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We report on dispersive conductivity measurements in the oxygen ion conductor Gd2sTi2−yZrydO7. Increas-
ing Zr content leads to higher concentration of oxygen vacancies and results in higher activation energies for
long-range ion transport, whilst the microscopic energy barrier for single ion hopping remains constant. We
find evidence that, besides oxygen binding energy, enhanced cooperativity in oxygen ion dynamics determines
the activation energy for long-range diffusion.
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Oxygen ion conductors of fluorite structure, such as yttria
stabilized zirconiasYSZd, are used commercially as electro-
lytes in solid oxide fuel cells.1,2 Temperatures for applica-
tions of oxide conductors3,4 are typically higher than 500 °C
due to low conductivity values at lower temperatures. A ma-
jor challenge is to increase oxygen conductivity to allow
room temperature applications. Long-range migration of
oxygen ions takes place by thermally activated hopping to
adjacent oxygen vacancies, which yields a dc conductivity of
the formsdc=ss` /Tdexps−Edc/kTd. Increasing conductivity,
thus, would require increasing the prefactors` and/or de-
creasing the activation energyEdc. However, increasing the
number of charge carriers to increases` leads to an undes-
ired increase inEdc and eventually to lower conductivity
values,1 thus limiting the strategies to obtain high oxygen
conductivity at lower temperatures. The origin of this behav-
ior has remained not well understood.1–4 Here we show that
the increase of the activation energyEdc is determined by
cooperative effects in oxygen dynamics.

Among oxide-ion conductors, those of pyrochlore struc-
ture A2B2O7 have been shown to be promising candidates to
substitute materials currently used in fuel cells.5–7

Gd2Ti2−yZryO7 pyrochlores are particularly interesting since
the concentration of mobile oxygen vacancies can be in-
creased by substitution of Zr for Ti, and oxygen ion conduc-
tivity shows the highest value found among materials with
pyrochlore structure. Fory<1.8 the conductivity is compa-
rable to that of YSZs10−2 S/cm at 700 °Cd.5 It has been
recently suggested from molecular dynamics8,9 and static lat-
tice energy minimization simulations10 that oxygen diffusion
in Gd2Ti2−yZryO7 occurs by hopping from 48f to 48f sites.
This result has been later confirmed by XPS measurements.7

The oxygen occupancy of 48f sites is 1sor very close to 1d
for Zr contents belowy=0.6, but decreases progressively as
Zr content is further increased.11 These vacancies in 48f sites
are responsible for oxygen hopping and diffusion, and ex-
plain the increase of more than two orders of magnitude in
dc conductivity at 600 °C observed when increasing Zr con-
tent from Gd2Ti1.4Zr0.6O7 to Gd2Zr2O7.

5 On the other hand,
the energy barrier for oxygen hopping from 48f to 48f sites
has been previously calculated and shown to be much

smaller than that observed in experimental conductivity
data.10,12These facts make the series Gd2Ti2−yZryO7 an ideal
system to investigate the possible existence of cooperative
effects in the oxygen hopping dynamics and its influence in
determining the activation energy of long-range ionic trans-
port. Impedance spectroscopy is the appropriate technique to
probe ion hopping dynamics13 and will allow us to investi-
gate this issue. Although electrical conductivity measure-
ments of Gd2Ti2−yZryO7 have been reported in the past, pre-
vious works are only concerned with dc conductivity, and no
analysis of the dispersion of the ac conductivity data has
been made to gain information on the oxygen dynamics. We
report here on impedance spectroscopy measurements of
Gd2Ti2−yZryO7 at relatively low temperatures, where fre-
quency dependence of the ac conductivity can be observed.

Gd2sTi2−yZrydO7 samples with different Zr contents,0
øyø2, were prepared from the corresponding oxides. Cy-
lindrical pellets 0.7 mm thick were prepared for electrical
measurements, and sintered at 1500 °C. Silver electrodes
swith diameter 7 mmd were painted at both faces. Impedance
spectroscopy measurements were performed by using a LCR
meter HP 4284A, in the frequency range 100 Hz–1 MHz,
and varying temperature between 200 °C and 600 °C. All
measurements were made under N2 gas flow to ensure an
inert atmosphere. Measurements were also done under air
flow and no difference was observed.

