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Microscopic Explanation of the Non-Arrhenius Conductivity in Glassy Fast lonic 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

Recently, Kincs and Martin [1] made the important experimental situation properly: At low temperatures, the
discovery that the dc conductivityg. in glassy fast conductivity shows an Arrhenius behavior (see Fig. 1),
ion conductors does not follow a simple Arrhenius law
below the glass transition temperature. Rather, they oacT = Ay eXP(—Eq/kpT), 1)
found that the high-temperature values @f. can be
significantly smaller than expected when extrapolating th
Arrhenius law valid at low temperatur@s Formally, the
deviation from the Arrhenius law can be described by
temperature dependent (apparent) activation engc@y,

é/vhere the activation energ¥, is determined by the
combined effect of energetic disorder and interaction,
whereas at high temperatures the bare interaction effects
ecome dominant and provide an upper bound for the
which decreases with increasifig conduct!v?ty. Because of the e)gistence of this bound, the
ﬁOndUCtIVIty fails to reach the high values expected from

Very recently Ngai and Rizos suggested an explanatio 2 i
of the);lon-Arrgeni%s behavior basegg on the coupFI)ing Con_extrapolatmg its low-temperature behavior [Eq. (1)], thus
iving rise to the observed non-Arrhenius behavior. Our

ﬁirr;:e[ﬁ]ofgaitcg?sa berir;g:%e;eigsea dveng,rsiléccreoscsgglsgg%sults also account for a further feature of the Kincs and
9 bp Y P artin discovery: The deviation from the Arrhenius law

complex systems [3]. Within the coupling concept, thealread occurs at temperatures where the thermal ener
variation of E(T) is interpreted as a crossover from a high dy P . 9y
kT is by more than 1 order of magnitude smaller than

value E, at low T, where the conductivity relaxation is the low-temperature activation energy (see Fig. 1)
dominated by a Kohlrausch-Williams-Watts (KWW) be- P By 9- 4.

havior, to a smaller valug, at highT, where it is domi-
nated by an exponential relaxation function.

From a microscopic point of view, a theoretical under-
standing of the ion transport in glasses is difficult to ob- 10%F ? 1
tain, because only limited information is available about o [ 1
the detailed microscopic structure of ionic glasses [4]. Em"“ 1
The ions encounter a very complex energy landscape, b% s 1
whose irregularities are determined both by the random 100k i
electric fields produced by the immobile counterions [5] i T ]
and the spatial fluctuations in the local glass structure
[6]. The Coulomb interaction between the mobile ions . ,
presents an additional difficulty for a theoretical treatment 0 5 10 15 20
[7]. By a spatial coarse graining, one may describe the E/kgT
ionic motion \_Nithin a simplified model [8]_' where only FIG. 1. Arrhenius plot ofr4. T for ¢ = 0.01 when neglecting
the Coulomb interaction between the mobile ions and théne Coulomb interaction (open symbols), and fodAgl +
disorder of the glassy substrate is taken into account.  (0.6)[0.525Ag,S + 0.475(B,$;:SiS)] (filled symbols, redrawn

In this Letter we show explicitly that the non-Arrhenius from 1). In both casesoq.T has been normalized with
behavior can be understood from a model of Charge(fSpeCt to the preexponential factdy of the low-temperature

ticl ina bet the sit f a latti ith rrhenius law, and the activation ener@y, has been used to
particies moving between the sites o a lattice With ran-.,je the temperature. The arrows indicate the crossover points,

dom site energies. We find that both ingredients, disordefhere the Arrhenius law ceases to be valid. The solid line is
and Coulomb interactions, are essential for describing thelrawn as a guide for the eye.
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To model the ion dynamics, we choose a simple cubigeriodic boundary conditions for a fixed ionic concentra-
lattice with lattice spacingé, where ¢ is the typical tionc¢ = 0.01. The Coulomb energies were calculated by
distance over which the energies along the ionic diffusiorthe Ewald method [15] and the standard Metropolis algo-
pathways are correlated. To each lattice sitee assign rithm was used to simulate the hopping dynamics [16].
an energye; drawn from a Gaussian distributioA(e)  (For a more detailed description of the simulation tech-
with zero mean and varianee?. The number of mobile nique see [8].) We choogé. = ¢>/R as the energy unit,
ions per lattice site is < 1 andp = ¢/&° denotes the whereR = (3/4mp)'/? is the half mean distance between
ionic number density. the mobile ions. Itis reasonable to assume that glassy fast

