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Crossover to nearly constant loss in ac conductivity of highly disordered pyrochlore-type
ionic conductors
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We report on ac conductivity measurements of oxide ion conductors with composition Gdz(ZryTi l—y)207’ at
temperatures between 170 and 500 K and in the frequency range 1 Hz—-3 MHz, and show that a crossover from
a sublinear power law to a linear frequency dependence (or nearly constant loss behavior) in the ac conduc-
tivity can be clearly observed in a wide temperature range. This crossover is found to be thermally activated,
and its activation energy Eycy, to be much lower than the activation energy Ej. for the dc conductivity. We also
found that the values of Eycp are almost independent of composition, and therefore of the concentration of
mobile oxygen vacancies, unlike those of E4. Moreover, for each composition, the values of Eycp
=0.67x=0.04 are very similar to those estimated for the energy barrier for the ions to leave their cages, E,
=0.69 +0.05. These results support that the nearly constant loss behavior, ubiquitous in ionic conductors, is

originated from caged ion dynamics.
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At enough low temperatures, or high frequencies, ionic
conductors show a universal behavior known as nearly con-
stant loss (NCL).!? It consists of a limiting linear frequency
dependence of their ac conductivity,

oneL(®) = Aggo, (1)
where A is a constant with weak temperature dependence’*
and g the permittivity of vacuum. The term “nearly constant
loss” is due to the corresponding nearly frequency indepen-
dent behavior of the dielectric loss ey (w)=0yc(w)/ we
~A. Despite the great interest in ionically conducting mate-
rials during the last decades, most experimental and theoret-
ical work has been devoted to understand the dynamics of
mobile ions at much higher temperatures, when the ions
eventually give rise to a long-range charge transport charac-
terized by a frequency-independent conductivity oy, and an
NCL contribution to the ac conductivity is usually absent
from experimental data. Therefore, until recently, conductiv-
ity data showing an NCL behavior were scarce in the
literature.> It was in 1999 that Ngai first pointed out the
correlation existing between the high values of the dc con-
ductivity o4 and the high values of the NCL magnitude A
found in superionic conductors with technological interest
for their application as electrolytes in solid-state batteries
and fuel cells.*!° Based on this fact and on several other
properties of the NCL experimentally observed in ionic con-
ductors, Ngai proposed its physical origin might be due to
the displacement of the mobile ions in their local vibrational
motion at low temperature and/or high frequency. Leén et
al."'-13 later found experimental evidence, in two different
lithium ionic conductors, consistent with such an origin for
the NCL contribution to the ac conductivity. From the mea-
surement of the crossover temperature (frequency) at which
the NCL behavior terminates at different fixed frequencies
(temperatures), they were able to determine an activation en-
ergy Eyncp, for the crossover which was found to be much
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lower than the activation energy Ej. for the dc conductivity,
governed by ion hopping dynamics, and in fact Eycp was
found to be similar to the value estimated for the energy
barrier for the ions to leave their cages, E,. Different models
for ionic conduction in solids have recently explained this
experimental finding based on the NCL behavior arising
from the cage decay or caged ion dynamics, which result in
a logarithmic time dependence of the mean-square displace-
ment and thus in a linear frequency dependence of the ac
conductivity.'*!5 However, there is still some debate on the
origin of the NCL in ionic conductors,'®?" arising most
probably from the scarceness of accurate experimental ac
conductivity data of ionic conductors showing a linear fre-
quency dependence in a broad temperature and frequency
range, since the dielectric loss value, A, and consequently
tan & values (tan 5=¢"/&’) are usually very low in the NCL
regime. In particular, it is not easy to obtain enough reso-
lution in measuring the ac conductivity (dielectric loss) val-
ues to determine precisely the crossover to the NCL behavior
by changing temperature or frequency.

