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The ac conductivity o(w) of three ionically conducting crystalline materials (NaCl:Zn2",
KTaO3x:Co**,H*, and Ce02Gd**) and two glasses have been studied over an unusually wide tempera-
ture range. In all cases, limiting power-law behavior [exponent s=1 in o(w) =060+ Aw"’] is observed at
relatively low temperatures. It is concluded that this limiting behavior is a universal phenomenon.
Available theoretical explanations have been examined and found to be unsatisfactory.

PACS numbers: 66.30.Hs, 77.40.+i

The ac conductivity of many materials shows disper-
sion behavior through a dependence of the electrical con-
ductivity o on angular frequency o of the form

clw)=cp+Aw*, 1)

where op is the dc (or low-frequency) conductivity and
the exponent s lies in the range 0 <s < 1. Such behavior
has been so widely observed for highly disordered materi-
als, e.g., ionically conducting glasses, conducting poly-
mers, and amorphous semiconductors, that it has come to
be known as the ‘“‘universal dynamic response” [I,2].
Other manifestations of this relaxation-type behavior ap-
pear in the real part of the dielectric constant, &, which
varies as

£€—chxw' ™", )

where & is the high-frequency value of ¢. [Equation (2)
follows from (1) as a consequence of the Kronig-Kramers
relations.] In the time domain, Eq. (1) is equivalent to

o(t) =exp(—1t/7)' ™%, 3)

where ¢(z) is the normalized decay of the transient
current which follows the sudden application of a steady
electric field and  is a relaxation time. The expression in
Eq. (3) is known as a “stretched exponential,” or as the
Kohlrausch-Williams-Watts (KWW) expression for ¢(z)
[3,4].

These various manifestations of broad (non-Debye) re-
laxation behavior have been widely discussed in the
literature. The theoretical approaches are basically of
two types. First, there are single-particle hopping mod-
els, involving random barriers and/or trapping sites, so
that the carriers move in percolating networks [5]. Alter-
natively, there are the theories that regard the hopping
event as involving many-particle interactions, so that the
motion of a carrier is greatly influenced by the relaxation
of its neighborhood, and the exponent s is a measure of
the degree of interaction [6]. In both cases, there is the
question of how s varies with temperature (or frequency,
over a wide frequency range) and whether s can reach the
limiting value, s=1. In some theories s =1 is regarded as
an unattainable limit [1]. In fact, for this case, there is
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no decay of transient current, as given by Eq. (3). Other
theories suggest that s increases toward the limit of unity
as the temperature decreases [7].

The experimental situation is somewhat unclear.
While for amorphous semiconductors at low tempera-
tures, the case of s=1 has been widely reported [8], the
appearance of this limiting case does not seem to have
been well established for ionically conducting materials.
In this Letter, we examine a number of crystalline and
glassy ionic conductors and show that the case of s=1 is
observed for some relatively simple defect systems, and
also that it may appear as a limiting behavior at relative-
ly low temperatures for systems in which, typically, s#1.
In this work, we are able to extend the range of tempera-
tures downward by using an automated ac capacitance
bridge (Andeen Associates CGA-83) that is capable of
measuring conductances as low as 10 ~ '3 mho over a fre-
quency range from 10 Hz to 100 kHz in seventeen inter-
vals. Both conductance G(w) and capacitance C(w)
were measured; these measurements were then converted
to o(w) and £'(w) using the sample dimensions. Further
details of the measurements are given elsewhere [9].

The ionically conducting materials studied, and listed
in Table I, are intended to constitute a representative
selection. Our objective will be to study the ac conduc-
tivity behavior in light of what is already known about oy
of these materials. First, NaCl doped with divalent cat-
jons (50 ppm of Zn?*) constitutes one of the oldest and
most widely studied ionic conductors, in which the charge
carriers are cation vacancies that compensate for the
Zn** dopant [10]. On the other hand, Co?*-doped

TABLE I. Materials studied, s values observed, and conduc-
tivity activation energies.

Temperature Es

Material range (K) s (eV)

NaCl:(50 ppm Zn3*) 298-475 1 0.95
KTaO;:(~30 ppm Co**,H*)  430-525 1 1.01
Ce0::(6 mol% Gd»>03) 95-400 1.0-0.60 0.79
Na,O- 3SiO; glass 95-400 1.0-0.60 0.72
(Na/Cs),0- 3Si0; glass 180-500  1.0-0.60 0.89
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KTaO; is known to become a protonic conductor after
treatment in water vapor at high temperatures [11].
Here interstitial protons compensate for the lower-valent
Co?* ions that sit on Ta>" sites. Both the NaCl and
KTaO; samples studied here are single crystals. The
CeO; doped with 6 mol% Gd,O; is a widely studied
oxygen-ion conductor [12], the carriers being oxygen-ion
vacancies that compensate the Gd3* dopant which sub-
stitutes for Ce**. This material is studied as a polycrys-
talline ceramic. Finally, we have made measurements on
two silicate glasses, one a Na-trisilicate glass and the oth-
er a Na/Cs mixed alkali glass.

