In the h igh- f requency
pla teau , At is so shor t tha t two successive h o p s of o n e
ion would no t fit in to this t ime window. A s a conse -
quence , each h o p contr ibutes to the h igh-f requency c o n -
duct ivi ty individually, i.e., the exper iment registers all
the h o p s occurr ing in the sample. O n the o the r h a n d ,
the low-frequency conduct ivi ty p la teau is d u e t o h o p s
tha t are n o t cancelled ou t by ensuing cor re la ted b a c k -
w a r d hops . In the following, these h o p s will be cal led
"successful".

In con t ras t to crystalline electrolytes like R b A g 4 l 5 ,

i on -condue t ing glasses d o no t seem to offer an obv ious
way of subdividing their conduct ivi ty spec t ra in to p a r t s
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Figure 3. Sehematic overview of different techniques for the
measurement of frequency-dependent conductivities.

caused by h o p p i n g a n d vibra t ional movements , respec-
tively. N o high-frequency p la teau can be detected in
thei r spectra. Α typical example is shown in figure 2b,
wi th the conduct ivi ty increasing cont inuously up to
Teraher tz frequencies [2]. Nevertheless, a subdivision
similar to the crystalline case can be aecomphshed by
m e a n s of a careful da t a analysis, which will be described
in section 3.

A n overview summar iz ing exper imenta l techniques
for measur ing conduct ivi ty spectra of solid electrolytes
is presented in figure 3. Electrodes are being used in the
so called impedance regime at frequencies below a few
Megahe r t z , while coaxial a n d rec tangular waveguide Sys-
t ems are employed in the radio a n d microwave regimes,
respectively. Four ier t ransform spectroscopy is the
m e t h o d of choice in the far infrared. T h e basic principles
are the same in all four frequency ranges, the measured
quant i t ies being ampl i tudes a n d phases of t ransmit ted
o r reflected signals a n d the evaluat ion being performed
with the help of Maxwell ' s equa t ions a n d the proper
b o u n d a r y condi t ions.

2. Conductivity spectra of inorganic glasses
C o m p l e t e conduct ivi ty spectra e x t e n d i n g u p to infrared
frequencies have been measured only in very few eases.
Evidently, this is due to the absence of suitable high-fre-
quency equ ipmen t in mos t laboratories . Comple te spectra
σ(ω) of a crystalline a n d a glassy electrolyte, at different
tempera tures , are presented a n d c o m p a r e d in figures 4a
a n d b. In the following, the crystall ine ion conduetor,
R b A g 4 l 5 , will be used as a reference. It displays some well-
defined features which will provide a basis for unders tand-
ing the m o r e complex S i t u a t i o n i n glass.

In the crystalline electrolyte, there is an Arrhenius-
type tempera ture dependence of the conductivi ty bo th
at low frequencies a n d in the high-frequency plateau.
Th is is shown in the left- a n d r igh t -hand panels of figure
4a. T h e activation energies are, however, clearly differ-
ent . T h e (smaller) one a r o u n d 100 G H z h a s to be associ-
ated with individual hops, while the (larger) one at low
frequencies applies for successful hops . Apparently, some
addi t iona l act ivation energy is required for a h o p to stay
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Figures 4a and b. Frequency-dependent ionic conduetivides
of a) crystalline R b A g 4 l 5 [13] and b) glassy B 2 O 3 0.56 L i 2 0  

0.45 LiBr [2] at various temperatures.

successful. Between de and the high-frequency plateau,
the conductivity is frequency-dependent (dispersive)
within a t r iangulär area. In the log-log representation of
figure 4a, the onset of the dispersion is found to follow
a straight line with a slope of one. Shifting the conduc-
tivity isotherms along this line makes their low-fre-
quency par t s collapse in a universal curve. This is called
the t ime-temperature superposit ion principle. Its validity
proves that with increasing temperature ionic t ranspor t
becomes more pronounced simply because the underly-
ing t ranspor t processes become faster, while there is no
indication for a change in mechanism.

