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Test of Anderson-Stuart Model and the “Universal’” Conductivity
in Rubidium and Cesium Silicate Glasses
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An analysis and brief discussion of experimental ionic conductiwvignd activation energia in the binary
rubidium and cesium silicate systems is presented, exemplified on 23 and 30 glasses respectively, in a wide
composition range (5-45 R and CsO mole%). The Anderson and Stuart model has been considered to
describe the variation of activation energy with alkali concentration in both alkali-silica systems. In this
analysis were considered experimental parameters, like shear m@lalus relative dielectric permittivityg.
An “universal” finding is obtained usintpgo x Ea/ksT in 51 of 53 glasses considering both alkali systems,
whereE, is the activation energy for conductidg is the Boltzmann constant afids the absolute temperature.
This strong correlation by more than 13 (Rb-based glasses) and 15 (Cs-based glasses) orders of magnitude means
thato is governed mainly b¥a. An explanation for this behavior links ionic conductivity and microscopic
structure.

I. INTRODUCTION obtained in this binary system when one ulsegy x Ex/ksT.

Since the discovery of fast ionic glass conductors there has
been a large interest in applications, as new solid-state batter-
ies, sensors, “smart windows”, and the search for an “univer-
sal” theory of ion-transport in glassy materials. Despite con-
siderable experimental and theoretical attempt, there is cur-
rently no consensus regarding the diffusion mechanism [1]. |onic conductivity o in glass is a thermally activated
In order to understand the diffusion transport it is essential trocess of mobile ions that overcome a potential bagier
find a connection between the microscopic structure and thgf the form:
ionic conductivity. Thus, several transport models have been
proposed, and they vary from thermodynamics with principles
in models for liquid electrolytes, such as the weak electrolyte
model [2], to models based on solid state concepts such as the logo = logap — (loge)Ea/ksT (1)
jump diffusion model [3], the strong electrolyte (Anderson-

Stuart) model [4], and the dynamic structure model [5].

Most of these models involve specific or indirect assump- wheready is the pre exponential factor. For most glasses
tions about the microscopic structure in general and the distrieonduction is solely due to movement of a single ioni
bution or local environment of the mobile cations in particular.species, anionic or cationic. The main factors that are believe
It is well know that the ionic conductivity increases rapidly to control theo magnitude in glasses are associated with th
when a network glass former is modified by the addition of abiding energies holding the mobile ions in their equilibrium
metal oxide, resulting in a lowering of the activation energy(metastable) sites and the migration energy barriers that t
for ionic conduction. ions face because of the volume requirements for their mov

Among the main models, the Anderson & Stuart (A-S) [4] Mment. In fact, it is supposed that the activation energy barri
is considered to be the most directly related to physicallyEa represents the binding energy that holds the ions in the
meaning parameters, such as ionic radii, relative dielectri@quilibrium (metastable) sites, and once an ion has dissot
permittivity and the elastic modulus. But at the time of theated away from its site it is thought to experience no othe
A-S theory no much experimental data were available. Fognergy barrier(s) to motion.
the rubidium and cesium silicate systems there is no analysis As will be presented below, there is some disparity betwee
performed considering so wide composition range. experimental data on similar glasses from different author

The present paper reports on the ionic conductivities andt first sight, the variation in values af and activation ener-
activation energies of glasses in B Si0, and CsO-SiO, gies implies in different experimental procedures, but is als
systems, with the purpose to correlate new proposals to activpossible to obtain the same variations from chemical and/
tion energy with composition using experimental parameterstructural states of the glass samples. Obviously, the detalil
data, like shear moduluG and relative dielectric permittivity microscopic structure should be different for different kinds o
€. These glasses correspond to most of all available conduden conducting glasses at same temperatures and same al
tivity data measured up to now. Also, an “universal” finding is concentration.