Here we report on ac conductivity data of several oxide
ion conductors with composition Gd,(Zr,Ti,_,),0;. These
materials present a highly disordered pyrochlore structure
and have been shown to be promising candidates to substi-
tute fluorites such as yttria-stabilized zirconia as the electro-
lyte currently used in fuel cells.”’?> The cation and anion
substructures in the Gd,(Zr,Ti,_,),05 solid solution disorder
gradually as the Zr content increases, leading to the appear-
ance of oxygen vacancies at 48f sites which are known to be
responsible for oxygen hopping and diffusion.?>> We show
that the crossover to the NCL behavior can be clearly iden-
tified in these materials and it is found to be thermally acti-
vated with an activation energy Eycp, much lower than the
activation energy Ej. for the dc conductivity. We found that
the values of Eycp do not change upon modifying composi-
tion unlike those of Ey., and, in fact, Eycy, is similar to the
energy barrier of the cages, E,, as calculated from computer
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simulations?* and also estimated from electrical conductivity
relaxation measurements at higher temperatures.?>?® This re-
sult gives further support to the interpretation of the NCL in
ionic conductors coming from the cage decay dynamics at
enough low temperature and short times (high frequencies)
when the mobile ions still have a very small probability to
hop to neighboring vacant sites.'* This result highlights also
the importance of interactions among mobile ions in deter-
mining the values of the activation energy E,. for the dc
conductivity.?’

Samples were prepared by mechanically milling stoichio-
metric mixtures of high-purity elemental oxides, as described
in previous works.”> Phase composition of milled samples
was analyzed by x-ray power diffraction in a Philips X Pert
diffractometer using Ni-filtlered Cu Ka radiation (A
=1.5418 A) and chemical reactions were considered com-
pleted when no traces of the starting reagents were observed
by this technique. Impedance spectroscopy measurements
were carried out on pellets (7 mm diameter and ~0.7 mm
thickness) prepared by uniaxial pressing of the fine powders
obtained by milling (sintering temperature=1500 °C). Col-
loidal Pt paint was coated on both faces to serve as elec-
trodes and measurements were made under N, gas flow to
ensure an inert atmosphere. Impedance data were recorded
over the 1 Hz-3 MHz frequency range, as a function of
temperature, by using a Novocontrol high-resolution alpha
analyzer.

Figure 1(a) shows the frequency dependence of the real
part of the conductivity at several fixed temperatures for
Gd,Zr,04. It can be observed the NCL behavior, i.e., the
linear frequency dependence of the conductivity, at the high-
est frequencies, which becomes more dominant in the experi-
mental frequency window by lowering the temperature.
Solid lines in the figure represent the NCL term of the form
o\cL(w) =Awe, for each data set, which helps to identify the
crossover frequency at which the NCL behavior ends at each
temperature. At lower frequencies, an additional contribution
to the conductivity is observed due to ionic hopping, and the
conductivity data become sublinearly frequency dependent
and eventually become frequency independent in the dc con-
ductivity regime at enough low frequency or high tempera-
ture (see conductivity data at T=190 °C). These crossover
points are actually better determined by plotting the same
data as the frequency dependence of the dielectric loss,
el (w)=A, as in Fig. 1(b), where they are represented by
open squares. The criterion used to determine these cross-
over frequencies w, for the end of the NCL was chosen at the
point where the dielectric loss is no longer constant when
decreasing frequency but takes a value which satisfies the
relation log[e"(w,)/&"(10w,)]=0.03, that is £"(w,) is already
about a 10% higher than the constant & (w)=A value mea-
sured at higher frequencies. As observed in Fig. 1(b), choos-
ing this criterion allows enough accuracy in determining the
frequency w, while it is still very close to the frequency
range where NCL behavior is observed. It is important to
remark that, as discussed below, choosing different criteria as
a 5% or a 20% deviation leads to similar conclusions al-
though the values for the crossover frequencies will be
slightly different at each temperature.

