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The temperature and frequency dependence of electrical conductivity (oy) and the electrical
modulus of sodium, rubidium, and Na-Rb mixed alkali germanate and aluminogermanate glasses
have been determined for varying alkali concentrations, and [Al}l/[Ge] and [Na]/[Rb] ratios. In a
few glasses the spin-lattice relaxation times T, for 2*Na have also been determined above room tem-
perature. The frequency dependence of modulus is well fitted by the Kohlrausch (“stretched ex-
ponential” decay) function with exponent B=1—n (0 <n <1) where n, according to the “coupling
model,” is a measure of ion-ion correlations. The microscopic activation energy, determined either
directly from the temperature dependence of T, or as the product of 1 —n and the activation energy
of 04, shows the best anticorrelation with n, as expected from the model.

I. INTRODUCTION

A large amount of structural information on alkali ger-
manate glasses has accumulated over the past 20 years
(Ref. 1 and references therein). The addition of an alkali
oxide to GeO, glass converts some of the germanium
from fourfold (tetrahedral) to sixfold (octahedral) coordi-
nation without breaking the Ge—O—Ge bridging bonds.
In the xNa,0O:(1—x)GeO, series nonbridging oxygens
(NBO) are formed at x >0.18. Above x ~0.33, the con-
centration of octahedrally coordinated Ge approaches
zero and the germanate glass structure becomes analo-
gous to the corresponding silicate glass structure. The
structure of alkali aluminogermanate  glasses,
xNa,0:yA1,0;:(1—x —y)GeO,, has not been studied as
extensively. Nevertheless, it is suggested that for
[Al]/[Na] <1 substitution of Al,O; transforms GeOg
units presumably into GeO, units and eliminates non-
bridging oxygens.! The parameters x and y in alkali
aluminogermanate glasses offer an opportunity to vary al-
kali concentration and the structure over a large range
with and without NBO’s, and without any phase separa-
tion. Thus a study of ionic conductivity as a function of
x and y will help us understand the effect of glass struc-
ture on ionic conduction processes. Our objective is to
seek for an explicit correlation between the parameters
which describe the electrical relaxation on the one hand
and relate to the structure on the other.

Recently, Mundy and Jin' published comprehensive
measurements of ac conductivity and tracer diffusivity in
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sodium aluminogermanate glasses with x =0.01, 0.05,
0.10, 0.15, 0.19, and 0.29 while keeping the [Al]/[Na] ra-
tio at 0, 0.33, or 1.0. In the present work we present ad-
ditional results and analyze the conductivity re-
laxation behavior for the mixed alkali system
xNa,0:yRb,0:zA1,0;:(1 —x —y —z)GeO, where x and y
vary from 0.01 to 0.29 and z varies from 0.0 to 0.15. This
allows us to study conductivity relaxation while changing
the magnitude of conductivity but maintaining the same
total alkali concentration. In the absence of any phase
separation tendencies the alkali concentration may be re-
lated to the average alkali-alkali distance. Here electrical
relaxation will be represented in the electrical modulus
(M*=1/€* where €* is the complex dielectric constant)
formulism which has been used for alkali silicate,? single
and mixed alkali borate,>* alkali phosphate,5 and alkali
aluminoborate glasses® as well as for fused nitrate sa-
1ts”~!! and sodium B-alumina.!?

II. THEORETICAL BACKGROUND

The dependence of M* (=M'+iM'"") on frequency (w)
is given by'?

M @)=e3! 1= [ “drexp(~iot)~dg/dn) |, M)

where €, is the high-frequency dielectric constant and
¢(2) is the relaxation function. For an ideal dielectric
¢(2) is a simple exponential describing the decay of elec-
tric field in the material, but for glasses such as those
mentioned above ¢(t) takes the form first suggested by
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Kohlrausch in 1847 viz.,
#(t)=exp[ —(t/7*)1 "], )

where 0<n <1 and 7* is the relaxation time.?” !> Both
7* and n are material dependent. n may decrease slightly
with increasing temperature but 7* is strongly tempera-
ture dependent,3

™ =r%exp(E)/kT) . (3)

An average relaxation time {7*) can be obtained from
the definition,

(r*)=[$(n)dt
=[[(1—n)"7*/(1—n), 4)

where T is the gamma function. (7*) is related to dc
conductivity by the Maxwell’s relation

O'dc=e06m/<‘7'*> y (5)

where ¢, is the permittivity of free space. This relation
holds good for a variety of glasses and ionic conductors
including the glasses discussed in this work.

From Eq. (2) we note that n describes the electrical re-
laxation process in the materials, which we would like to
correlate with the structure. However, structure together
with alkali concentrations is difficult to describe in com-
pact terms. For this reason we may use 7* or an activa-
tion energy E; as a parameter to represent the structure.
Our results will show that a correlation exists between n
and E. In fact, a better correlation is found between n
and E, where

E,=(1—n)E} . (6)

To understand the physical basis of this correlation and
the meaning of E, we must first briefly describe the cou-
pling model of ionic conduction which also explains the
general usefulness of the Kohlrausch function given in
Eq. (2).

