
Nearly constant loss in crystalline oxide-ion conductor Gd2Zr2O7

M. R. Díaz-Guillén &M. A. Frechero & J. A. Díaz-Guillén &

A. F. Fuentes & C. León

Received: 28 November 2013 /Accepted: 28 February 2014 /Published online: 18 March 2014
# Springer Science+Business Media New York 2014

Abstract We present a study of the nearly constant loss
regime in the oxide-ion conductor Gd2Zr2O7 by using Imped-
ance Spectroscopy measurements. At enough low tempera-
ture, between 173 and 253 K, the dielectric loss is found to be
almost temperature and frequency independent within the
whole experimental frequency range (10 Hz – 1 MHz). How-
ever, a symmetric and very broad relaxation peak is clearly
resolved in the loss spectra. This peak shows a thermally
activated peak frequency with activation energy Eτ=0.29±
0.02 eV, and its origin is discussed in terms of previously
proposed models for the nearly constant loss.
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1 Introduction

In 1991, Nowick and coworkers reported the existence
of a universal behavior in the low temperature conduc-
tivity of ionically conducting materials [1]. They found
that an almost linear frequency dependence of the ac
conductivity at the highest frequencies is ubiquitous in
these materials, and that the frequency range where this
linear relationship approximately holds extends towards
lower frequencies when temperature is decreased. They
also showed that this regime eventually covers the
whole experimental frequency range at enough low tem-
peratures, typically within 1 Hz and 1 MHz, though it
has been observed in an even broader frequency range
[2, 3]. An approximately linear frequency dependence of
the ac conductivity at enough high frequencies had been
reported earlier by Angell [4]. Even earlier, Macedo and
Moynihan had approached the problem with the electric
modulus representation and already showed the devia-
tion from the Kohlrausch-Williams-Watts fits at enough
high frequencies and/or low temperatures as the fre-
quency dependence of the conductivity approaches a
linear behavior [5, 6]. However, Nowick et al. were
the first to recognize this linear frequency dependence
as a universality in ionic conductors. Since then, this
behavior is usually referred to as “second universality”,
because the presence of a universal power-law frequen-
cy dependence (the so called Jonscher’s law) of the ac
conductivity at higher temperatures / lower frequencies,
was already well established at that moment [1, 7]. The
imaginary part of the dielectric permittivity, or dielectric
loss, ε″(ω), is related to the real part of the conductiv-
ity, σ′(ω), by

ε″ ωð Þ ¼ σ 0 ωð Þ=ε0ω ð1Þ
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with ω the angular frequency and ε0 the permittivity of
vacuum. Thus a linear frequency dependence of ε′(ω) means
a constant ε″(ω) value, and consequently the “second univer-
sality” is also known as “nearly constant loss” (NCL) regime
[8].

For the last 20 years much work has been devoted to
understand the origin and properties of the “second universal-
ity” in ionic conductors [9–15]. In 1999, Ngai pointed out [16]
the correlation existing between the value of the NCL magni-
tude at low temperatures and the value of the dc conductivity
σ dc at room temperature. In particular, superionic conductors
with technological interest for their application as electrolytes
in solid state batteries and fuel cells usually show very high
values of the NCL magnitude [14, 16–18]. Based on the
different properties observed from experiment for the NCL
in ionic conductors, Ngai proposed its physical origin might
be due to the local displacements of the mobile ions at low
temperature and/or high frequency before they are able to hop
to available neighboring sites. Later on, León et al. found
experimental evidence, in two different lithium ionic conduc-
tors, consistent with such an origin for the NCL contribution
to the ac conductivity [13, 19, 20]. Ngai’s Coupling Model
was shown to explain this finding, with the NCL behavior
arising from caged ion dynamics, which result in a logarithmic
time dependence of the mean square displacement and thus in
a linear frequency dependence of the ac conductivity [21, 22].
Other different scenarios have been also proposed to explain
the NCL properties [2, 23–25].

