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Microscopic Explanation of the Non-Arrhenius Conductivity in Glassy Fast Ionic Conductors
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To explore the origin of the recently discovered non-Arrhenius behavior of the dc conductivity
in glassy fast ionic conductors at high temperatures, we investigate by Monte Carlo simulations the
transport of charged particles in an energetically disordered structure. We show that the combined
effect of Coulomb interaction and disorder can account for the experimental findings. Our results
suggest that glassy superionic conductors can be optimized by lowering the strength of the energetic
disorder but that the ionic interaction effects set an upper bound for the conductivity at high
temperatures. [S0031-9007(96)00980-5]

PACS numbers: 66.30.Dn, 66.30.Hs
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Recently, Kincs and Martin [1] made the importa
discovery that the dc conductivitysdc in glassy fast
ion conductors does not follow a simple Arrhenius l
below the glass transition temperature. Rather, t
found that the high-temperature values ofsdc can be
significantly smaller than expected when extrapolating
Arrhenius law valid at low temperaturesT . Formally, the
deviation from the Arrhenius law can be described b
temperature dependent (apparent) activation energyEsT d,
which decreases with increasingT .

Very recently Ngai and Rizos suggested an explana
of the non-Arrhenius behavior based on the coupling c
cept [2] that has been proven to be a very successful
nomenological approach to describe dynamic process
complex systems [3]. Within the coupling concept,
variation ofEsT d is interpreted as a crossover from a hi
value Ea at low T , where the conductivity relaxation
dominated by a Kohlrausch-Williams-Watts (KWW) b
havior, to a smaller valueE0 at highT , where it is domi-
nated by an exponential relaxation function.

From a microscopic point of view, a theoretical und
standing of the ion transport in glasses is difficult to o
tain, because only limited information is available ab
the detailed microscopic structure of ionic glasses
The ions encounter a very complex energy landsc
whose irregularities are determined both by the rand
electric fields produced by the immobile counterions
and the spatial fluctuations in the local glass struc
[6]. The Coulomb interaction between the mobile io
presents an additional difficulty for a theoretical treatm
[7]. By a spatial coarse graining, one may describe
ionic motion within a simplified model [8], where on
the Coulomb interaction between the mobile ions and
disorder of the glassy substrate is taken into account.

In this Letter we show explicitly that the non-Arrheni
behavior can be understood from a model of char
particles moving between the sites of a lattice with r
dom site energies. We find that both ingredients, diso
andCoulomb interactions, are essential for describing
528 0031-9007y96y77(8)y1528(4)$10.00
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experimental situation properly: At low temperatures, t
conductivity shows an Arrhenius behavior (see Fig. 1),

sdcT ­ As exps2EaykBT d , (1)

where the activation energyEa is determined by the
combined effect of energetic disorder and interacti
whereas at high temperatures the bare interaction eff
become dominant and provide an upper bound for
conductivity. Because of the existence of this bound,
conductivity fails to reach the high values expected fro
extrapolating its low-temperature behavior [Eq. (1)], th
giving rise to the observed non-Arrhenius behavior. O
results also account for a further feature of the Kincs a
Martin discovery: The deviation from the Arrhenius la
already occurs at temperatures where the thermal en
kBT is by more than 1 order of magnitude smaller th
the low-temperature activation energyEa (see Fig. 1).
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FIG. 1. Arrhenius plot ofsdcT for c ­ 0.01 when neglecting
the Coulomb interaction (open symbols), and for0.4AgI 1
s0.6d f0.525Ag2S 1 0.475sB2S3:SiS2dg (filled symbols, redrawn
from 1). In both casessdcT has been normalized with
respect to the preexponential factorAs of the low-temperature
Arrhenius law, and the activation energyEa has been used to
scale the temperature. The arrows indicate the crossover po
where the Arrhenius law ceases to be valid. The solid line
drawn as a guide for the eye.
© 1996 The American Physical Society