A. Coupling model

There are several versions of the coupling model which
describe relaxation including conductivity relaxation in
complex systems.!* " !® We restrict ourselves to a physical
description only with the purpose of making it palpable
that the model predicts an anticorrelation of the primi-
tive activation energy E, with the coupling parameter n,
or equivalently a correlation between E, and the fraction-
al exponent

B=1—n (7)

that appears in the Kohlrausch decay function.

The coupling model approaches the problem of the re-
laxation process corresponding to the jump of a cation in
the presence of long range ion-ion interactions as follows.
Initially, we consider each ion vibrating in a single-
particle potential well. The vibration (attempt) frequency
is determined by the vibrational force constant of the
mobile cation motion fixed by the cation interaction with
anions and other cations. For example, for glasses in
which nonbridging oxygens are present, the frequency is
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determined by the cation-oxygen and cation-cation in-
teractions. Associated with the potential well is the ener-
gy barrier E, to the motion of ion between equivalent
sites. The attempt frequency v, and the energy barrier
(activation energy) E, are called primitive in the coupling
model because these quantities will be modified when in-
teractions between cations and correlations of their
motions are considered. The jump rate W of an ion be-
tween two sites is given by the thermally activated form
of

Wo=71y '=v exp(—E,/kT) . ®)

W, is also called the primitive jump rate for the same
reasons.

From general considerations, which is applicable to the
present problem of a jumping ion correlated with other
ions, we find that the ion jump rate is W, at short times
but eventually, it will be slowed down by correlations
with other ions to have the time-dependent form W(t)
given by

W, for o .t <1 (9a)

W=y (0.0) " for wt>1, (9b)

where 0<n <1 and o, is a frequency such that o ! is the
time of the onset of the primitive rate slowing down.
From earlier works, the order of magnitude of w, lies
near or within the bounds of 10! <@, <10'? sec™! for
several oxide glasses. Once Eq. (9) is accepted, three cou-
pled predictions!# follow as consequences of solutions to
the rate equation for the decay function ¢(¢):

dé(t)/dt =W (1)é(2) . (10)
They are

(1) ¢(t)y=exp[—(t/7*)' "] for w,t>1, (1

(2) ¢(t)y=exp[—(t/7y)] for o .t <1, (12)

(3) ™*=[(1—n)wtr]"/17" . (13)

Combining Egs. (8) and (13) gives
E,=(1—n)E} . (14)

Detailed discussion and experimental tests of these cou-
pled predictions can be found in recent reviews.!4 1
Normally, one is accustomed to one activation energy
EJ, that of dc conductivity, and it is believed to represent
the well depth in the energetics of cation conduction pro-
cess. However, according to the coupling model E, is the
actual or primitive energy barrier for ion jump and E
arises in dc conduction due to ion-ion correlated motion.
There are at least three methods of measuring E, from
experiments. The first is to measure o4, at very high tem-
peratures where w,7,<<1 and, Eqgs. (5) and (8) give

Oac=€0€ o0 /To=€0€xVeXp{ —E, /kT) . (15)

That is, the conductivity measurements at very high tem-
perature will give E, from the slope of Arrhenius plot.*!’
The second method exploits the crossover from E to E,
via Brillouin scattering of ionic motion in the high-
frequency range (~10 GHz). The crossover to
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exp(—t/7,) of the ion jump correlation function and an
Arrhenius behavior with activation energy E, of 7, in
agreement with the predictions of the method, have been
observed in such measurements on molten 0.4Ca(NO;),-
0.6KNO; (Refs. 8 and 11) and in (AgD), (AgPO,),_, (Ref.
18) systems.

Recently, E, has been directly observed from the mea-
surements of nuclear spin relaxation in a variety of
glasses.!”?° The alkali ion nuclear spin lattice relaxation
time T’ has been measured as a function of temperature
from 3 to ~700 K. Above room temperature T'; shows
strong temperature dependence but weak dependence on
Larmor frequency oy,

T ~op™exp(—E, /kT) , (16)

where 0.5 Sm $0.8. The results on several alkali borate,
silicate, and germanate glasses have consistently shown
E, from T, data [Eq. (16)] to be the same as obtained
from ac modulus data and Eq. (6).2! The interpretation
of Eq. (16) is that the nuclear spins relax when an alkali
ion incorporated into a two-level system (TLS) assists the
transition between the two levels by jumping to a neigh-
boring site.?! The transition between TLS’s is propor-
tional to the probability of an ion completing the jump
and, therefore, the transition rate is thermally activated
with energy barrier E,. The sublinear Larmor frequency
dependence of T ! is a characteristic of spin relaxation
involving TLS’s.>"%° Having determined E, from T,
measurements or modulus spectroscopy next let us inves-
tigate what kind of correlation between E, or E and n is
expected.