Compar ing the set of conductivity isotherms of the
li thium ion conduet ing glass of figure 4b with that of
the crystalline electrolyte, we pereeive analogies and dif-
ferences. Once again, the temperature dependence of the
de conductivity is well described by an Arrhenius law.
Fur thermore , the t ime-temperature superposit ion prin-
ciple is again fulfilled. On the other hand , no high-fre-
quency plateau is detected in the millimetre wave regime.
Instead, the far-infrared conductivity is found to in
crease as frequency squared and then to display a b road
and virtually temperature- independent shape. The latter
contr ibut ion is due to vibrational mot ion , and the
σ(ω) oc co^ pa r t of the conductivity spectrum is inter-
preted as the low-frequency flank of the lowest-lying vi
brat ional mode .

Similar spectra have been found in silver i od ide - s i l -
ver borate, silver iod ide-s i lver phospha te and silver
iod ide - s i lve r selenate glasses [14 and 15].
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Figures 5a and b. Frequency-dependent conductivities of a) ion-condueting B2O3
condueting P2O5 4 (0.89 V2O5 -0.11 V2O4) glasses [9].

0.56 Li20  0.45 LiBr [2] and b) polaron-

It is interesüng to compare the conductivity spectra
of figure 4b with those of a po la ren conduet ing glass,
which is done in figures 5a and b. While the basic fea-
tures are essentially similar,  a remarkable difference in
shape is nevertheless revealed in a log-log representation
of σ(ω) . Cont rary to the ion-conduet ing glass, the pola-
ronic glass, P2O5  4 (0.89 V2O5 -0 .11 V2O4), displays a 
less gradual increase of its frequency-dependent conduc-
tivity in the centimetre, millimetre, and sub-millimetre
wave regimes, between 10 G H z and 1 T H z . In the fol-
lowing seedon, this Observation will be interpreted in a 
wider context.

3, High-frequency plateaux and relaxation
processes

High-frequency plateaux of the ionic conductivity have
been observed in several crystalline electrolytes
(RbAg4l5 [13], Na-)^-alumina [16], Na-^"-a lumina [13
and 17]). Their oecurrence is predicted by all hopping
models and might, therefore, have been expected in ion-
conduet ing glasses as well [18 to 20]. In glasses, however.

wi th Bril louin zones a n d selection rules miss ing, the vi
b ra t iona l c o m p o n e n t of the conduct ivi ty h a s a b r o a d e r
shape a n d extends to lower frequencies. Therefore , we
have investigated the possibility whether the high-fre-
quency p la teau might simply be swamped by the vi
b ra t iona l pa r t of the spec t rum. In the pa r t i cu l a r case of
the l i th ium b r o m i d e - l i t h i u m bora te glass of figure 4b ,
the two cont r ibu t ions can, in fact, be separa ted from
each other. This is possible because the v ib ra t iona l p a r t
varies exactly as frequency squared , wi th vir tual ly n o
tempera tu re dependence, whereas the h o p p i n g p a r t h a s
a different frequency dependence a n d varies cons ider -
ably wi th tempera ture . T h e vibra t ional con t r i bu t i on can ,
therefore, be removed from the spectra a n d the r ema in -
ing p a r t does, indeed, display  a high-frequency p la teau .
Th is is shown in figures 6a a n d b. Α representa t ive set
of conduct iv i ty i sotherms, with the v ib ra t iona l con t r i -
b u t i o n removed, is shown in figure 6c.

Evidently, the i so therms of figure 6c are s t rongly
reminiscent of those of the crystalline electrolyte, see fig-
ure 4a. Aga in we have to eonelude tha t the mob i l e ions

 in this case l i thium ions  per form m a n y indiv idual
hops , mos t of which are of the back -and- fo r th k ind .
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Figures 6a to c. Construcdon of high-frequency plateaux for
glassy B2O3  0.56 LisO  0.45 LiBr (figures a and b). Conduc-
tivity component caused by the displacive and translational
movement of the ions in glassy B2O3  0.56 L i 2 0  0.45 LiBr
(figure c) [2].