II. RESULTS AND DISCUSSION



Marcio Luis Ferreira Nascimento et al. 627

A. The Anderson-Stuart Model
17,54

Anderson & Stuart [4] have provided a quantitative analy- 170
sis of the conduction energetics in an ion-conducting glass. 165
In this model the activation energy for conduction may be di-
vided in two parts: thelectrostatic binding energyf the orig-
inal siteEy,, and thestrain energyEs, required to move an ion
from one site to anothelE, represents the necessary energy
to remove a cation from a non-bridging oxygen site, &3d
describes the dilate of the structure as the ion moves from one 140
site to another. The basic idea is that an ion (in this case Rb 3.5
or Cs") makes a simple jump from one site to another, and 5ola)
passes through a “doorway” which opens as it passes through, T . .
where cations sites require only the presence of non-bridging T
oxygens (Eq. (2)). Rb,0 (mole%)

o Nemilov
4 Shelby & Day

16,0 o
15,54
15,0

14,54

Shear modulus G (GPa)

Bzze?
y(r+ro)

wherez andz are the valence of the mobile ion and the fixed
counterion in this case alkali and oxygen, respectivebnd
ro are the corresponding Pauling ionic radii for Rbr Cs"
and G-, eis the electronic charge amg is the effective ra-
dius of the (unopened) doorway.

The parameters of interest in the A-S model are the elas-
tic modulus (), a “Madelung” constantfj), which depends
on how far apart the ions are, and a covalency paramgter ( ]
which indicates the degree of charge neutralization between 10
the ion and its immediate neighbors. In their original paper 1)
[4], Anderson & Stuart assumed that this covalency parame- SO A L N R %
ter can be taken equal to the relative dielectric permittivity
(). McElfresh & Howitt [7] have reexamined thes term,
and have suggested a modified form that overcomes certain
limitations of the original A-S theory. In summary, McEIl-
fresh & Howitt [7] include the jumping distandeas a better
parameter (Eq. (3)).

72€°
% +4TGA(r — rD)z ©) Osaka [11] and Terai [15] presented same decreasing beh:
ior with increasing cesium composition. In this work we pro-
Following A-S theory, the experiment&lande parameters posed thaG follow a linear fit (Eq. (5)):
are presented in Figsat b and Figs. 2— Db, respectively for
both alkali systems. At least, we considieas it was done by

A= +41Grp(r —1p)? ) "

o Nemilov
o Takahashi & Osaka
¢  Terai

Shear modulus G (GPa)

Cs,0 (mole%)

FIG. 1: Measured shear moduluG,(in GPa) in RBO-SiO, (a) and
C0-Si0, (b) systems [8, 10, 11, 15].

A=

. dG
Anderson & Stuart [4]: G=Gp— —n (5)
dn
B= % (4) whereGp = (24.6 £ 1.7) GPa,n is the RO mole% compo-

sition anddG/dn = (0.315+ 0.060) GPa/mole%, with corre-
wherer is a value given iringstrom, also witha andb, that  lation factorR2 = 0.96. For cesium silicate system, we found
will be defined below. Gp = (20.46+ 0.69) GPa,n is the CgO mole% composition
In this work the authors considered two assumptior): ( anddG/dn= (0.2874 0.027) GPa/mole%, with correlation
rp fitting all data, as suggested by A-S theoryi) & fitting  factorR? = 0.98,
all data, following McElfresh & Howitt’s suggestion [7], Eq. From Figs. 2— b, the relative dielectric permittivitg from
(3). Inthe second case one should also consiglas a fitting ~ Amrhein [12] and Charles [16] showed a small and monotoni
parameter, just for comparison. increase with increasing rubidium composition; but Charles’
From Figs. A— b, the shear modulug from Nemilov [8]  [16] and Matusitaet al’s [15] data do not follow the linear in-
and Shelby & Day [10] showed a decrease with increasingreasing as measured by Amrhein [12] and Hakim & Uhiman
rubidium composition. Data from Nemilov [8], Takahashi & [13] in cesium composition. All linear fits follow Eq. (6):
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FIG. 2: Experimental relative dielectric permittivity values) {n
Rb,O-Si0O, (@) and CsO-Si0O, (b) systems [12-16]. Data from
Charles [16] and Matusitat al. [14] in (b) were discarded from
analysis.