B. Correlation between Kohlrausch exponent
and activation energy

The quantity #n, also called the coupling parameter, ap-
pears in Eq. (9) as the fractional exponent of the rate
slowing down function f(#)=(w.t)”" and is a measure
of how important the correlations between ions are for
relaxation. In the very low alkali concentration limit
(less than a few 100 ppm) the average separation between
alkalis is of the order of tens of angstroms. Correlations
between ions are obviously unimportant because of large
separation, and their effect on the single-ion jump relaxa-
tion process is also negligible. Hence, n should be zero or
nearly zero and Ef=E,. The entire decay function
would be a single exponential, exp(—t¢ /1), for all times
which is in agreement with our analysis of electrical
modulus data in the dilute alkali limit.

As alkali concentration is increased, the increasing
correlation of the ionic motions is reflected by an increase
in n and, from Egs. (1) and (11), it follows that the elec-
tric modulus spectrum should broaden as observed in ex-
periments with alkali glasses for x up to 50%. Martin
and Angell>?¢ have illustrated this very nicely in glasses
with nonbridging oxygens. They showed that since an in-
crease in x leads to an increase in the concentrations of
nonbridging oxygens and cation sites, the jump distance
between sites will also decrease. The depth of the poten-
tial well, which is the primitive activation energy E, in
the coupling model, will decrease correspondingly (see
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Fig. 5 of Ref. 26). We emphasize that in the coupling
model, the well depth of the potential-energy curve is
identified with the primitive energy E, and not with the
activation energy E; of dc conductivity (called E, in
Ref. 26).

It is important to point out that, on varying x, not only
are the ions brought closer to each other to increase their
correlations, but also there is an accompanying change in
the energetics of the cation conduction process. The de-
gree of correlation between ions is complicated by contri-
butions from variations in both site proximity and well
depth. The interplay between the ion-ion interaction and
the single ion potential determines the correlation. One
can expect a deeper well will increase the confinement of
the ion’s degree of freedom and diminish its correlation
with others. The reduction of ion-ion correlation will
cause a decrease in the constant n of the coupling model.
In the levels structure approach,’’ for example, the
reduction of ion-ion correlation will deplete the density of
the “‘correlated states” and also decrease the coupling of
a jumping ion with them. The quantity n being propor-
tional to those two factors, hence, will decrease. In the
Dirac’s constraint dynamics approach reformulated in
terms of a constrained complexity entropy, an entropy in-
equality has been used to show that the coupling parame-
ter n decreases with reduction of ion-ion correlation.?®
Fortunately, as we shall see, the two concomitant varia-
tions, namely of site proximity and E,, are reinforcing
each other in the change of correlations between ions.
Obviously, a simpler situation is to keep the site proximi-
ty constant and vary the well-depth E, only by maintain-
ing x near constant and changing the structure by alter-
ing the composition such as the [Al,0;]/[B,0;] ratio in
alkali aluminoborate glasses and [A1,03]/[GeO,] ratio in
alkali aluminogermanate glasses. In this way, we can
modify the migration energy term of the total energy E,
caused by the necessary local volume expansion in the
transition state connecting mobile cation sites. Another
experiment, where only well depth changes, uses the
mixed alkali effect wherein total alkali concentration is
kept constant but E, increases when the two alkalis are
mixed.!®

In the previous paragraph, we have considered the sim-
plest situation of varying E, while keeping site proximity
(or alkali concentration) constant. In the more compli-
cated situation an increase in x will increase the site prox-
imity and decrease the well depth. Each of these changes
tends to increase the ion-ion correlations and the value of
n. Thus, the effects they have on the jump rate of an ion
reinforce each other. An increase in n with concentra-
tion is expected. Angell!® has noted an increase of n from
zero to about one-half when x is increased from the dilute
alkali limit to say 30% in silicate glasses.

II1. RESULTS

A. Nuclear spin relaxation
The focus in this work is on the germanate and alumi-

nogermanate glasses. For this reason, we present the
g g P
23Na nuclear spin relaxation rate, 1/ T, measurements of
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four xNa,0:(1—x)GeO, glasses with x =1.99, 5.08, 8.83,
and 15.61. The experimental procedure for T'; measure-
ments has been described in Ref. 29. Figure 1 is an
Arrhenius plot of 1/T; versus 1000/7 in the high-
temperature regime where the contribution to 1/7T, from
transition of the two-level systems assisted by an ion
jump, Eq. (16), dominates. The activation energy E, is
the microscopic energy barrier to an ion jump. The 1/T,
data at low temperatures representing spin relaxation
caused by two-level excitations is not shown. The activa-
tion energies E, determined from the slope of straight
lines in Fig. 1 are listed in Table I together with the con-
ductivity activation energy E from Ref. 1. It is clear by
inspection that E, and E; differ greatly. The value of E,
has been also listed for each glass using Eq. (6) and n
determined from electric modulus analysis of ac conduc-
tivity data. The two values of E, agree very well and,
thus, verify Eq. (6) as predicted by the coupling model.
Considering the success of Eq. (6) we may now determine
E, simply from E;J and n obtained from ac measure-
ments.?!