while only a small fraetion eventually prove sueeessful
con t r ibu t ing to the de conduct iv i ty a n d to macroscopie
diffusion. T h e same view of the h o p p i n g mot ion has
been ob ta ined in M o n t e Car lo s imula t ions mimicking
the ion dynamics in d isordered s t ruc tures [21]. In figure
7, the result ing m e a n square d i sp lacement of the mobile
ions is p lo t ted as a funct ion of the n u m b e r of hops per-
formed. T h e h o p p i n g dis tance is d e n o t e d by XQ, The log-
log representa t ion of figure 7 con ta ins two distinct sets
of m e a n square displacements , one for o d d numbers of

log (# of hop)

Figure 7. Mean square displacement as a function of the num-
ber of the hop. Sehematic plot according to [21]. 

/ ^ 
backward hop successful hop
(frequent event) (rare event)

Figure 8. Effective single-particle potential of an ion hopping
from site Α to site B, see text.

hops and one for even numbers. The plot shows most
vividly that correlated forward-backward hops are quite
frequent in solid electrolytes with disordered structures.

Dur ing the past decade a model concept ion has been
developed, which provides a physical basis for under-
s tanding the frequent oecurrence of correlated forward-
backward hopp ing processes in bo th crystalline and
glassy electrolytes [18]. The central idea of this model is
j u m p relaxation. In its original version, the j u m p relax-
ation model describes the hopping dynamics of the ions
in a rather idealized fashion, making the following as
sumptions:

a) The mobile ions are all of the same kind.

b) There are many more available sites than mobi le ions.

c) The available sites are all of the same kind.

d) There is no unique way of optimizing the arrange-
ment of the ions.

The ions tend to stay at some distance from each
other, since there is mutua l repulsive interaction between
them. Each ion is surrounded by a "c loud" of o ther m o
bile ions, much as in Debye Hückel theory. The dep th of
the local potent ia l min imum experienced by an individ-
ual ion at a par t icular site then depends on the momen-
tary configuration of all its mobile neighbours. The
min imum will be the deeper, the closer the ion is to the
centre of the cloud, i.e., to the posit ion where its neigh-
bours "expeet" it to be. The essential aspects are vis-
ualized in figure 8. Suppose the ion resides at posi t ion
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Figure 9. Central functions of the jump relaxation model [18]:
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W{t) and normalized conductivity spectrum of the hopping
motion, σ(ω)/σ(οο).

4 6 8 10 12 14
Ιθ9ιο(ν/Ηζ)

Figure 10. Conductivity spectra resulting from the jump relax-
ation model [18].

A, which is closer to the centre of the cloud than B. If
the ion performs a h o p from Α to B, it will experience
an energetically less favourable Situation there. In other
words, mismatch has been created. The system now tries
to fmd ways to relax the mismatch. Two compet ing ways
of mismatch relaxation can be envisaged. The ion may
h o p back to its original site (single-particle route) or the
neighbouring ions rearrange in the eourse of their own
hopping mot ion , thereby lowering the local potent ial at
Β (many-particle route). Only if, in the eourse of this
process, a new absolute potent ia l minimum is formed at
B, the "initial forward" h o p from Α to Β has proved
successful and thus contr ibutes to macroscopie t rans-
por t .

To describe the resulting dynamics, we introduce two
functions of time called g(t) and W{t), see figure 9. The
so-called mismatch funcdon g(t) is the normal ized dis-
tance between posit ion Β and the centre of the cloud of
neighbouring ions. The t ime dependence oi g(t) reflects
the movement of the centre of the cloud, under the con-
dition that the ion stays at B. Approximat ing the effeet
of the neighbours on the ion with the help of a harmonic
eage-effeet potential , we may identify g(t) with a nor-
malized negative gradient of that potential , which is a 
normal ized backward driving force. As shown in figure
9, this backward driving force decays with time, if the
ion stays at B. The function W(t) is a t ime-dependent
correlation factor. It is the probabil i ty for the correlated
backward hop from Β to Α not to have occurred at time
t after the hop from Α to B. Like g(t), W{t) is a decaying
function of time. However, the very existence of macro-
scopie t ranspor t implies that W{t) must stay finite at
long times, approaching a non-zero value W{^). 