First we neglect the long range Coulomb interaction.ionic conductors have similiar valudg., because their
Assuming that sites cannot be occupied by more thaionic concentrations and high-frequency dielectric con-
one ion, the ions in equilibrium are distributed accordingstants do not vary drastically [17]. We investigate the
to a Fermi distribution. The ions hop among nearesbehavior of the tracer diffusion coefficiebtas a function
neighbor sites and the jump rate from siteto a  of the reduced temperature and the strength of the disorder
vacant sitej is given by W;; = vmin(l,exd—(e; —  o.. The diffusion coefficienD was determined from the
€;)/kgT]), wherev is an attempt frequency [9]. Similar long time limit of the mean square displacemérit(r)) of
models of noninteracting particles in a disordered energyg tracer ion,D = lim,_..(r>(t))/6t. As was shown ear-
landscape have been studied earlier [10,11], and mainlyer [8], o4 is, in a good approximation, related i via
focused on a theoretical description of the conductivitythe Nernst-Einstein relatiom;s. = pg>D/kpT [18].
dispersion below the GHz regime. At low temperatures Figure 2(a) shows the normalized diffusion coeffi-
T < o./kg, the activation energy can be calculatedcient D/Dy (Do = v£%/6) as a function ofV./kgT
according to a critical path argument [12,13, = for various disorder strengthso./V. = 0.0115,
€. — €7(c). Herees(c) is the Fermi energy, defined by 0.018, 0.036, and0.072. At low temperatures, each
[¥_P(e)de = ¢, and €. is given by [“_P(e) = p., curve follows a straight line corresponding to an Arrhenius
where p. is the percolation threshold [14] in the sc law with constant activation enerdy,, andE, decreases
lattice, p. = 0.3117. For a typical concentratiom =  with decreasingr.. The Arrhenius law is valid up to a
0.01 we obtainE, = 1.840.. Because of the very weak crossover temperaturg,, where the curves bend toward
dependence ok on ¢, E, assumes similiar values for lower diffusivities. In all cases, the crossover temperature
any reasonable concentrationk 1. T, is of the order ofo./kg. For comparison we have

At high temperature§” > o./kp, the conductivity is redrawn in Fig. 2(b) the experimental conductivity data
well approximated byog. = pg?é*(W)/6ksT, whereq  for  zAgl + (1 — z)[0.525AQ,S + 0.475(B,S3:SiS)]
iS the Charge Of the mobile ions aK]W> the mean Jump W|th mOle fraCtionSZ between Zero and 0.4 [1] (note that

rate. As can be shown by a high-temperature expansiod) ~ 79ac). Evidently, when increasing, the experi-
(W) is given by (W) = (1 — ¢)(1 — oo/</7ksT) = mental behavior is analogous to the model behavior when

(I = ¢)exp(—oe/ 7 ksT), in leading order ofr. /kyT. decreasingr.: E, becomes smaller and the non-Arrhenius

. . o E behavior starts to occur at lowér.
Hence we obtain a high-temperature activation energy

Ey = o¢/Jm = 0.560 that is smaller tha,. Accord-
ingly, E(T) changes fronE, for low temperatures t&
at a crossover temperatufe = o./kg. Notice that both !
E, and k3T, are of the same order of magnitude, de-"
termined byo ., which disagrees with the experimental ***
result that the non-Arrhenius behavior sets in at tempere,q«
tures more than 1 order of magnitude smaller thaykp.
This can be seen clearly in Fig. 1, where we compare th
temperature dependencedf. in the absence of Coulomb " !
interactions with the experimental results of Kincs and * “ *jr ™™ "L o 0 e Tt
Martin [1]. The filled circles are the experimental data.