B. Conductivity relaxation

The ac electrical conductivity of a large number of
sodium, rubidium, and sodium-rubidium mixed alkali
germanate and aluminogermanate glasses has been mea-
sured. Samples in Tables II-VII are labeled according to
the following code:

(i) The first number is the sum of the nominal percen-
tages of total alkali oxide and alumina.

(ii) Next, the letter designates the fraction of alumina
in the first number, i.e., 4: 0.0; B: 0.25, and C: 0.5.

(iii) The last number after multiplying with 10 desig-
nates the % fraction of rubidia in the total alkali oxide.

The dc conductivity was determined by the ac complex
impedance method in order to avoid polarization effects
resulting from the use of blocking electrodes. The glass
sample and electrode preparations have been discussed in
a previous work.! The complex impedance is measured
over the frequency range of 20 < f < 10° Hz. The main
thrust of the previous papers has concerned the dc con-
ductivity in the Na aluminogermanate glasses. Here we
consider the wealth of ac conductivity data acquired in
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FIG. 1. »*Na spin-lattice relaxation rate 1/T; of a number of
xNa,0:(1—x)GeO, glasses plotted vs inverse of temperature

(magnetic field By=4.2T). x in mol % for the samples is: (O),
1.99; (A), 5.08; (@), 8.83; and (O), 15.61; respectively.

the course of the study as well as new dc and ac conduc-
tivity data on the rubidium and mixed alkali Na/Rb
aluminogermanate glasses.

The ac conductivity data are analyzed in the electric
modulus representation because of the advantages it
offers,!> and its direct connection to the conductivity re-
laxation function ¢(¢) through Eq. (1). For example, Fig.
2 shows typical imaginary part M'" of the com-
plex modulus M* for sample 5410 at T=316.9°C and
for 10C10 at T =373.8°C. For each sample, data taken
in a temperature range can be reduced to a master plot by
shifting the M"’ plots along the frequency axis, which is
based on a direct connection of the ac phenomena to the
dc conductivity. The shape of the M"’ plot of data can be
fitted rather well to a theoretical curve generated from

TABLE I. xNa,0:(1—x)GeO,. Comparison between the values of the primitive activation energy
E, deduced from the electric modulus data via the coupling model and measured directly by the spin-
lattice relaxation. Not exactly the same samples are measured by ac conductivity and by spin-lattice re-
laxation. Comparisons are made between measurements on samples with compositions close to each
other. The extreme left column are values of x for samples used in conductivity relaxation measure-
ments. The extreme right column are values of x for samples used in nuclear spin-lattice relaxation

measurements.
x E,=(1—n)ES (eV) E, (eV) from spin- x
mol % EY (eV) n from coupling model .lattice relaxation mol %
1.20 0.99 0.40 0.59 0.56 1.99
4.90 1.00 0.48 0.52 0.52 5.08
9.84 1.02 0.48 0.53 0.50 8.83
14.95 0.92 0.44 0.51 0.54 15.61
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TABLE II. xRb,0:(1—x)GeO,. Correlations of H, E}, or E, with n obtained by variation of the

rubidium concentration.

Sample x% H (eV) EF (eV) E, (eV) n
1410 1.24% 1.481 14 1.19 0.15
5410 4.9° 1.460 1.43 1.29 0.10
10410 8.83 1.564 1.46 1.05 0.28
15410 15.1 1.035 1.03 0.71 0.33-0.30°
22410 219 0.835 0.80 0.48 0.44-0.35°
30410 29.1 0.741 0.73 0.45 0.40-0.38°

#This sample contains 0.16% Na,O.
®This sample contains 0.19% Na,O.
“Temperature variation of n.

Eq. (12), with a choice of the fractional exponent
(1—n)=p. The solid curves in Fig. 2 with n =0.1 for
5A10 and n =0.43 for 10C10 are best fits to the data.
Once n and 7* (from the peak in M"’ plot) are determined
from this fitting procedure, the dc conductivity predicted
by the electric modulus formalism is given in terms of 7*
and n by

O'dczeo/Mw(T*> 17
and
(r*)=(*/BT(1/B) , (18)

where I" denotes the gamma function. The agreement be-
tween such a value obtained for o4, and that obtained
from complex impedance method is good at each temper-
ature for all samples. Slight but systematic deviations of
the M'' data from the theoretical curve are found at the
high-frequency side of the peak. Figure 3 shows the devi-
ation in the data of sample 204 at 137.7°C and sample
40C at 66.9 °C as examples of the worst cases. Such devi-
ation is common and found in the studies of many other
systems.> 12 An explanation has been suggested.*®