In section 1, σ (ω) was interpreted as a measure for
the number of hops seen per uni t time, if the t ime win-
dow is Ar 1/ω. This is exactly the average total hop-
ping rate per ion, times the number of mobile ions, times
\ν(\1ώ). We may hence eonelude that, in log-log plots,

the funct ions σ(ω)/σ(οο) a n d W(t) a re m i r r o r Images of
each other, see figure 9. C o m p a r i s o n wi th l inear re
sponse theory shows that the er ror m a d e in this r o u g h
a n d very intuitive app roach is, indeed, negligible.

Therefore, to derive σ{ω) we need to k n o w W(t). A s
W(t) is int imately connected wi th g ( 0 , we m u s t k n o w
b o t h funct ions simultaneously. In a fo rmal t r ea tmen t ,
the two functions can be ob ta ined as soon as two inde-
p e n d e n t equa t ions are available tha t connec t t h e m . F i n d -
ing a suitable pa i r of equa t ions is the essential s tep in
model l ing . T h e pa i r of equa t ions used in t he j u m p relax-
a t ion mode l , see below, yields sets of m o d e l conduc t iv i ty
i so the rms like those presented in figure 10. I t is qu i t e
evident tha t the ma in features of exper imenta l spec t ra ,
see figure 4a, are well reprodueed.

T h e two equations employed in the j u m p re laxa t ion
m o d e l m a k e the following Statements.

 U n d e r the condi t ion tha t the ion is still at B, the ra tes
of re laxat ion via the "single-particle r o u t e " a n d via
the "many-par t ic le r o u t e " are ba l anced at all t imes,
i.e., they are p ropor t iona l to each o the r a n d decay in
a synchronized fashion. In o ther words , the t endency
for the ion to per form a correla ted b a c k w a r d h o p is
at all t imes p ropor t iona l to the t endency of its ne igh-
b o u r s to rearrange.

Α Bol t zmann Ansa tz is employed to express t ime-de-
penden t (backward) h o p p i n g rates in t e r m s of t ime-
dependen t potent ia l barr iers .

T h e result ing mode l conduct ivi ty spectra , see figure
10, fulfil the following simple relat ion to a g o o d approx i
m a t i o n

σ ( ω ) - σ(0) oc (1 -h ωχίωγρ. (1)

Here , ρ < 1 plays the role of a power- law e x p o n e n t in
the dispersive regime of σ (ω) , while ωχ m a r k s the t r a n -
sit ion in to the high-frequency pla teau.
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Figure 11. Conductivity spectrum of glassy B 2 O 3  0.56 L i 2 0  

0.45 LiBr at 273 Κ [2] and model spectra obtained by the jump
relaxation model [18].

C o m p a r i n g equa t ion (1) with the experimental eon-
duet ivi ty speetra of figure 4a a n d figure 6e, we find
g o o d agreement in the ease of the erystall ine eleetro-
lyte, bu t eharaeteris t ie differenees in the case of the
glass. For clarity, the 273 Κ conduct iv i ty isotherm of
t he h t h i u m b r o m i d e - h t h i u m bora te glass is repro-
dueed in figure 11 a n d presented a long with several
i so the rms obtained from equation (1). Evidently, a Sin-
gle power-law exponent does n o t sufTice to describe
the da ta . Rather, a very g o o d fit is achieved by the
equa t ion

σ ( ω ) - σ(0) = α: · (1 -h ωχΐω^-^ +  " (1 + ω ι / ω )

see figure 11.