The temperature dependence of the ac conductivity, for

PHYSICAL REVIEW B 82, 174304 (2010)

log o' (arb. units)

')))))))))))))))))))))))))))))

Oy s

~
j<]
)
o=
Z I
- Qy,
-n. 24 ‘))»))»»»»»»»»
2057
) .
5 e =
<
~
(]
<
=
=]
—

(b) log , (f/Hz)

FIG. 1. Frequency dependence of (a) the real part of the con-
ductivity and (b) the imaginary part of the permittivity for
Gd,Zr,05 sample at several temperatures. Conductivity data at 7
=20 °C are in siemens per centimeter, and, for clarity, other data
sets have been vertically shifted 1, 2, 3, and 4 decades, respectively,
for T7=60, 90, 130, and 190 °C.

the same sample, is represented as an Arrhenius plot in Fig.
2. Each data set is taken at different fixed frequencies, start-
ing at 1 Hz and up to 1 MHz from the bottom to the top. At
the highest temperatures, experimental data for the different
frequencies collapse in a single curve, corresponding to the
thermally activated dc ionic conductivity values (large open
circles). When the temperature is lowered an additional con-
tribution to the conductivity is observed, which is due to the
approximately power-law dependence of the ionic ac con-
ductivity, appearing at higher temperature for the highest fre-
quencies. In this regime, ions have already jumped over the
potential barriers of their wells but a stationary behavior, i.e.,
a dc conductivity value, for the long-range ionic transport,
has not been achieved yet. And finally, at enough low tem-
perature, we observe the dominant contribution of the NCL
to the ac conductivity. Once this regime appears it is found to
dominate conductivity curves up to the lowest temperatures.
Note that the NCL regime is characterized not only by a
linear frequency dependence of ac conductivity but also by a
weak temperature dependence, as usually found in ionic
conductors.*

We have also plotted in Fig. 2 the conductivity values at
the corresponding crossover to the NCL behavior (repre-
sented by open squares) obtained from the isothermal ac con-
ductivity data as described in Fig. 1. As for the case of the
lithium ion conductors analyzed in Ref. 11, the crossover is
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FIG. 2. (Color online) Arrhenius plots showing the temperature
dependence of the real part of the conductivity for Gd,Zr,O4
sample at several fixed frequencies (from 1 Hz to 1 MHz, three
frequencies per decade from bottom to top). Open square symbols
represent the crossover to the linear frequency-dependent conduc-
tivity or nearly constant loss regime (see text and Fig. 1). Large
open circles are dc conductivity data, and the solid lines are fits to
an Arrhenius law for dc conductivity data and for the crossover
temperature dependence.

found to be thermally activated, and the activation energy
Enct.=0.71£0.04 eV is also much lower than that measured
for the dc conductivity (E4.=1.32+0.04 eV).?® This is in
fact the expected result for the NCL arising from caged ions
with small probability to hop and leave the cages at low
temperatures.'*!> The lower value of the activation energy
would correspond to the actual energy barrier E, that mobile
oxygen ions have to overcome to leave their cages and hop
into neighboring vacant sites, while the activation energy for
long-range ion diffusion E. is larger since it takes not only
the energy E, but also an additional energy penalty which
would be due to the existence of ion-ion interactions and
consequently to the existence of unsuccessful ionic hops. Ac-
cording to Ngai’s coupling model,>*3° it is possible to esti-
mate the energy E, from the frequency-dependent complex
conductivity o*(w) measurements performed at higher tem-
peratures, where a dc conductivity plateau is observed within
the experimental frequency range, by using the relation

E,=(1-n)E,, (2)

where n is the fractional exponent characterizing the corre-
lation function ®(#) of ion hopping,®' which is usually well
described by a Kohlrausch-Williams-Watts (KWW) function,

®(1) = exp[— (1/7)'™"]. (3)

This correlation function accounts for the decay of the elec-
tric field inside the material under the constrain of a constant
displacement vector.?!*> Under a constant displacement vec-
tor between the electrodes, ions will diffuse inside the mate-
rial until a concentration gradient is created which progres-
sively cancels the electric field. Thus, the decay of the
electric field [and its exact time dependence ®(7)] is related
to how ions can diffuse inside the material. The use of the
electric modulus M*(w), which is directly related to the com-
plex conductivity, M*(w)=jwey/ 0*(w), allows obtaining the
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FIG. 3. (Color online) Frequency dependence of the imaginary
part of the electric modulus for Gd,Zr,O, sample at temperatures
T=170, 180, 190, and 200 °C from left to right. Solid lines are fits
of peaks maxima according to Egs. (3) and (4).

relaxation function in the time domain, ®(r), and determin-
ing the value of the exponent n from experimental data. The
frequency dependence of the electric modulus is given di-
rectly by the Laplace transform of the time derivative of the
correlation function ®(z),32