Figure 1 shows the conductance data for the NaCl
sample at various temperatures. In the higher tempera-
ture range, we find o independent of w over the low range
of frequency, representing oo [see Eq. (1)]. When oy is
plotted on an Arrhenius plot, a good straight-line region
is obtained (covering nearly five decades in &) which
gives E;=0.95 eV for the activation energy. There is no
question that these results fall in the association range
(stage I1I) of the conductivity curve, in which cation va-
cancies and Zn2* dopant ions are almost fully associated
[10]. The corresponding migration energy for cation va-
cancies, E,,, is only about 0.69 eV so that E, is made up
of E,, and a corresponding association energy term [13].
From the dependence of o on frequency at the higher fre-
quencies in Fig. 1, we obtain the exponent s, and find that
s=1 over the temperature range 298-475 K. The corre-
sponding capacitance curves C(w) are essentially in-
dependent of frequency, consistent with Eq. (2) for the
case s =1.

Similar behavior was found for the protonically con-
ducting KTaOj; crystal over a narrower temperature
range of 430-525 K, again showing s=1 behavior from

1E-6 . , :
1E-7 ]
h 3
1E-8 kg o—ﬁ
f R
1E-9 o
o S
% © i
E:/ 1E-10 F—o—o—cy—o—-o—o—b——'c”‘—o‘n/g/g% 3
o o
-
1E-11 E oo ]
,_o_o_cr—o—/"’::g?"/
/Q/
1E-12 | ° ]
?'BVE/O/ slope = ]
1E-13 ¢4 ]
]
1E-14 L L 1
10 100 1000 1E4 1ES
Frequency (Hz)
FIG. 1. Conductance as a function of frequency for

NaCl:Zn2* at several temperatures. Curves a-h are at 23.0,
55.5,90, 127.5, 156, 197.5, 226.5, and 260 °C, respectively.
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the ac conductivity. Again the conductivity activation en-
ergy, E,=1.01 eV, includes an association term, since
E.,=0.74 eV [14].

The oxygen-ion conducting ceramic CeO; was studied
over a wide range of temperature. In the higher tempera-
ture range, 320-400 K, we have found a constant
5 =0.60. The conductivity activation energy E, is 0.79
eV, again higher than the migration energy of 0.61 eV
[12]. Below 320 K, however, s began to rise until it
reached s=1 at the lowest temperatures studied, as
shown in Fig. 2. Interestingly enough, the two glasses
studied showed very similar behavior for their s(7)
curves. The Na trisilicate data fall almost exactly on top
of the data for CeO; in Fig. 2 and were, therefore, omit-
ted from this figure; the data for the mixed alkali glass
are somewhat displaced to higher temperature and are
presented in Fig. 2. The relevant data for all of these ma-
terials are presented in Table I, including the conductivi-
ty activation energy E,.

For the case of a silicate glass, it has also been shown
[15] that s =1 behavior can be attained by going to an
extremely high range of frequencies instead of to lower
temperatures using a combination of techniques (IR, mi-
crowave, etc.). In such cases, however, questions might
be raised about the compatibility of the various tech-
niques. The present observation of s(7) using a single
sample and a single technique is perhaps a more convinc-
ing demonstration that the limiting behavior (s=1)
occurs in all cases at the lower temperatures (but well
above the cryogenic temperature region). It further sug-
gests that s=1 is actually reached and not just ap-
proached. Furthermore, far from requiring highly disor-
dered systems with a wide distribution of activation ener-
gies, it is found for simple defect systems in which the de-
fect concentrations are low, with the bound carriers
present in the simple form of associated pairs. (Especial-
ly noteworthy are the cases of NaCl and KTaO3.)