\-i-3 (2)

T h e second t e rm in equa t ion (2) requires an expla-
na t i on tha t is no t provided by the j u m p relaxation
m o d e l as out l ined above. It is, however, helpful to
inqui re in to the role the exponent ρ plays in the model.
I n do ing so, we find tha t it equals the rat io formed
by the (properly normal ized) rates of mismatch relax
a t ion a long the single  a n d the many-par t ic le routes.
If this rat io is less t h a n one, this m e a n s tha t the rate
descr ibing the tendency of the ion to pe r fo rm a corre-
la ted b a c k w a r d h o p is smaller t h a n the rate at which
its po ten t ia l at site Β (in uni ts of the t he rma l energy,
kT) is lowered as the ne ighbours rear range . In this
case ^ ( 0 0 ) has a non-zero value, resul t ing in macro-
scopie t r anspor t . If, on the o ther h a n d , the ratio ex
ceeds one, then the correlated b a c k w a r d hopping pre-
vails over the lowering of the po ten t ia l at B. This
k i n d of h o p p i n g process does n o t con t r ibu te to the
d e conductivity.

To resolve the puzzle of the two exponen t s in equa-
t i on (2), we have to acknowledge the possibility that
in a glass a mobi le ion may h o p into target sites of

different kinds. If the target site is well adapted to the
requirements of the ion, then it may serve as a step
ping stone for t ranslat ional t ransport . The very exist
ence of t ranslat ional t ranspor t does, in fact, necessitate
the existence of well-adapted ( good ) sites. In equa-
tion (2), σ(0) and the first t e rm on the r ight-hand side
result from the hopping m o d o n performed by mobile
ions via " g o o d " sites.

Fit t ing equat ion (2) to the speetra of figure 6 we re
alise that a(T) and ß(T) have different activation ener-
gies. As a consequence, the first term on the r ight-hand
side of the equat ion tends to predominate at high tem
peratures, while the second term determines the high-
frequency dynamics at lower temperatures. The fact that
equadon (2) provides a good fit for the experimental
da ta should, however, not be misinterpreted as compel
ling evidence for only two kinds of target site, " g o o d "
ones and " b a d " ones. A n entire ränge of intermediate-
quality sites may be present, but this is ha rd to decide
from the spectra.

The f m d i n g of different kinds of site fits in nicely
with the coneept of the "dynamic structure model" ,
which C l a i m s that t r a n s l a t i o n a l h o p p i n g i s via optimally
c o n f i g u r e d sites, w h i l e less favourable sites also exist and
possibly even prevail [22]. The extension of the j u m p
relaxation model described in this section thus includes
essential features of the dynamic structure model . It has,
therefore, been called the "unified site relaxation mode l "
[2 and 23].

Differentiating between "good" and " b a d " target
sites means that a site preference is ascribed to the ions.
Ions seem to judge the quality of a site from certain
properties such as size and charge distr ibution in its sur-
roundings. The effeet is also reflected by the d rasüc in
crease of the ionic mobili ty with increasing number den
sity of mobile ions in glass. In the dynamic structure
model this well-known Observation is explained by the
creation of more and more sites of the well-adapted, pre-
ferred kind as the number of mobile ions is increased.
The model even correctly predicts the dependence of the
mobili ty on the concentrat ion of the mobile ions, which
follows a power law.

Mos t remarkably, this power-law concentrat ion de
pendence is no t observed in the case of polaronically
conduet ing glasses like P 2 0 5 - 4 (0.89 ¥ 2 0 5 · 0.11
V 2 O 4 ) . Here, the mobile electrons (small polarons) have
mobihties that do not seem to vary with their concen-
trat ion [9 and 24]. Hence there is no indication of any
site preference. This result is in perfeet agreement with
the conductivity spectra shown on the r ight-hand side
of figure 5. In fact, these spectra are nicely fitted
without any second t e rm in equat ion (2), indicating
that all available sites are equally well-suited to host a 
small po la ren . In conclusion, site preference appears
to be characterist ic of ionic, but no t of electronic
Charge carriers.
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no constant exponent,
but a master curve can 
be constructed.

Figure 12. Sketch of the conductivity isotherms of crystalline
R b A g 4 l 5 [13] at temperatures above and below the β-γ phase
transition. The straight line with slope one separates the de re
gime (III) from the dispersive regime (II).
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Figure 13. Low-frequency conductivity master curve of sodium
borate glasses [29].