The temperature dependence of 7* is found to be well
fitted to the Arrhenius equation

T =7%exp(E} /kT) . (19)
Generally, the o, data are fitted to the equation

adc=.(oo/T)exp( —H/kT) (20)

which includes a T~ ! term in the pre-exponential, It
must be pointed out that a careful analysis of extensive
and precise dc conductivity data for well characterized
alkali silicate glasses have indicated a better fit is ob-
tained when no T~ ! term is used.3"3? The difference in
the preexponential form for 7* and o4 causes a
difference between E; determined from 7* of modulus
analysis and H from o, although the difference is often
slight. For each glass, the pertinent quantities ES, 7%,
oo H, n, etc., are obtained by the analyses of data in a
range of temperature as described. The results are organ-
ized and presented in tables to be described next.

1. xRb,0:(1—x)GeO,

The alkali concentration x is varied from about 1% to
30%. The results are summarized in Table II. The frac-
tional exponent B and hence n is slightly temperature
dependent for x >15%. There is a slight decrease of n
with increase in temperature as observed also in silicate
and borate glasses. Whenever there is a significant varia-
tion of n with temperature, the range of variation is given
in the table, and the average value is used for computa-
tion of E, from Eq. (6). By inspection of Table II, we can
see that as concentration is increased, on a gross scale, H,
E}, and E, decrease while n increases. On a fine scale,
one can see the variation of any of these quantities with x
is not strictly monotonic. However, a plot of E, versus n
(Fig. 4) reveals a rather good anticorrelation between E,

and n expected from the coupling model (Sec. II),

TABLE III. xNa,0:(1—x)GeO,. Correlations of H, E;, or E, with n obtained by variation of the

sodium concentration.

Sample ) x% H (eV) E} (eV) E, n
TP 0.06 1.09 ~1.09* ~1.09 0.00
14 1.2 1.03 0.99 ‘ 0.59 0.40
S5A 4.9 1.08 1.00 0.52 0.48°
104 9.84 1.08 1.02 0.53 0.48°
154 14.95 0.97 0.92 0.51 0.44
204 18.7° 0.87 0.83 0.46 0.44
304 28.94 0.70 0.65 0.34 0.45

*Not sufficient data to establish E.*, value taken from H of Thomas and Peterson.

*This sample has 0.30% Al,0O;.

“Possibly an overestimate due to presence of a shoulder in the M"’ versus log;f plot.
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TABLE IV. xNa,0:pALO;:(1—x —y)GeO,. Correlations of H, E, or E, with n obtained by main-
taining x, the sodium concentration, constant and varying the concentration of Al,O;.

Sample x% Y% H (eV) E} (eV) E, (eV) n
54 4.90 0.00 1.08 1.00 0.51 0.50
10C 5.51 4.88 0.89 0.85 0.39 0.54
154 14.95 0.00 0.97 0.92 0.51 0.44
20D 15.86 3.24 0.927 0.90 0.47 0.47
20B 14.65 5.11 0.946 0.87 0.44 0.50
30C 15.74 14.10 0.773 0.74 0.36 0.52
204 18.68 0.30 0.87 0.83 0.46 0.43
30B 21.41 7.17 0.825 0.77 0.42 0.45
40C 20.53 18.77 0.695 0.65 0.30 0.53

whereas the anticorrelation between E; or H with n is
not as good (Fig. 4).

2. xNa,0:(1—x)GeO,

The very low alkali concentration sample with
x=0.06% was measured by Thomas and Peterson.>
From our analysis of their ac conductivity data, we find n
is practically zero, in agreement with the low alkali sili-
cate glasses studied by others.!® There is a rapid rise of
to the value of 0.40 at x =1.2% and a subsequent gradual
variation towards a constant value of about 0.45. The
width of the M"' peak of samples 54 or 104 is larger
than those of other samples, and this is reflected in a
slightly larger value of n for these two. A close inspec-
tion of the M'' versus log,yf plots of these two samples
has revealed the presence of a shoulder on the high-
frequency side of the main peak. The origin of this shoul-
der, not present in other samples, is not clear at this time.
These two samples may not be included into the con-
sideration of the E, or E) versus n plot. Indeed if these
two points are ignored, an anticorrelation between E,
and n is obtained (Fig. 5), similar to that seen in
xRb:(1—x)GeO,.

3. xNa,0:pAl,0;:(1—x—y)GeO,
X constant, y variable

In Sec. II, we have discussed the best way to test the
anticorrelation is to keep the alkali concentration and

hence the alkali site proximity approximately constant
and vary the Al,0;/GeO, ratio to change the well-depth.
Results of a number of sodium aluminogermanate glasses
are classified into several groups in which x is approxi-
mately constant, while y is varied. They are presented in
Table IV. Anticorrelation with n is observed for E, and
E} but not as well for H in all cases. Figure 6 shows the
anticorrelation of E, with n.