Let us then consider the theoretical justification for
such limiting behavior. While several models suggest
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FIG. 2. Dependence of exponent s on temperature 7 for
Ce0,:Gd,0; ceramic and (Na/Cs)>0:3SiO; glasses.
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that s(7) increases toward unity as the temperature de-
creases, there is one model that is widely quoted as giving
rise to the limiting value of s =1 [16]. This model con-
siders a two-level system, involving hopping between two
sites that have an energy difference [17]. For electronic
carriers, the model has been considered with quantum-
mechanical tunneling taking place through the barrier,
but for ionic carriers at temperatures ~—200 K, only hop-
ping over the barrier seems worthy of consideration. In
this case, however, in order to obtain s =1, it is necessary
to assume that the relaxation times vary exponentially
with a parameter (e.g., an energy) that has a wide and
uniform distribution of values. Such a model which is
based on the existence of a high and random degree of
disorder is inconsistent with the relatively simple defect
structure of the three crystalline materials that we have
selected. In each of these three cases, the dc conductivity
is well understood in terms of the charge carriers being
associated with oppositely charged defects, so that the
number of free carriers is determined by a dissociation of
such pairs or complexes. Thus, the model that describes
oo is incompatible with the requirement of a very broad
and featureless distribution function for hopping events.

In conclusion, the limiting behavior (s=1) appears to
be a universal phenomenon; yet none of the models
presented in the literature offers a satisfactory explana-
tion for this distinctive behavior.

We wish to thank Dr. L. A. Boatner for supplying the
doped KTaOj crystal, and Professor H. Jain for the glass
samples and for helpful discussions. This work was sup-
ported by the U.S. Department of Energy under Grant
No. DE-FG 02-88ER 45341.

@Now at Mitsubishi Materials Corporation, 1034
Kamiochiai, Yono City, Saitama 330, Japan.
[1] A. K. Jonscher, Dielectric Relaxation in Solids (Chelsea
Dielectrics Press, London, 1983).

[2] K. L. Ngai, Comments Solid State Phys. 9, 127 (1979);
9, 141 (1980).

[3] R. Kohlrausch, Ann. Phys. (Leipzig) 72, 393 (1847).

[4] G. Williams and D. C. Watts, Trans. Faraday Soc. 66, 80
(1970).

[5] See, for example, H. Scher and M. Lax, Phys. Rev. B 7,
4491 (1973); G. A. Niklasson, J. Appl. Phys. 62, 258
(1987); J. C. Dyre, J. Appl. Phys. 64, 2456 (1988); W.
Schirmacher, Solid State Ionics 28-30, 129 (1988).

[6] See, for example, R. G. Palmer, D. L. Stein, E. Abra-
hams, and P. W. Anderson, Phys. Rev. Lett. 53, 958
(1984); K. Funke, Z. Phys. Chem. 154, 251 (1987); S. R.
Elliott, Solid State Ionics 27, 131 (1988); K. L. Ngai, A.
K. Rajagopal, and S. Teitler, J. Chem. Phys. 88, 5086
(1988); P. Maass, J. Petersen, A. Bunde, W. Dieterich,
and H. E. Roman, Phys. Rev. Lett. 66, 52 (1991).

[7]1 W. Dieterich, Solid State Ionics 40/41, 509 (1990); Dyre,
Ref. [5].

[8] A. R. Long, Adv. Phys. 31, 553 (1982); S. R. Elliott, Adv.
Phys. 36, 135 (1987); X. LeCleac’h, J. Phys. (Paris) 40,
423 (1979).

[9] T. Scherban, W. K. Lee, and A. S. Nowick, Solid State
Ionics 28-30, 585 (1988).

[10] A. D. Franklin, in Point Defects in Solids I, edited by J.
Crawford and L. Slifkin (Plenum, New York, 1972),
Chap. 1.

[11] W. K. Lee, A. S. Nowick, and L. A. Boatner, Adv.
Ceramics 23, 387 (1987).

[12] A. S. Nowick, in Diffusion in Crystalline Solids, edited
by G. E. Murch and A. S. Nowick (Academic, Orlando,
1984), Chap. 3.

[13] F. Agullo-Lopez, C. R. A. Catlow, and P. D. Townsend,
Point Defects in Materials (Academic, London, 1988),
Chap. 5.

[14] T. Scherban and A. S. Nowick (to be published).

[15] J. Wong and C. Angell, Glass: Structure by Spectrosco-
py (Dekker, New York, 1976); R.H. Cole and E. Tom-
bari, J. Non-Cryst. Solids 131-133, 969 (1991).

[16] M. Pollak and G. E. Pike, Phys. Rev. Lett. 28, 1449
(1972).

[17]1 P. W. Anderson, B. I. Halperin, and C. M. Varma, Philos.
Mag. 25, 1 (1972).

1561