4. Low-frequency sealing of the conductivity

In the preeeding seedon, the j u m p relaxation model and
the resulting simple scheme of figure 10 were introduced
to provide a general basis for unders tanding the ion dy
namics in solid electrolytes. In the case of glass, devi-
ations from this scheme were observed at radio and mi
crowave frequencies, i.e., well above the so-called im
pedance regime. The deviations were traeed back to
properties of glass that had not been ahowed for in the
original model , thereby adding to our unders tanding of
the ion dynamics. In this section, we consider another
deviation from the scheme of figure 10. It is observable
in the impedance regime and becomes more and more
pronounced when the temperature is decreased. Interest-
ingly, this feature is found in bo th crystalline and
glassy electrolytes.

Figure 12 is a sketch of the effect as observed in the
crystalline electrolyte R b A g 4 l 5 . While the essence of the
conductivity isotherms at temperatures above the γ-β
phase transit ion at 122 Κ is adequately described by
equadon (1), see figures 4a and 10, different character-
istics become apparent at lower temperatures. On the
one hand , the t ime-temperature superposi t ion principle
is still found to be valid, which means that the low-fre-
quency par ts of the conductivity isotherms all collapse
in a universal master curve, irrespective of the phase
transit ion [25]. On the other hand , the shape of the dis-
persion Starts to deviate from equat ion (1), the more so,
the larger the ratio σ(ω)/σ(0) becomes. With increasing
σ(ω)/σ{0), the apparent power-law exponent gradually
approaches the value of one. At sufTiciently low tempera-
tures, the ratio σ ( ω ) / ί 7 ( 0 ) takes on large values at any
given frequency, resulting in a slope of almost one of the
respective conductivity i sotherm at this frequency. This
effect, together with the t ime-temperature superposit ion
principle, implies that the temperature dependence of the
conductivity becomes very small, if the temperature is
low and the frequency is held constant . As a linear fre-
quency dependence of the conductivity is equivalent to
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Figure 14. Low-frequency conductivity master curve of
0.3 AgI  0.7 AgPOs [32].

a n absence of any frequency dependence of the dielectr ic
loss, the effect has been t e rmed near ly c o n s t a n t loss
behav iou r " [26 to 28].

T h e spectra of figure 12 suggest tha t the p o w e r law
of equa t ion (1) is n o m o r e t h a n an app rox ima t ion valid
only as long as the rat io σ(ω) /σ(0) does n o t exceed a 
cer ta in value. In a m o r e adequa te descr ip t ion , the
power- law coneept would have to be a b a n d o n e d in fav-
o u r of a m o r e realistic t rea tment .

T h e distinetive features out l ined in figure 12 are a lso
found in the low-temperature , low-frequency c o n d u c
tivities of glassy electrolytes [29 to 32]. In figures 13 a n d
14 we present the examples of sod ium bora t e [29] a n d
silver i o d i d e - s i l v e r phospha t e glasses [30 a n d 32]. In t he
lat ter case, wi th σ(ω) /σ(0) extending over a lmos t e ight
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deeades , the mas te r eurve has been e o m p o s e d of over-
l app ing seetions measured in the 10 H z to 10 M H z fre-
quency regime at different tempera tures . M o s t remark
ably, the low-frequency mas te r curves of figures 13 and
14 are n o t only a lmos t identical , bu t a lso virtually co
incide wi th those of m a n y o the r glasses including so
d i u m Silicates a n d sod ium germanates . T h e y all exhibit
a non-power- law behaviour wi th the a p p a r e n t exponent
app roach ing one for large values of σ(ω)/σ(0). More-
over, like in crystall ine electrolytes, the onse t frequency
of the dispers ion can be roughly identified with the rate
of successful h o p s between equivalent sites.

T h e fact tha t the low-frequency conduct iv i ty master
curves of var ious types of ion -condue t ing materials, such
as glasses, crystals a n d even mol t en electrolytes, are very
similar in shape raises the ques t ion of why the long term
ion dynamics of these Systems should exhibi t sueh a high
degree of universality. Clearly, a t t emp t s t o explain the
universal shape of the mas te r curve shou ld refrain from
m a k i n g t o o much reference to any pa r t i cu la r strueture-
related conduc t ion mechan i sm. Ins tead , the pr imary
goal mus t be to find those under ly ing principles that ac
tually govern the ion dynamics in electrolytic materials.