4. xRb,0:y Al;,0;:(1—x —y)GeO,,
Xx constant, y variable

The data are presented in the same format as for the
sodium analogues. Results are summarized in Table V
and the anticorrelation between E, and n is depicted for
the three separate pairs of samples in Fig. 7. Larger
changes in both E, and n are achieved with the addition
of alumina in the rubidium glasses than in the sodium
glasses.

5. xNa,0:yRb,0:2A41,0;:(1—x —y —z)GeO,,
x and y constant, z variable

Results of electric modulus analysis of ac conductivity
data of mixed alkali aluminogermanate glasses are
classified into six groups. In each group both x and y are
held constant while z is varied. Again, the intent is to
keep the site proximity approximately constant and
change the well depth by varying the alumina to ger-

TABLE V. xRb,0:yALO;:(1—x —y)GeO,. Correlations of H, E;, or E, with n obtained by main-
taining x, the rubidium concentration, constant and varying y, the concentration of Al,O;.

Sample x% y% H (eV) E} (eV) E, (eV) n
5410 4.90° 0.00 1.46 1.30 0.10
10C10 4.68 4.68 1.19 1.15 0.66 0.43
10410 8.83 0.00 1.56 1.12 0.28
20C10 9.27° 9.25 1.06 0.50 0.53
15410 15.10 0.00 1.035 0.70 0.32
30C10 15.00 15.0 0.89 0.85 0.45 0.47

2This sample also contains 0.19 Na,O.
This sample also contains 0.24 Na,O.
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TABLE VI. xNa,0:yRb,0:zA1,0::(1 —x —y —z)GeO,. Correlations of E;* or E, with n obtained
by maintaining the alkali concentrations x and y separately constant and varying z, the concentration of

ALO,.

Sample x% y% 2% E} (eV) E, (eV) n
1543 10.5 4.5 0.0 1.14 0.63 0.45
20B3 10.5 4.5 5.0 1.17 0.59 0.50
30C3 10.5 4.5 15.0 '0.87 0.41 0.53
1545 7.5 7.5 0.0 1.23 0.71 0.42
20B5 7.5 7.5 5.0 1.17 0.63 0.46
30C5 7.5 7.5 15.0 0.96 0.51 0.47
1547 4.5 10.5 0.0 1.29 0.72 0.44
20B7 4.5 10.5 5.0 1.30 0.70 0.46
30C7 4.5 10.5 15.0 0.99 0.51 0.48
1043 7.0 3.0 0.0 1.15 0.62 0.46
20C3 7.0 3.0 10.0 0.84 0.39 0.54
1045 5.0 5.0 0.0 1.36 0.90 0.34
20C5 5.0 5.0 10.0 0.97 0.55 0.43
1047 3.0 7.0 0.0 1.30 0.72 0.45
20C7 3.0 7.0 10.0 1.09 0.58 0.47

mania ratio. The results are summarized in Table VI.
The anticorrelation is evident for E, and n (Fig. 8). It is
not as satisfactory for E) and n; the plot E; versus n ex-
hibits a weak maximum for two groups (Fig. 9).

6. xNa,0:yRb,0:zAl1,0,:(1—x —y —z)GeO,,
x and y varying with (x+y) and z constant

Here we keep (x +y) and z both constant while vary-
ing x /y. This way of varying the “structure” is in the

spirit of keeping both the site proximity and the structure
sensitive Al,0,;/GeO, ratio constant, and using the
mixed alkali effect to change the effective well depth. No
new information is sought here on the origin of the mixed
alkali effect. We merely use it as a way to vary the ion
transport property. Results of 23 glasses are classified
into seven groups according to this method of analysis.
The anticorrelation of E, with n is observed in all cases
except one. In going from 30C3 to 30C, E, decreases
from 0.41 to 0.37 eV while n also decreases from 0.53 to

TABLE VII. xNa,0:pyRb,0:2A1,0;:(1—x —y —z)GeO,. Correlations of E;* or E, with n obtained

by varying x /y but keeping x +y and z constant.