; ; ; IG. 2. Arrhenius plots of (a) the normalized diffusion co-
The open circles are from Monte Carlo simulations (Seé;fficientD/Do in the model foro,/V, — 0 (M), 0.0115 ),

below) forg = 0.01,_ and are in perfect agreement with 5 5;g (), 0.036 (\), and 0.072 ¢), and (b) the conductivity
the theoretical predictions discussed above. The arrowg ;Agl + (1 — z)[0.525Ag,S + 0.475(B,S;:SiS,)] for z = 0

indicate the crossover temperatures and show that bo{®), 0.2 (A), 0.3 @), and 0.4 ¢) (redrawn from 1). The
disagree by about an order of magnitude. dashed lines indicate the upper mobility limit predicted by the

Next we include the Coulomb interaction. Since anMcdel. In (c) the data from (a) and (b) are shown together
as functions off, /kzT and are normalized with respect to the

analytic treatment is no longer possible, we study th%reexponential factordp and A, in the corresponding Arrhe-

model by computer simulations. We performed Montenijus laws. The solid lines in (a) and (c) are drawn as a guide
Carlo simulations in a sc lattice of size = 40¢ with  for the eye.

N (c)

107

7® fopen symbols: D/Aj

full symbols: 6, T/A,
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The similarity between the results found in the modelThe non-Arrhenius behavior occurs as a result of a
and in the experiment becomes even more evident iorossover between two different temperature regimes:
Fig. 2(c), where the data from Figs. 2(a) and 2(b) ard~or T < T,, the activation energy, is governed by
plotted in the same way as in Fig. 1. The experimentathe combined effect of the energetic disorder and the
curve forz = 0.4 is almost perfectly reproduced by the Coulomb repulsion between the mobile ions [as shown
model wheno,. = 0.0115V,. [see the filed and open in Eq. (2)], while for T > T, the apparent activation
circles in Fig. 2(c)]. The experimental curves for=  energy becomes smaller, because the disorder becomes
0, 0.2, and0.3 correspond to disorder strengths within airrelevant and the ionic mobility is governed by the effects
range0.015V, < o < 0.036V.. Itis remarkable thatthe of the Coulomb interaction alone [19]. Accordingly,
model not only gives a good fit to the overall shape of thefor T > T, all curves in Fig. 2(a) approach the dashed

conductivity curves but also reproduces the small valuegne with sIopeEc(zo)/Vc, which corresponds to the values
of kT, /E,. obtained in the ordered system. The dashed line thus
In order to understand whyzT,/E, becomes much sets an upper bound for the ionic mobility, which by
smaller than one for smait., we need to know howE,  reducingo. is approached at lower temperatures. This
depends orw. quantitatively. We therefore plotted in way the conductivity is optimized by extending the
Fig. 3E,/V. (resulting from our computer simulations) as high-temperature regime to lower temperatures, i.e., by
a function ofo . /V, and find thatz, /V, increases linearly  decreasing,.
with o/ V., The analogous behavior occurs in the experiment when
E, =a|V, + ayo., (2) <z is increased [see Fig. 2(b)], which suggests that the
disorder of the ionic pathways is decreased by increasing
the iodine content. (This does, however, not nescessarily
. imply that the iodine ions form some regularly structured
@0¢) ~ oe/arV. for e — 0, and accordinglys Ty /Eq a—ié}ll—like microdomains in the glassy ngetwor)li, as it was
becomes much smaller than one for small We note  cqniectured, e.g., in [20] but later questioned in [21].)
that for largece > V., E, = a;o., which agrees with  One can roughly estimate the location of the experimental
the result, = 1.84c for o./V. — =, i.e., in the disor-  limiting curve by extrapolating the conductivity data in
dered system without Coulomb interaction (see the criticaFig. 2(b) to higher temperatures. The resulting curve is
path analysis given above). However, when extrapolatingirawn as dashed line in Fig. 2(b) and has an activation
Eq. (2) to o0 = 0, we obtain E, = 0.10V,, which is energyE, = 0.11 eV. In order to check for consistency,
more than 3 times larger than the valgs) = 0.032V,  we compare this value with the activation ene@g}) =
in the ordered system (see the dashed and dotted lin@032V,. of the limiting curve in the model. As a
in Fig. 3). This is an interesting disorder effect: Theresult we getV. = 3.4 eV, which is an acceptable value.
constant activation energy, is reached at temperatures For example, if we assume that the number density of
T <T,=o0c./kp, and in this regime even arbitrary Ag* ions is about2 X 10> cm™3 as inzAgl + (1 —
small energy fluctuations seem to increase the activationag,0-B,0; [22], and that the high-frequency dielectric