Generally, the low-frequency conduct ivi t ies of sohd
electrolytes are caused by the h o p p i n g movements of the
mobi le ions. In the preeeding section, the j u m p relax-
a t ion m ode l was out l ined as a first a p p r o a c h to grasping
the essence of the h o p p i n g dynamics . We now aim at
d iscard ing approximat ions tha t d o n o t ho ld at low tem-
peratures , while keeping the very general strueture-inde-
p e n d e n t proper t ies of the mode l . Whi le the coneept of
mi sma tch as a driving force for c o m p e t i n g local relax-
a t ion processes still appear s at t ract ive because of its gen
eral applicability, there seems to be a p r o b l e m in the se
c o n d equa t ion relating the funct ions W(t) a n d g{t) with
each other . T h e Bo l t zmann Ansa tz m a d e there considers
only one correlated b a c k w a r d h o p , a l t h o u g h the central
ion m a y perform an entire series of corre la ted back-and-
forth hops , in par t icu la r so at low temperatures , where
g(t) decays ra ther slowly. T h e over simplifying Boltz-
m a n n Ansa tz is, therefore, d iscarded a n d replaced by a 
complete ly different approach . T h e m i s m a t c h reduction
at the site of the central ion is n o w exphcit ly described
as result ing from h o p p i n g m o v e m e n t s in the neighbour-
h o o d which have been induced by the mismatch itself.
T h e ra te of those h o p s is hence a s sumed to be pro-
p o r t i o n a l to g(t). A n aspect of self-consistency is then
in t roduced by pos tu la t ing tha t the movemen t of the
ne ighbours has to be described by the same back-and-
forth h o p p i n g dynamics as tha t of the cent ra l ion itself

T h e app roach sketched in the preeeding paragraph
has been t e rmed "coneep t of m i sma tch a n d relaxation"
( C M R ) a n d may be considered a n improved version of
the j u m p relaxat ion mode l [25 a n d 32]. Deriving lV(t) 
a n d g(t) from the C M R , then forming the mirror image
of W(t) in the log-log representa t ion a n d focusing on
the low-frequency pa r t of the conduct iv i ty only, one
eventual ly arrives at a non-power- law equa t ion for the
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Figure 15. Comparison of the experimental low-frequency con
ductivity master curve of figure 14 (broken line) with the result
from the CMR model (solid line) [32].

normal ized function σ(ω)/σ(0) / ( ω / ω ο ) , which does
not contain a single parameter and, therefore, describes
the low-frequency master curve in a fixed and unique
fashion, i.e..

In (σ(ω)/σ(0)) Εγ\ωο/ω) . (3)

In equat ion (3),  ^ denotes the inverse function of the
exponential integral Εϊ^, which is defined by

Edx) exp ( 7 )

y
(4)

while coo marks the onset of the dispersion on the angu-
lar frequency scale.

The low-temperature, low-frequency conductivities
of RbAg4l5 and other crystalline electrolytes are, in fact,
perfectly well reprodueed by equation (3) [25]. This is in
itself an impor t an t result. However, compar ing equat ion
(3) and the low-frequency conductivity master curves of
glassy materials, see figure 15, we still encounter differ-
ences. These do no t concern the distinetive properties
of the conductivi ty at large ratios of σ{ω)/σ(0), where
equadon (3) correctly describes the gradual t rans iüon
into a linear regime. Rather, differences are found at
angular frequencies a round ωο, where the onset of the
dispersion is less abrupt in glass than it is according to
equadon (3) and in crystalline electrolytes like RbAg^Is
[12], ß-Agl [33], and others.