VOLUME 77, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 19 AUGUST 1996

bi

io

on
ha
ing
es

r
rg
in
ity

re
ed

y

c

k
r

io

rgy

e-
al
er

th
b
nd
ta
se
th
ow
bo

an
th
te

tra-
by

lgo-
16].
ch-
t,
en
fast

ir
on-
the

rder
e

-

ffi-

h
ius

s
a
rd
ture
e
ata

at

hen
ius

-

he
her
e

ide
To model the ion dynamics, we choose a simple cu
lattice with lattice spacingj, where j is the typical
distance over which the energies along the ionic diffus
pathways are correlated. To each lattice sitei we assign
an energyei drawn from a Gaussian distributionPsed
with zero mean and variances2

e. The number of mobile
ions per lattice site isc ø 1 and r ­ cyj3 denotes the
ionic number density.

First we neglect the long range Coulomb interacti
Assuming that sites cannot be occupied by more t
one ion, the ions in equilibrium are distributed accord
to a Fermi distribution. The ions hop among near
neighbor sites and the jump rate from sitei to a
vacant sitej is given by Wij ­ n min sss1, expf2sej 2

eidykBT gddd, wheren is an attempt frequency [9]. Simila
models of noninteracting particles in a disordered ene
landscape have been studied earlier [10,11], and ma
focused on a theoretical description of the conductiv
dispersion below the GHz regime. At low temperatu
T ø seykB, the activation energy can be calculat
according to a critical path argument [12,13],Ea ­
ec 2 ef scd. Hereefscd is the Fermi energy, defined bRef

2` Psed de ­ c, and ec is given by
Rec

2` Psed ­ pc,
where pc is the percolation threshold [14] in the s
lattice, pc . 0.3117. For a typical concentrationc ­
0.01 we obtainEa ­ 1.84se. Because of the very wea
dependence ofef on c, Ea assumes similiar values fo
any reasonable concentrationc ø 1.

At high temperaturesT ¿ seykB, the conductivity is
well approximated bysdc . rq2j2kW ly6kBT , whereq
is the charge of the mobile ions andkW l the mean jump
rate. As can be shown by a high-temperature expans
kW l is given by kW l . s1 2 cd s1 2 sey

p
p kBTd .

s1 2 cd exps2sey
p

p kBT d, in leading order ofseykBT .
Hence we obtain a high-temperature activation ene
E0 ­ sey

p
p > 0.56se that is smaller thanEa. Accord-

ingly, EsT d changes fromEa for low temperatures toE0
at a crossover temperatureTx . seykB. Notice that both
Ea and kBTx are of the same order of magnitude, d
termined byse , which disagrees with the experiment
result that the non-Arrhenius behavior sets in at temp
tures more than 1 order of magnitude smaller thanEaykB.

This can be seen clearly in Fig. 1, where we compare
temperature dependence ofsdc in the absence of Coulom
interactions with the experimental results of Kincs a
Martin [1]. The filled circles are the experimental da
The open circles are from Monte Carlo simulations (
below) for c ­ 0.01, and are in perfect agreement wi
the theoretical predictions discussed above. The arr
indicate the crossover temperatures and show that
disagree by about an order of magnitude.

Next we include the Coulomb interaction. Since
analytic treatment is no longer possible, we study
model by computer simulations. We performed Mon
Carlo simulations in a sc lattice of sizeL ­ 40j with
c

n

.
n

t

y
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n,

periodic boundary conditions for a fixed ionic concen
tion c ­ 0.01. The Coulomb energies were calculated
the Ewald method [15] and the standard Metropolis a
rithm was used to simulate the hopping dynamics [
(For a more detailed description of the simulation te
nique see [8].) We chooseVc ; q2yR as the energy uni
whereR ; s3y4prd1y3 is the half mean distance betwe
the mobile ions. It is reasonable to assume that glassy
ionic conductors have similiar valuesVc, because the
ionic concentrations and high-frequency dielectric c
stants do not vary drastically [17]. We investigate
behavior of the tracer diffusion coefficientD as a function
of the reduced temperature and the strength of the diso
se . The diffusion coefficientD was determined from th
long time limit of the mean square displacementkr2stdl of
a tracer ion,D ­ limt!`kr2stdly6t. As was shown ear
lier [8], sdc is, in a good approximation, related toD via
the Nernst-Einstein relation,sdc ­ rq2DykBT [18].