energy by a factor of about 3. constant ise. =~ 2, we obtainV, = 3.3 eV.
Based on the success of the model, we are now able |5 symmary, we have studied the transport of ions in an

to discuss the origin of the non-Arrhenius behavior andenergetically disordered structure and found that in the
the associated problem of optimized ionic conductionpresence of both disorder and Coulomb interaction the
non-Arrhenius behavior observed in a series of glassy fast

where a; = 0.10 and a, = 1.84 for ¢ = 0.01. Since
T, = o./kg, we obtain kgT,/E, = o./(a;V. +

04| 1 ion conductors is correctly reproduced. We have shown

that by decreasing the strength of the energetic disorder,

03| ] the activation energy can be systematically lowered and
> the crossover temperatufg to the non-Arrhenius regime

W g2 1 becomes smaller. According to this observation one may

- understand why the non-Arrhenius behavior has been

R 1 found in fast ion conducting glasses and is commonly
R not observed in traditional ionic glasses, as, e.g.;Na

* 0.0 ‘ ‘ 3Si0,. In these traditional ionic glasses the activation

000 00 s 010 018 energies are relatively large and one would thus expect

g€ ¢

that the strength of the energetic disorder is also large.
the strength of the disorder./V.. The dotted line indicates ﬁ\_s ha cc()jnsgqu;ltencteb the Crgszol;/elr te{Eperlaturet Sho.%{'.ld be
the activation energyE” in the ordered systemo{ = 0), Igh and might not be reached below the glass transition.
which is about 3 times smaller than the limiting value for ~Moreover, one may understand why the non-Arrhenius
o — 0. behavior for certain other fast ion conducting glasses can

FIG. 3. Simulated activation energy,/V. as a function of
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be removed by annealing [23]. After the annealing procespgL0] W. Schirmacher, M. Prem, J.-B. Suck, and A. Heidemann,
the glass belongs to a lower fictive temperature; i.e., its  Europhys. Lett13, 523 (1990).

structure has become more heterogeneous and more disdil] J. C. Dyre, Phys. Rev. B8 12511 (1993).

miliar with respect to that in the melt. Accordingly, the [12] V. Ambegoakar, B.l. Halperin, and J.S. Langer, Phys.
energetic disorder should be larger and the crossover tem- Rev. B4, 2612 (1971); B. . Shklovskii and A.L. Efros,
perature to the non-Arrhenius behavior could have been i28 %(S;).l)T]eor. Fiz60, 867 (1971) [Sov. Phys. JETE3
shlf'ged beyond _the glass transition te'mperature.“ This re 13] H. Bassler, Phys. Rev. Lefi8, 767 (1987).

soning can easily be tested by choosing smaller an_nealln 4] A. Bunde and S. Havlin, inFractals and Disordered
steps,” which would allow one to follow the change in the

] Systemsedited by A. Bunde and S. Havlin (Springer,
crossover temperature systematically. Heidelberg, 1996), 2nd ed.
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