e=¢ +dsn
~ " dn

(6)
whereR? = 0.99, gy = (5.30+0.19) andde/dn = (0.075+
0.010) /mole% considering rubidium system, ard =
(4.83+0.33) and de/dn = (0.109+ 0.017) /mole%, with
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energiesEx in both systems which have been measured b
Negodae\et al. [24] differ considerably from others.

At high alkali content, the samples are hygroscopic, an
special precautions in the preparation and measuring proc
dures must be taken to ensure the absence of surface or b
proton conduction (from water content). These process
would lead to higheo conductivities, and consequently to
lower Ex activation energies. While the origin of the scatter ir
the various reported values of the activation endtgygannot
now be identified, a comparison of the different data sets pr
vides a feeling for the accuracy without detailed specificatio
of their chemical and structural states.

Besides appreciable scatter, effects of glass composition
Ea could be parametrized by A-S theory. Even, this mode
could be interesting to apply in alkali silicate glasses to pre
view, for example, the amount & with alkali composition
(Figs. 3 —Db). The A-S model calculations dEa gives a
better agreement at medium range alkali composition and tl
departure is more at lower and higher alkali composition. |
fact, the scattering values ix should correspond to chemical
and/or thermal history, more than by measurement procedu
Indeed, Figs. 8— b are dealing with with different structures
considering a fixed alkali composition, as shown below.

About the fitting, in the first case were fixed radii values
(r=148 Aandr = 1.69 Afor rubidium and cesium ions, re-
spectively, withro = 1.4 A, see Figs. a— b, full line). The
fitting parameter was the “doorway” radius, that resulted i
rp = 1 Aandrp = 1.12 A, respectively. The second assump-
tion showed the “doorway” radius value giving = 1.24
Aand rp = 1.4 Awith the jumping distances. = 4 Aand
A = 4.3 A, respectively, using bothy andA as fitting para-
meters. On both assumptions were used experimental sh
modulusG and the relative dielectric permittivitg as de-
scribed above (Figs. 1-2). Tifieparameter used resulted both
in B = 0.32considering assumptionandii (a=2.59;, b= 3.5
to rubidium case, and = 2.24; b = 1.73 to cesium case) re-
spectively.

The adjustment for activation enerd in Figs. 3a—b
was performed using a Levenberg-Marquardt non-linear fi
ting. It is surprising that only one simple theory could fit a
lot of data from several authors with different glass preparz
tion processes in a wide range of compositions. Significant!
Ep decreases substantially with increasing alkali oxide in bot
results of Figs. 8—b. One reason concerns with the rel-
ative dielectric permittivitye, that increases with increasing

R? = 0.97 in the cesium system. It is recognized that thesealkali oxide. Figs. 2— b also shown thay, is higher tharEs
assumptions of a similitude of form presented in Egs. (5-6konsidering Anderson-Stuart [4] assumptionirf wide com-

may provide inadequate descriptions of change§ iande

position range. The McElfresh & Howitth [7] hypothesis) (

with alkali concentration, but it seems to represent only arpresented similar results concernig as well. It is impor-

approximation.
The variation of activation enerdya with alkali composi-
tion over 53 different glasses are shown in Figa.—3. A

tant to note that the A-S model is limited to only one site en
ergy distribution and with fixedp to all composition range.
However, the model reasonably agrees with with experimel

careful analysis was done in all data to find some possibl¢al data, describinga decreasing tendency with alkali oxide
discrepancies about scattering. For example, the activatiocomposition.
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of infinite pathways for a fixed valence mismatch threshold i

o Agarwal & Day closely related to both the absolute conductivity and the act
124 ¢ Blank vation energy of the conduction process:
o o Charles
b ° o Evstropiev & Pavlovskii
1,04 ®  Frischat & Schutz 3 /
E, b Ul logoT O VF =logoy — (loge)Ea/keT )
097 ° © Negodaev et al. ,
08 ¢ Otto & Milberg whereqg, is the pre exponential factor (in-&/cm).