1- fo ’ <— %)e"ﬂ‘”dl] 4)

where ¢, is the dielectric permittivity at high frequencies,
and therefore the spectral shape and characteristic time of the
electric modulus is determined by the dynamics of mobile
ions3!32 which we are interested in. In particular, we can
analyze the frequency dependence of the experimental elec-
tric modulus data in order to determine the value of the ex-
ponent n that appears in Eq. (3) by fitting experimental data
to Eqgs. (3) and (4). According to the coupling model,?-** the
exponent n thus obtained relates the activation energy E . for
the relaxation time 7 in the correlation function to that of a
single ion hopping E,. Since the activation energy E. for the
dc conductivity is found to be the same than E, it follows
that this exponent n obtained from the analysis of the electric
modulus data can be used in Eq. (2) which relates the acti-
vation energies of conductivity data. It is important also to
remark that, despite the controversy that existed in the past
about the use of the electric modulus representation, both the
electric conductivity and the electric modulus are just differ-
ent representations of the same experimental data and there-
fore both of them can be used to analyze ion dynamics.33-3*

The electric modulus data of Gd,Zr,0; at several tem-
peratures are shown in Fig. 3 by M"(w), the imaginary part
of M*(w), together with the fits to Egs. (3) and (4) of the data
close to the peak maxima. Note that fits are made by using
experimental data up to one decade in frequency higher than
the peak frequency since it is well known that deviations
from the KWW fit occur at higher frequencies as the NCL
regime is approached.* These fits are in nice agreement with
the experimental data and a value of the exponent n=0.44
was obtained and found to be temperature independent.
Thus, by using Eq. (2) and the values determined from ex-

€
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FIG. 4. (Color online) Activation energies Ey. (¢) and E, (<)
as a function of Zr content in Gd,(Zr,Ti,_,),07. Dotted line repre-
sents the average value E,=0.67 eV obtained for the energy barrier
for oxygen hopping. The activation energy Encp, (V) for the cross-
over to the nearly constant loss behavior is also plotted, showing
similar values to the energy barrier £, for all samples.

periment for n and E4, a value of the energy barrier E,
=0.74*=0.04 eV is estimated, which is indeed very close, as
expected, to the value obtained from Fig. 2 for the energy
Enc.=0.71£0.04 eV. Moreover, these values are in good
agreement with that obtained in these materials from com-
puter simulations for the energy barrier for oxygen ions to
hop to neighboring vacant sites.?* We want also to emphasize
that, as noted above, choosing a different criterion for the
determination of the crossover frequencies (as a 5% or 20%
increase from the NCL value instead of the 10% value we
used) leads to the same value of the activation energy Excr.,
which is thus independent of this criterion as far as the cross-
over frequency is close enough to the NCL regime.

It has been recently reported that by substituting Ti for Zr
in Gd,(Zr,Ti;_,),0; the activation energy Eg increases with
the Zr content at temperatures above 200 °C.>>?® Interest-
ingly, the exponent n characterizing the KWW time depen-
dence of the corresponding correlation functions was also
found to increase with the Zr content, and in fact the esti-
mated value for the energy barrier E, according to Eq. (2)
was obtained to be independent of composition within ex-
perimental error. Since it is well known?!*3 that the number
of mobile oxygen vacancies at 48f sites increases by about 2
orders of magnitude by increasing Zr content from y=0.3 to
y=1, the observed increase in E4 has been rationalized as
just the consequence of the higher value of the exponent n
due to an enhanced cooperativity among the mobile oxygen
vacancies in the dynamics of the long-range diffusion pro-
cess, although the microscopic energy E, does not change
significantly.?>?® Thus, it is also expected that the value of
the energy Eycp remains essentially independent of Zr con-
tent in Gd,(Zr,Ti;_,),0; samples and takes values similar to
E, for each composition. In order to check this prediction we
have done similar measurements and analysis as those pre-
sented for Gd,Zr,O; but for samples with different Ti/Zr
contents, and the results for Eycp are shown in Fig. 4. It
shows that the activation energy Eycy, is found to be inde-
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FIG. 5. (Color online) Frequency dependence of the dielectric
loss for Gd,Zr,O; at several temperatures: T=0 °C (squares),
—20 °C (up triangles), —40 °C (down triangles), —60 °C (dia-
monds), and —80 °C (stars). As shown in Fig. 2, all these tempera-
tures are well below the crossover temperature even at the lowest
frequency (1 Hz), and thus the dielectric loss shows the character-
istic NCL behavior. Data at higher temperatures are also shown for
comparison (7=20, 60, 90, and 130 °C, from bottom to top as large
open circles). Dashed line represents a weak power-law frequency
dependence for the dielectric loss with an exponent of 0.05 and is
plotted as a guide to the eyes.