Sample x% y% 2% E} (eV) E, (eV) n

10B7 2.25 5.25 2.5 1.38 0.83 0.40
10B3 5.25 2.25 2.5 1.03 0.52 0.50
10C10 0.0 4.68 4.68 1.15 0.66 0.43
10C5 2.5 25 5.0 0.98 0.53 .0.46
10C3 3.5 1.5 5.0 0.92 0.46 0.50
10C 5.51 0.0 4.88 0.85 0.38 0.54
30B7 6.75 15.75 7.5 1.19 0.71 0.40
30B3 15.75 6.75 7.5 1.06 0.58 0.45
30B 24.41 0.0 7.17 0.77 0.42 0.45
30C7 4.5 10.5 15.0 0.99 0.53 0.47
30C10 0.0 15.0 15.0 0.85 0.45 0.47
30C3 10.5 45 15.0 0.87 0.41 0.53
30C 15.74 0.0 14.10 0.74 0.36 0.52
10410 0.0 8.83 0.0 1.46 1.05 0.28
1045 5.0 5.0 0.0 1.36 0.90 0.34
1043 7.0 3.0 0.0 1.15 0.62 0.46
104 9.84 0.0 0.0 1.02 0.51 0.50
20B7 4.5 10.5 5.0 1.32 0.71 0.46
20B3 10.5 4.5 5.0 1.17 0.59 0.50
20B 14.65 0.0 5.11 0.87 0.44 0.49
20C7 3.0 7.0 10.0 1.09 0.58 0.47
20C10 0.24 9.27 9.25 1.06 0.50 0.53
20C3 7.0 3.0 10.0 0.84 0.39 0.54
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FIG. 2. Imaginary part of the electric modulus M"' of two
Rb germanate glasses (5 410 and 10C10) plotted vs logarithm to
base 10 of frequency. The solid curves are the theoretical pre-
dictions by the Kohlrausch functions with the values of » as in-
dicated. For compositions of the two glasses, see Table V.

0.51. Some representative anticorrelations are depicted
in Fig. 10.

IV. DISCUSSION

As expected from the discussion in Sec. II B, the results
on our sodium and rubidium germanate glasses (Tables II
and III) confirm that » and, hence, correlation among
ions increases with alkali content. This increase in n
occurs both due to the changes in structure and the
closer proximity of ions. The increase in n is stronger
when the alkali ions are added first, but shows weaker

0.04
0.03 }
20A  40C
M" 0.02
0.0t
0.0 4
1 2 3 4 5 6
!oglo[f (Hz)]

FIG. 3. Imaginary part of the electric modulus of two sodi-
um germanate glasses (204 and 40C) plotted vs logarithm to
base 10 of frequency. The solid curves are the theoretical pre-
dictions by the Kohlrausch functions with the values of » as in-
dicated. For compositions of the two glasses, see Table IV.
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FIG. 4. Plot of the primitive activation energy E, (A) and
E) (@) vs n for different concentrations of Rb in Rb-germanate
glasses. Note a stronger anticorrelation between E, and n than
between E and n.

dependence as the alkali content becomes high. In a
simpler situation where the nominal alkali proximity is
fixed but the structure is modified either by replacing Al
for Ge or by using the mixed alkali effect (see various
groupings in Tables IV-VII), n changes but by smaller
amounts. However, within each grouping n anticorre-
lates with the activation enthalpies E,, ES, or H as
shown in Figs. 4-10. Now the obvious question is: with
which activation energy is the anticorrelation with »
most meaningful? To address this question the experi-
mental data and analysis can be viewed in two ways.

The first is entirely phenomenological in nature and re-
stricts itself to basically a summary of the established
facts. For all glasses, independent of alkali concentration
and composition, the ac conductivity data when analyzed
in the modulus representation is well fitted by the
Kohlrausch function, Eq. (11), where the fractional ex-
ponent B=(1—n) and the effective relaxation time 7* de-

xNa,0 : (100-x1>Ge0,
1.1 a
I
0.9 }
~ b
>
()
Y 0.7
5 0.
73]
A
0.5 } A 4
A
A
0.3 0.0 0.2 0.4 0.6

FIG. 5. Plot of the primitive activation energy E, vs n for
different concentrations of Na in Na-germanate glasses. Open
triangles refer to samples 54 and 104. See footnote of Table
III.
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FIG. 6. Plot of the primitive activation energy E, vs n for
different proportions of alumina in Na-aluminogermanate
glasses while the Na concentration is being kept constant to de-
pict their strong anticorrelation. Data taken from Table IV. o
for x =5%; A for x =15%; and O for x =20%.

pend on the glass. The dc conductivity o4, as well as 7*
have an Arrhenius temperature dependence. The activa-
tion energy H for o4, and E} for 7* are nearly the same,
the slight difference is due to the conventional T'~! factor
assumed in the preexponential of o,4. There is another
activation energy E, which is directly observed in the
temperature dependence of the spin lattice relaxation rate
1/T,, Bq. (16). For all glasses in which both EJ and E,
have been measured and the Kohlrausch exponent B is
known, the relation E, =pE/ is found to hold empirical-
ly. This is true also for silicate and borate glasses when-
ever both spin relaxation and conductivity measurements
are available.?! We have considered many different ways
of selecting a pair of glasses in which the pair is related
by a variation of either the alkali concentration or the