More recently, Nascimento & Watanabe [33] verified
06 . this modified Arrhenius “universal” finding in binary borate
0s] Eb\\\\ glasses, considering both Egs. (1) and (7). This paper air
’ 5 Tl to present new results considering just rubidium and cesiu
“1 BT T binary silicate glasses.

......... Figs. 4 — b showsmodifiedArrhenius plots ofo for 23

0.2 —— T rubidium and 30 for cesium silicate glasses, fram 5 to

' - 45 mol% in both systems), ranging frofhx 102 S/cm to

2 x 1071* S/cm in rubidium and 13 S/cm ®x 10716 S/cm

in cesium systems, all betwe@6°C to 45(°C. The range of
activation energyEp lies between 0.61 and 1.15 eV (rubid-

0,7 4
° L]

E (eV)

4

0,34

Rb:O (mole%)

oo ium) and 0.62 and 1.18 eV (cesium) in all glasses studied,
] o De Marchi et dl. indicated in Figs. 8—b. These data were compared with
M1 ac & Hakim & Uhlmann the “universal” equation foog = 50 S/cm in Eq. (1). This
e : {;‘i“&l’e‘ers"“ “universal” equation, following Doy 's sense, appears in Figs
104 egodaev et al. X i i
' e Otto & Milberg 4a—b as a dashed line, and the dotted lines are the higher a
] 4 Teni lower limits within one magnitude order.
= ¢ Wakabayashi ef al It is important to note that the same data from Negodae
=07 * et al. [24] that diverges from other data in Figsa-3 b also
i - diverges in Figs. 4—b. In fact, considering so many dif-
] Tl ‘ ferent binary alkali silicate glasses according to Figs—4
8 TUmsal £ is remarkable so strong correlation betweewith Ea/kgT.
“1, EI It is interesting to note that the increase in ionic conductivity
2 R N A with alkali content is almost entirely due to the fact that the

activation energyea required for a cation jump decreases, a:
presented in Figs. 83— b. Thus, the ternog in Eq. (1) is
largely unaffected upon alkali content.

FIG. 3: Non-linear fit (full line) on activation energi&s from vari- The fapt I3 thaw lies on a single unlversa'lll curve in varl-
ous authors of RED-Si0; (a) and C30-Si0, (b) systems consider-  OUS alkali silicate glassgs, wh_ose c_onducnvmes differ by mor
ing assumptioni} [6, 15-27].E, is the binding energy (dashed line), than 13 orders of magnitude in rubidium system and 15 orde
andEs is the strain energy (dotted line). of magnitude in cesium system and in 93% of the glass sy
tems considered (within just one order of magnitude). Ther
fore, if one measure at some temperature, itis possible to es
timateEa from Eq. (1) consideringo = 50S/cm, and achieve
a rough sketch off at different temperatures. Or,Hj is ob-
tained by some experimental or theoretical technique, ion
Extensive studies have recently been made for obtainingonductivity can be calculated.
an “universal” equation from the standpoint of glass struc- Another “universal” curve, following Eq. (7) and consid-
ture. For example, Doi [28] presented 17 different glassegring some binary alkali silicate glasses, resulted in the sar
(not mentioned) that follows an “universal” conductivity rule. “universal” behavior [34], as cited above. The pre exponenti:
Swenson & Brjesson [29] proposed a common cubic scal-value wass, = 50000K-S/cm, considering the same conduc-
ing relation ofo with the expansion volumes of the network tivity data of Figs. 4— b. The conclusions for this case also
forming units in salt-doped and -undoped glasses. This fagbllows the above described considering Eg. (1). The mo:
suggested that the glass network expansion, which is relatgghportant fact is that in Figs. a— b the scattered data by
to the available free volume, is a key parameter determininglasses of different compositions is unified by the single “uni
the increase of the high ionic conductivity in some types ofyersal” modifiedArrhenius Eq. (1). The fact that lies on
fast ion conducting glasses. this single “universal” curve for many ion-conducting glasse
According to Adams & Swenson [30], the ion conduction means that is governed mainly b¥a.