We, therefore, eonelude that the assumpt ions leading
to equat ion (3) are reasonably well fulfilled in RbAg4l5
and other crystals, while the differences seen between the
two master curves of figure 15 are indicative of specific
properties of glass. The t ime-temperature superposit ion
principle being fulfilled in glass, these propert ies exert
the same influence on the ion dynamics at all tempera-
tures. As temperature- independent propert ies are likely
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to be geometrical in nature, the geometric arrangement
of the available sites in glass, which is non-periodie, ap
pears to be a good candidate for explaining the differ-
ences of figure 15. In a glassy ion conduetor, different
sites are differently connected with others, some of them
forming little Clusters, others act ing rather as bottlenecks
for translational diffusion. In such a configuraüon of
sites a successful h o p does, strictly speaking, not yet rep
resent an elementary step of diffusion which, by defi-
nit ion, creates macroscopie t ranspor t by r a n d o m rep
etition. Rather, an elementary step in the r igorous sense
of the Word will only be aecomphshed when the ion ar
rives at a site that is roughly equivalent to the previous
one. Only then will the ion lose memory of its previous
dynamics so that r a n d o m diffusion will ensue and the de
plateau of the conductivity will be attained. Before that
is achieved, however, the ion will, on a t ime scale of a 
few successful hops, experience some degree of geometri-
cal confmement and then pass on to other sites nearby
This transient confmement effect results in a reduced de
conductivity, which is at tained at lower frequeneies than
for a periodic ar rangement of sites. Compared to crystal
line electrolytes, glassy ion conduetors are thus expected
to show an addit ional gradual reduct ion of the conduc-
tivity as the frequency is reduced into the de plateau
regime. The effect may, therefore, well account for the
specific shape of the frequency-dependent conductivity
of glass seen in the onset regime of the dispersion.

var ied, no change is observed in the diffusion m e c h a -
n ism. This conclusion is d rawn from the val idi ty of the
t ime- tempera tu re superposi t ion principle. Final ly, the
shape of the low-frequency conduct ivi ty d i spers ion ap
pea r s to reflect specific aspects of ion t r a n s p o r t in glass
tha t have their origin in the geometr ical a r r a n g e m e n t of
the available sites and in locally different Connectivities.

T h e s t ructure a n d dynamics of i o n - c o n d u e t i n g
glasses provide m a n y m o r e scientific chal lenges, a n d
qui te a few of t hem are presently being t ack led us ing
conduct iv i ty spect roscopy These challenges inc lude the
var ia t ions of t r anspor t proper t ies tha t a re observed
a long with changes of compos i t ion . In this a rea , the
m o s t intr iguing puzzle is probably the mixed a lkal i effect
or, p u t m o r e generally, the mixed mobi le ion effect. Ind i -
ca t ions are that this effect is no t simply a long-d i s t ance
perco la t ion problem. Rather, as in glasses wi th only one
mobi l e species, there seems to be a c o n t i n u o u s evo lu t ion
of the dynamics with time, the effect being a l ready pre -
sent on the picosecond t ime scale.

It is a pleasure to thank Hellmut Eckert for critically reading
the manuscript.

5. Conclusion and outlook

There is a host of problems in glass science, most of
them resulting from the lack of long range order. Al-
though diffraction pat terns that are devoid of Bragg
peaks allow Statements about neighbouring shells and
average distanees, they do of eourse no t provide a pos-
sibility of assigning well-defined sites to a toms and ions.
Still more formidable than the problem "Where are the
ions?" is, however, the other one, " H o w did the ions get
there and what will they do next?". Answers to this de-
mand ing question can only be given with the help of
experimental tools that act as "microscopes in t ime".
Here, conductivity spectroscopy has been established as
one of the most powerful techniques because it permits
the study of the ion dynamics over the entire ränge of
relevant times extending from seconds down to the sub-
picosecond regime. In this paper we have shown that , on
the basis of ionic-conduetivity spectra, relevant answers
can be given to quest ions concerning the dynamics of
the mobile ions in glass. The most striking dynamic
property thus revealed is possibly the large a m o u n t of
back-and-forth hopping of the ions. Secondly, the spee-
tra clearly prove that the ions have a preference for sites
that optimally meet their requirements. Thirdly, macro-
scopie diffusion occurs via these preferred and well-ad-
apted Sites, which play the role of stepping stones
throughout the glassy network. As the temperature is
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