A key issue in order to definitely understand the nature and
origin of the NCL might be the presence of additional, usually
very weak, relaxations in the dielectric loss spectra at low
temperature, that have been reported to occur in some “sim-
ple” ionic conductors [26]. Nowick et al. showed that in the
case of “simple” systems, i.e. ionic crystals doped with dilute
concentrations of aliovalent impurities, a conventional NCL
behavior is not observed at low temperature since at least one
relaxation peak appears in the dielectric loss. They also
showed that this peak seems to smear out giving rise to a
conventional NCL behavior in “complex” ionic conductors
characterized by a high degree of disorder, i.e. when the
concentration of impurities is largely increased, or in the case
of ionic glasses [8, 26]. However, whether the relaxation peak
in the dielectric loss evolves to a conventional NCL behavior,
or both contributions may be always present and the NCL
dominates the electrical response for “complex” systems, is
not clearly established yet.

Here we report on the dielectric loss data of an oxide-ion
conductor, Gd2Zr2O7, which has a large concentration of
mobile oxygen vacancies and thus can be considered as a
“complex” ionic conductor according to Nowick’s classifica-
tion [26]. Gd2Zr2O7 presents a highly disordered pyrochlore
structure [27, 28] with oxygen vacancies at 48f sites which are
known to be responsible for oxygen hopping and diffusion,

and shows a high ionic conductivity at high temperature (σdc~
10−3 S/cm at 600 °C). In fact it has been proposed as a possible
electrolyte material in solid oxide fuel cells to substitute
currently used fluorites like yttria stabilized zirconia [29,
30]. We find that, as expected from its “complex” character,
a broad relaxation peak dominates the loss spectra at enough
low temperature. While the shape of the peak hardly changes
with temperature, its maximum is thermally activated. The
value obtained for the activation energy seems too low to be
related to ion hopping processes, and is discussed in terms of
previously reported models for the NCL.

2 Experimental

Samples were prepared by mechanically milling stoichiomet-
ric mixtures of high purity elemental oxides, as described in
previous works [31]. Phase composition of milled samples
was analyzed by X-ray power diffraction (XRD) in a Philips
X’Pert diffractometer using Ni-filtered CuKα radiation (λ=
1.5418 Å), and chemical reactions were considered completed
when no traces of the starting reagents were observed by this
technique. Impedance spectroscopy measurements were car-
ried 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). Colloidal Pt-paint
was coated on both faces to serve as electrodes, and measure-
ments were made under N2 gas flow to ensure an inert atmo-
sphere. Impedance data were recorded over the 10Hz−1MHz
frequency range, at selected temperatures between 173 and
500 K, by using a Novocontrol high resolution alpha analyzer.

3 Results and discussion

Figure 1(a) shows the frequency dependence of the real part of
the ac conductivity in a log-log scale, at several fixed temper-
atures between 173 and 403 K. It can be observed that, below
room temperature, the conductivity is almost linearly frequen-
cy dependent in the whole experimental frequency range,
which is the NCL regime reported by Nowick et al. as a
universal regime in ionic conducting materials [1, 26]. As a
guide to the eye, the dashed line in the figure represents the
linear frequency dependence for the conductivity. At the
highest temperatures, although a NCL still dominates the
electrical conductivity at 403 K in the highest frequency
decade, the ac conductivity departs from a linear dependence
at low frequencies, crossing over to sublinear (power-law)
frequency dependence, with the power exponent changing
from approximately 1 to 0.6 with increasing temperature or
decreasing frequency. This is due to the increasing probability
of ion hopping and the onset of long range ion diffusion [13,
19, 32–34]. The presence of an activated hopping diffusion
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process is more evident in Fig. 1(b), which shows isochronal
ac conductivity data as a function of temperature in an Arrhe-
nius plot. At high temperatures, in the dc conductivity regime,
conductivity is found to be frequency independent and shows
a thermally activated behavior with activation energy Edc=
1.32±0.04 eV (see red line in Fig. 1(b) and red open circles in
its inset). When decreasing the temperature, and first for the
highest frequencies, the ac conductivity enters into the power
law frequency dependent regime and it departs from the dc
conductivity value. Finally, at enough low temperature, the ac
conductivity is dominated by the NCL contribution and shows
very weak temperature dependence, which has been often
reported in the past as a feature of the NCL regime [2, 16,
17, 23, 35]. The NCL regime has been previously proposed to
arise from caged ion dynamics, when ions do not have enough
thermal energy or time to overcome the potential barrier and
hop to neighboring vacant sites [21, 22]. A thermally activated
crossover from the NCL to the ac conductivity due to ion
hopping (see blue line in Fig. 1(b) and blue solid triangles in
its inset) was already reported for this material [34], similar to
that found in other ionic conductors [13], and its activation
energy of about 0.71±0.04 eV has been proposed to be the

potential barrier needed for independent ion hopping [21, 36].
The much larger value observed for the dc conductivity acti-
vation energy is interpreted in terms of the additional energy
needed for dc or long range ion transport to take place due to
the existence of ion-ion interactions during the hopping dy-
namics [14, 37].