1.4 v v v
N xRbZU : yAl, 0y (100—x—y)Ge02_‘
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1.2 N
A
L AN .
1o} NN ]
la)
3 i VRN
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FIG. 7. Plot of the primitive activation energy E, vs n for
different proportions of alumina in Rb-aluminogermanate
glasses while the concentration of Rb is being kept constant to
depict their strong anticorrelation. Data taken from Table V.
@ for x =5%; A for x =9%; and B for x =15%.
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xNa, 0 : yRb, 0 : =zAl : (100-x-y—2z)GeO
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FIG. 8. Plot of E, vs n for different proportions of alumina
in mixed alkali (Na,Rb) aluminogermanate glasses
xNa,0:yRb,0:zA1,0;:(1 —x —y —2)GeO, while the concentra-
tions of Na and Rb are being kept constant to depict their
strong anticorrelation. Data taken from Table VI. O for
x=10.5% and y =4.5%; A\ for x=7.5% and y =7.5%; B for
x=4.5% and y =10.5%; @ for x =7.0% and y =3.0%; % for
x=5.0% and y =5.0%; and V for x =3.0% and y =7.0%.

glass structure via the Al,0;/GeO, ratio, or by partial to
complete replacement with a different alkali. Compar-
ison is made for each pair of the quantities E, H, E,,
and B. A correlation between B and E or, 8 and H has
been observed. An increase in 3 is accompanied by an in-
crease in EF and H. However, this correlation shows
some minor exceptions. On the other hand, the correla-
tion between B and E, is strong and valid for almost all

xNa0 : yRby0 : zAl;03: (100-x-y-z)Gel,
1.4
*
\ ava 1
N
s | Ve
2 NN
e . \ S .
u N \
1.0
L
!
[
O'80.3 0.4 0.5 0.6

FIG. 9. Plot of the dc conductivity activation energy E,* vs n
for different proportions of alumina in mixed alkali (Na,Rb)
aluminogermanate glasses while the concentrations of Na and
Rb are being kept constant to depict a weak anticorrelation be-
tween them. Data taken from Table VI. < for x =10.5% and
y=4.5%; A for x=7.5% and y=7.5%; B for x =4.5% and
y=10.5%; @ for x=7.0% and y =3.0%; ¥ for x=5.0% and
y=5.0%;and V for x=3.0% and y =7.0%.
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FIG. 10. Plot of E, vs n for different mixed alkali alumino-
germanate glasses by changing the Na to Rb ratio while main-
taining the total alkali as well as the alumina concentration con-
stant. Data taken from Table VII. A for z=2.5% and
x+y=7.5%; B for z=5.0% and x +y=15%; < for z=0.0%
and x +y=10%; O for z=10.0% and x +y=10%; ¥ for
z=15.0% and x+y=15%; and O for z=5.0% and
x +y=5.0%.

pairs. Whenever a spin relaxation determination of E, is
not available, we identify E, with the product BE where
both B and E; are obtained from the modulus analysis.
The second point of view originates theoretically from
the coupling model and its predictions, augmented by a
separate theory?! of spin-lattice relaxation by two levels
transition assisted by ion jump. The latter has identified
the activation energy E, observed by spin relaxation to
be the well depth in the energetics of ion. Then the
coupling model says the primitive ion jump rate
Wyo=vexp(—E,/kT) is slowed down by correlations
with other ions to have the time-dependent form
Wolw.t)"" for w.t>1. The exponent n correlates with
the degree of correlations between ions which is lessened
by an increase in single ion well depth E,. Hence, the
coupling model predicts.n to inversely correlate with
E,.”® From the relaxation rate W (t)=W,(w,t)"", it fol-
lows, as a consequence, the Kohlrausch relaxation func-
tion ¢ [Eq. (11)] and the effective relaxation time 7* are
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related to 75 (=W, !) and w, by Eq. (13). A special
consequence of this relation is that the ratio E, /(1—n)
will be the activation energy EJ of 7*. Since Ef is a
“convolution” of E, and n, we may not get a strong
correlation between E; and S although we have one be-
tween E, and . In this manner, we can give a satisfacto-
ry understanding not only of the essence of dc and ac
conductivity, but also the strong anticorrelation between
E, and n observed in the large family of alkali germanate
and aluminogermanate glasses. It is worthwhile to add
that the same relations when applied to the isotope mass
dependence of dc conductivity have successfully ex-
plained!? the data of "Li and °Li borate glasses.>* We are
not aware of any other model of conductivity relaxation
that can explain all these dynamic and steady state prop-
erties of ion transport. The strong correlation between
E, and B and the weak correlation between E; and f3 es-
tablished in this work will be an additional challenge for
any model to explain.

V. CONCLUSIONS

The nonideal frequency dependence of electrical
modulus of various alkali germanate and alkali alumino-
germanate glasses has been fitted to the Kohlrausch func-
tion with exponent fS=1—n which depends on the glass.
In terms of “coupling model” n describes correlations
among various ions, and varies from O to 1 as the correla-
tions increase. Our analysis shows that these correlations
increase when the ion-ion proximity decreases and/or the
primitive energy barrier for single ion uncorrelated hop-
ping, E,, decreases. E, can be obtained directly from the
temperature dependence of nuclear spin relaxation rates
or calculated as the product of 1—n and the activation
energy for electrical conductivity.
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