pendent of the Zr content, as expected, and is in fact in very
good agreement with the values for the energy barrier E,
obtained by using Eq. (2) with the values of n and E,, ob-
tained experimentally for each composition.

It is important to emphasize that it is the crossover fre-
quency between the end of the NCL behavior and the onset
of ionic hopping response which is found to be thermally
activated with activation energy Eycy, and not the amplitude
of the NCL itself, which is observed at higher frequencies
and shows a very weak temperature dependence (see Fig. 2).
Since ion hopping is more strongly dependent on tempera-
ture, it dominates the temperature dependence of the cross-
over frequency and it is found that Eyncp=E,. In order to
further characterize the NCL behavior in these materials, it is
necessary to get away from the crossover region and conduct
measurements at lower temperatures. Thus we have also per-
formed impedance spectroscopy measurements lowering
temperature down to 173 K, that is well below the crossover
observed in Fig. 2 even for the lowest frequencies. Figure 5
shows the dielectric loss as a function of frequency for sev-
eral fixed temperatures in this temperature range together
with those measured at higher temperatures. We want to em-
phasize that once the NCL behavior is reached the dielectric
loss becomes almost temperature and frequency independent,
as it is in fact expected in ionic conductors.* Note that the
maximum slope observed for the frequency dependence of
the dielectric loss in the log-log scale of the figure is about
0.05, i.e., the dielectric loss is changing less than a factor of
2 while the frequency changes over 6 orders of magnitude.
One can also readily observe that the dielectric loss shows a
very broad peak at the lowest temperatures, which is also a
characteristic feature of the NCL behavior in crystalline ionic
conductors having a high concentration of mobile ions® like
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in this case. Such a behavior is also reminiscent of the di-
electric loss arising from the relaxation of a distribution of
asymmetric double-well potentials (ADWPs), a formalism
developed by Gilroy and Phillips®” which has been previ-
ously proposed to account for an NCL contribution originat-
ing from the so-called “jellyfish” fluctuations of the atoms in
the solid, including the mobile ions.?® In the jellyfish con-
cept, a group of atoms collectively moves between different
configurations, in contrast with isolated ion hopping deter-
mining the conductivity at higher temperatures. Since there
is no diffusive, single-ion hopping involved, the ADWP/
jellyfish fluctuations are also possible in the realm of cage
dynamics. In fact, recent theoretical work®® has shown that
the NCL can be understood in terms of a local motion of ions
governed by random dipolar interactions between ADWP-
like centers which is eventually terminated by thermally ac-
tivated ion hopping, in agreement with our experimental re-
sults.

In summary, we have determined the crossover frequen-
cies at which the NCL behavior ceases to exist in isothermal
ac conductivity data of highly disordered pyrochlore-type

PHYSICAL REVIEW B 82, 174304 (2010)

oxide ion conductors of composition Gd,(Zr,Ti;_,),0; with
different Zr contents. We have found that this crossover is
thermally activated with an activation energy similar to that
determined for the microscopic energy barrier for mobile ox-
ide ions to hop to neighboring sites, which is found to be
significantly lower than the activation energy E,. for the dc
conductivity that results from long-range diffusion of oxide
ions. This result gives further support to the important role
played by cooperativity effects among mobile ions, in addi-
tion to the energy barrier, in determining the value of the
activation energy for the dc conductivity, and is consistent
with the NCL in these ionic conductors arising from cage
decay dynamics.
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