The NCL behavior is better observed in Fig. 2(a), showing
the dielectric loss ε″ as a function of frequency. Note that,
below room temperature, the dielectric loss varies as much as
a factor of 2 while the frequency changes over five orders of
magnitude. The NCL behavior can be also observed from the
plot of the real part of the dielectric permittivity ε′ as a
function of frequency (see Fig. 2(b)). According to the
Kramers-Kronig relations, the dielectric loss in the NCL re-
gime is given by [38]:

ε″ ωð Þ ¼ −
π
2

dε 0 ωð Þ
dln ωð Þ ; ð2Þ

what results in an almost logarithmic dependence of ε′ on
frequency if the dielectric loss is nearly constant. In fact we

Fig. 1 (a) Frequency dependence of the real part of the conductivity,
σ′(ω), in a log-log scale, for several temperatures between 173 K and
403 K. Dashed line in the figure represents a linear frequency depen-
dence, σ′(ω)~ω. (b) Temperature dependence of the real part of the
conductivity at several fixed frequencies (22 Hz, 48 Hz, 107 Hz, 210 Hz,
522 Hz, 1 kHz, 2 kHz, 5 kHz, 10 kHz, 20 kHz, 55 kHz, 110 kHz,
210 kHz, 525 kHz, and 1 MHz, increasing frequency from bottom to

top). Inset: Arrhenius plot of the conductivity values at the crossover
point between hopping conductivity and nearly constant loss behavior
(blue solid triangles) and dc conductivity values (red open circles). Solid
lines in inset and main panel are fits to an Arrhenius law for dc conduc-
tivity values (red), and crossover points between hopping conductivity
and nearly constant loss behavior (blue)

Fig. 2 (a) Dielectric loss spectra at several fixed temperatures between
173 K and 403 K. Solid lines are best fits according to Eq. (3) (see text)
with fit parameters shown in Table 1. (b) Frequency dependence of the

real part of the permittivity, ε′(ω), for several temperatures between
173 K and 403 K. Solid lines are best fits to Eq. (2) in the text
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can see in Fig. 2(b) that this logarithmic dependence approx-
imately holds in the whole experimental frequency window
below room temperature. Moreover, we can check the consis-
tency of the experimental data by using Eq. (2) and estimate
the value of the dielectric loss at a given temperature from the
slope of ε′ vs ln(ω). We did that for the data at 173 and 253 K,
and obtain ε″=0.16±0.02 within this temperature range, in
good agreement with the experimental data for the dielectric
loss in Fig. 2(a). It is however obvious in Fig. 2(a) the
presence of a very broad and nearly symmetric relaxation
peak in the dielectric loss at the lowest temperatures, whose
characteristic frequency decreases when decreasing the tem-
perature. Note that the presence of this dielectric relaxation
process is obscured in the conductivity vs frequency plot
(Fig. 1(a)) but becomes evident in the dielectric loss represen-
tation. In order to obtain the amplitude and characteristic
relaxation time of this relaxation process we have fit the
experimental dielectric loss data at the different temperatures
to the following equation:

ε* ωð Þ ¼ ε 0−iε″ ¼ ε∞ þ C

1þ iωτð Þαð Þβ
−iA ; ð3Þ

where the dielectric permittivity is described as a superposi-
tion of a high frequency dielectric permittivity (ε∞), a
Havriliak-Negami type [39] relaxation process of amplitude
C and characteristic relaxation time τ, and a possible addition-
al contribution of a strictly constant loss of amplitude A. Solid
lines in Fig. 2(a) are best fits to Eq. (3), and the parameters
obtained from the fits for the different temperatures between
173 and 253 K are given in Table 1. We find from the fits that
the value of A is negligible at all temperatures. In fact, the
quality of the fits is improved if one considers A=0, even
though the use of one parameter less. The values obtained for
the fractional exponents α and β are consistent with the
observation of a very broad and symmetric relaxation peak
in the dielectric loss spectra. The value of the exponent β is
found to be 1 at all temperatures (except for the highest one,
where we have fixed the value in the fit since there are not
enough experimental points at high frequencies to resolve the