Figure 2(a) shows the normalized diffusion coe
cient DyD0 (D0 ; nj2y6) as a function ofVcykBT
for various disorder strengths seyVc ­ 0.0115,
0.018, 0.036, and0.072. At low temperatures, eac
curve follows a straight line corresponding to an Arrhen
law with constant activation energyEa, andEa decrease
with decreasingse. The Arrhenius law is valid up to
crossover temperatureTx , where the curves bend towa
lower diffusivities. In all cases, the crossover tempera
Tx is of the order ofseykB. For comparison we hav
redrawn in Fig. 2(b) the experimental conductivity d
for zAgI 1 s1 2 zd f0.525Ag2S 1 0.475sB2S3:SiS2dg
with mole fractionsz between zero and 0.4 [1] (note th
D , Tsdc). Evidently, when increasingz, the experi-
mental behavior is analogous to the model behavior w
decreasingse : Ea becomes smaller and the non-Arrhen
behavior starts to occur at lowerT .
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FIG. 2. Arrhenius plots of (a) the normalized diffusion co
efficient DyD0 in the model forseyVc ­ 0 (j), 0.0115 (±),
0.018 (h), 0.036 (n), and 0.072 (e), and (b) the conductivity
in zAgI 1 s1 2 zd f0.525Ag2S 1 0.475sB2S3:SiS2dg for z ­ 0
(r), 0.2 (m), 0.3 (j), and 0.4 (≤) (redrawn from 1). The
dashed lines indicate the upper mobility limit predicted by t
model. In (c) the data from (a) and (b) are shown toget
as functions ofEaykBT and are normalized with respect to th
preexponential factorsAD and As in the corresponding Arrhe-
nius laws. The solid lines in (a) and (c) are drawn as a gu
for the eye.
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The similarity between the results found in the mo
and in the experiment becomes even more eviden
Fig. 2(c), where the data from Figs. 2(a) and 2(b)
plotted in the same way as in Fig. 1. The experimen
curve for z ­ 0.4 is almost perfectly reproduced by th
model whense ­ 0.0115Vc [see the filled and ope
circles in Fig. 2(c)]. The experimental curves forz ­
0, 0.2, and0.3 correspond to disorder strengths within
range0.015Vc , se , 0.036Vc. It is remarkable that the
model not only gives a good fit to the overall shape of
conductivity curves but also reproduces the small val
of kBTxyEa.

In order to understand whykBTxyEa becomes much
smaller than one for smallse , we need to know howEa

depends onse quantitatively. We therefore plotted i
Fig. 3EayVc (resulting from our computer simulations)
a function ofseyVc and find thatEayVc increases linearly
with seyVc,

Ea ­ a1Vc 1 a2se , (2)

where a1 ­ 0.10 and a2 ­ 1.84 for c ­ 0.01. Since
Tx . seykB, we obtain kBTxyEa . seysa1Vc 1

a2sed , seya1Vc for se ! 0, and accordinglykBTxyEa

becomes much smaller than one for smallse . We note
that for largese ¿ Vc, Ea . a2se , which agrees with
the resultEa ­ 1.84se for seyVc ! `, i.e., in the disor-
dered system without Coulomb interaction (see the crit
path analysis given above). However, when extrapola
Eq. (2) to se ­ 0, we obtain Ea ­ 0.10Vc, which is
more than 3 times larger than the valueE

s0d
a ­ 0.032Vc

in the ordered system (see the dashed and dotted
in Fig. 3). This is an interesting disorder effect: T
constant activation energyEa is reached at temperature
T ø Tx . seykB, and in this regime even arbitrar
small energy fluctuations seem to increase the activa
energy by a factor of about 3.