should be determined by the ionic motion within an infinite  The relations expressed in Egs. (1) and (7) have an impc
pathway cluster. For various silver ion conducting glasses [31tant note: no matter is the ionic conductor type, nor the o»
32], it was found that the cubic root of the volume fraction ide glass former, if one takes its conductivibgo or logoT

Cs,0 (mole%)

B. The “Universal” Conductivity
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croscopic structure and the ionic conductivity, fact based i

s —o— Agarwal & Day the different types of gomposition in thg_alkali si[icate gl_asse
NN —— Blank presented. Both alkali system compositions fall into an ident
2] TN O Charles ) fiable pattern where conductivity is related to structure, in th
N —o— Evstropiev & Pavlovskii “ "
4] _ e— Frischat & Schutz form expressed by the “volume pathways” of Adams $ Swer
64 —&— Hakim & Uhlmann son [35]. Further studies on other binary alkali oxide glasse
2 ] o aoduen ! as presented on Figs.a4-b would refuse or recognize this
5 ° g St . e 1 . L )
@ 10 universal” finding, to gain further insight into the nature of
o 12 ion dynamics in glass.
= 14
16 TINL
-18 "-\_‘.\x_
0] lll. CONCLUSIONS
a) N
22 T T T T T T T T T T 1
Cor o E e e m e The Anderson-Stuart model (A-S) has been used for rubi
E Jk,T . - " . .
ium and cesium -silica glass systems to describe the variati
of the activation energy against composition in a wide compc
sition range (from 5 up to 45 R and CsO mole %), with
P —o— Blank reasonable results. Theoretical activation end&gyf alkali
' —o— Charles /Y
o]0 o Do Mot ot silicate glasses seems to vary smoothly with composition. F
24 N 4~ Hakim & Uhlmann the first time the considerations on experimental shear mod
49 *:*;j‘“‘fd‘ Pe‘ef"; lus G and relative dielectric permittivitg with alkali compo-
—®— Negodaev et al. e . . .
] e O Milberg sition have presented good fits on experimental available da
E T —v—Terai . Relative dielectric permittivitg has giving more influence on
a7 NS | % Wakabayashi et al fitting thanG in the alkali silicate glass systems studied. Ar
o :j “universal” finding is obtained usinggo x Ea/kgT in these
- :16: NN binary silicate systems. At first sigi andkgT are indepen-
el dent, as described by common Arrhenius plots, Bpdaries
] strongly with composition (the effect of glass composition i
5,12 s demonstrated clearly by Figs.a3- b). But modifiedArrhe-
0 5 10 15 20 25 30 35 40 45 S0 55 nius plots showed thda /kgT is temperature and composi-
p p p
E/k,T tion dependent and also relatedaoln other words, botliEa

andkgT (in the formEa/ksT) are related to the “volume path-
way” factorF of Adams and Swenson (Eq. (7)). Furthermore
FIG. 4: ModifiedArrhenius plots of ionic conductivities in 23 binary frequency distribution values of pre exponentiglshowed an
rubidium @) and 30 cesiumk) silicate glasses. The dashed line is average result of 50 S/cm.
the “universal” curve, Eq. (1), witlwg = 50 S/cm, and the dotted
lines correspond to one order of magnitude higher or lower than Eq.

).
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