peak shape unambiguously). This indicates that the peak in the
loss spectra is indeed symmetric and that the relaxation pro-
cess could be described by using a Cole-Cole function for the
relaxation process [40]. The value of the exponent α is also
found to be almost temperature independent (see inset to
Fig. 3) but much smaller (α=0.23±0.02), which indicates that
the loss peak is actually very broad as experimentally ob-
served. A value C=2.2±0.4 is obtained for the amplitude of
the relaxation process, much smaller than the value of the high
frequency permittivity value in this temperature range (ε∞=26
±2), and seems to decrease slightly when decreasing temper-
ature. Finally, the temperature dependence of the characteristic
relaxation time τ is plotted in the main panel of Fig. 3 in an
Arrhenius fashion. The solid line in this plot is a fit to a
thermally activated behavior for the relaxation time, from
which an activation energy Eτ=0.29±0.02 eV can be estimat-
ed. Therefore, the NCL behavior results in Gd2Zr2O7 from a
very broad relaxation peak in the loss spectra, that can be
described by a Cole-Cole function, and whose relaxation time
is thermally activated. The origin of this relaxation process is
unclear. The activation energy Eτ seems to be too low to be
related to oxygen hopping reorientation processes. Broad
relaxation peaks in the loss spectra with similar values for
the activation energy were obtained by Nowick et al. in other
“complex” ionic conductors characterized by a high degree of
disorder, like Gd- and Y-doped ceria, and it was proposed to
be originated from coordinated ion motions by less than an
atomic spacing, described as “rocking motions” [26]. Such a
description is somehow similar to the concept of “jellyfish
fluctuations” introduced by Jain et al. [2]. Other authors have
also reported the presence of a broad relaxation process in the
NCL regime of several borate glasses [41, 42]. These collec-
tive relaxation modes, such as rocking motions or jellyfish
fluctuations, are possible in the realm of cage dynamics as the

Table 1 Results from the fits of the dielectric loss spectra at different
temperatures to Eq. (3) in the text

T (K) α β log [τ (s)] C

173 0.223±0.003 1 −3.38±0.03 1.84±0.02

193 0.228±0.002 1 −4.22±0.02 1.97±0.02

213 0.248±0.002 1 −5.09±0.01 1.95±0.01

233 0.238±0.002 1 −5.74±0.01 2.19±0.02

253 0.216±0.003 1(*) −6.50±0.03 2.60±0.04

(*) The value β=1 was fixed in the fit at T=253 K (see text)

Fig. 3 Arrhenius plot of the relaxation time τ as obtained from fits of the
dielectric loss to Eq. (3) in the text. Inset shows the temperature depen-
dence of the Cole-Cole parameter α as obtained from the same fits. Solid
line in the main panel is a fit to an Arrhenius law fromwhich an activation
energy Eτ=0.29±0.02 eV is obtained
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origin of the NCL [21], but a clear explanation remains elusive
for the observed thermally activated behavior of the broad
dielectric loss peaks giving rise to the NCL behavior at low
temperatures in “complex” ionic conductors.

4 Summary and conclusions

We have studied the nearly constant loss regime in the oxide-
ion conductor Gd2Zr2O7. Below room temperature the con-
ductivity vs frequency plots show almost linear frequency
dependence in a frequency range that extends towards low
frequencies as the temperature decreases. We found that the
dielectric loss is not completely frequency independent, but a
well defined relaxation peak exists in the loss spectra. The
observed peak is very broad, symmetric, and can be described
by a Cole-Cole relaxation function for the dielectric permit-
tivity. The attempts to separate two different contributions to
the dielectric loss, namely a relaxation peak and a strictly
constant loss term, from the fits to experimental data, show
that only the relaxation peak exists. While the spectral shape
of the dielectric loss peak is almost independent of tempera-
ture, the peak frequency is thermally activated. This behavior
is similar to that reported in other “complex” ionic conductors
with a large concentration of mobile ions. In fact, it has been
previously proposed that the loss peak broadens and effective-
ly become a NCL behavior as the concentration of mobile ions
is increased [26]. The value obtained for the activation energy
of the relaxation peak is too low to be related to ion hopping
dynamics, and the NCL response is interpreted as due to
collective motions of caged ions at low temperatures and short
times, before hopping processes become statistically relevant.
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