Based on the success of the model, we are now
to discuss the origin of the non-Arrhenius behavior a
the associated problem of optimized ionic conducti
o
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FIG. 3. Simulated activation energyEayVc as a function of
the strength of the disorderseyVc. The dotted line indicates
the activation energyEs0d

a in the ordered system (se ­ 0),
which is about 3 times smaller than the limiting value f
se ! 0.
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The non-Arrhenius behavior occurs as a result of
crossover between two different temperature regim
For T ø Tx, the activation energyEa is governed by
the combined effect of the energetic disorder and
Coulomb repulsion between the mobile ions [as sho
in Eq. (2)], while for T ¿ Tx the apparent activation
energy becomes smaller, because the disorder beco
irrelevant and the ionic mobility is governed by the effec
of the Coulomb interaction alone [19]. Accordingl
for T ¿ Tx all curves in Fig. 2(a) approach the dash
line with slopeE

s0d
a yVc, which corresponds to the value

obtained in the ordered system. The dashed line t
sets an upper bound for the ionic mobility, which b
reducingse is approached at lower temperatures. T
way the conductivity is optimized by extending th
high-temperature regime to lower temperatures, i.e.,
decreasingTx .

The analogous behavior occurs in the experiment w
z is increased [see Fig. 2(b)], which suggests that
disorder of the ionic pathways is decreased by increas
the iodine content. (This does, however, not nescessa
imply that the iodine ions form some regularly structur
a-AgI-like microdomains in the glassy network, as it w
conjectured, e.g., in [20] but later questioned in [21
One can roughly estimate the location of the experime
limiting curve by extrapolating the conductivity data
Fig. 2(b) to higher temperatures. The resulting curve
drawn as dashed line in Fig. 2(b) and has an activa
energyE0 ­ 0.11 eV. In order to check for consistency
we compare this value with the activation energyE

s0d
a ­

0.032Vc of the limiting curve in the model. As a
result we getVc ­ 3.4 eV, which is an acceptable value
For example, if we assume that the number density
Ag1 ions is about2 3 1022 cm23 as in zAgI 1 s1 2

zdAg2O-B2O3 [22], and that the high-frequency dielectr
constant ise` ø 2, we obtainVc . 3.3 eV.

In summary, we have studied the transport of ions in
energetically disordered structure and found that in
presence of both disorder and Coulomb interaction
non-Arrhenius behavior observed in a series of glassy
ion conductors is correctly reproduced. We have sho
that by decreasing the strength of the energetic disor
the activation energy can be systematically lowered
the crossover temperatureTx to the non-Arrhenius regime
becomes smaller. According to this observation one m
understand why the non-Arrhenius behavior has b
found in fast ion conducting glasses and is commo
not observed in traditional ionic glasses, as, e.g., Na2O-
3SiO2. In these traditional ionic glasses the activati
energies are relatively large and one would thus exp
that the strength of the energetic disorder is also lar
As a consequence, the crossover temperature shoul
high and might not be reached below the glass transiti

Moreover, one may understand why the non-Arrhen
behavior for certain other fast ion conducting glasses
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be removed by annealing [23]. After the annealing proc
the glass belongs to a lower fictive temperature; i.e.,
structure has become more heterogeneous and more
miliar with respect to that in the melt. Accordingly, th
energetic disorder should be larger and the crossover
perature to the non-Arrhenius behavior could have b
shifted beyond the glass transition temperature. This
soning can easily be tested by choosing smaller “annea
steps,” which would allow one to follow the change in t
crossover temperature systematically.
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