Figure 1sad shows the frequency dependence of the real
part of the conductivity at several temperatures for a repre-
sentative composition Gd2Ti0.2Zr1.8O7. At low temperature, a
power law dependence is observed at high frequencies while
conductivity is frequency independent at low frequencies.
The decrease observed in conductivity values at low frequen-
cies for the highest temperatures is due to blocking effects at
grain boundaries. For the samples under study we distinguish
bulk conductivity, grain boundary, and electrode blocking ef-
fects by measuring complex impedance at different tempera-
tures. In Fig. 1 temperatures have been chosen to show bulk
conductivity sthe only pertinent to our analysisd. The fre-
quency dependence of bulk conductivity is well described by
the so-called Jonscher empirical expression14
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s*svd = sdcf1 + s jv/vpdmg, 0 ø m, 1, s1d

which is the sum of the dc conductivitysdc and a power law
term with fractional exponentm. The characteristic fre-
quencyvp marks the onset of the power law dependence
fs8(v)~vmg, and it is thermally activated with the same ac-
tivation energyEdc of dc conductivity. The frequency disper-
sion of the ac conductivity is related to the hopping dynam-
ics of mobile ions. dc conductivity can be obtained from
plateau values at each temperature in Fig. 1sad.

Alternatively, in terms of the electric modulus,M*(v)
=1/«*(v)= jv«0/s*(v), the ion hopping ac conductivity can
be expressed by the Fourier transform of the time
derivative13,15

M*svd =
1

«`
F1 −E

0

` S−
dF

dt
De−jvtdtG s2d

of a Kohlrausch15,16stretched exponential relaxation function
of the form

Fstd = exp„− st/td1−n
…, 0 , s1 − nd ø 1. s3d

In Eq. s2d «` is the permittivity at high frequencies. The
characteristic relaxation timet is approximately the inverse
of vp in Eq. s1d, t<vp

−1, and it is therefore thermally acti-
vated with the activation energy of the dc conductivity. Fig-
ure 1sbd presents the frequency dependence of the imaginary
part of the electric modulus for the same composition and
temperatures. An asymmetric peak is observed at each tem-
perature at a characteristic frequencyvp<t−1, and good fits
are obtained to Eqs.s2d ands3d from which the values of the
exponents1−nd are obtained and observed to be temperature
independent for each sample. The value of the high fre-
quency permittivity,«`=35±6, is found also to be almost

independent of temperature and of Zr content in the whole
series.

Different models have been proposed to analyze electrical
relaxation data in ionic conductors,17,18 where fractional ex-
ponentsm and n appearing in Eqs.s1d–s3d characterize ion
hopping dynamics and are often related to the existence of
cooperative effects among mobile ions. The coupling
model18–20sCMd starts with the consideration of the indepen-
dent hops of ions to vacant adjacent sites with exponential
correlation function,Fstd=exps−t /tod, and relaxation time
t0. Such independent hops cannot occur for all ions at the
same time because of ion-ion interactions and correlations.
The result of ion-ion interactions is the slowing down of the
relaxation rate at times longer thantc of the order of 2 ps,
changing the correlation function from exps−t /t0d to the
Kohlrausch function in Eq.s3d, wherein the fractionn is a
measure of the cooperative effects. A major result from the
CM is that the effective relaxation timet is related tot0 by

t = ftc
−ntog1/s1−nd. s4d

For ions vibrating in their cages and hopping to neighbor-
ing sites through barriers of energyEa, the relaxation time
for independent ion hopping istosTd=t` expsEa/kTd. The
reciprocal oft` is the attempt frequency of ions. It follows
from Eq. s4d that the activation energy for the dc conductiv-
ity or t will be larger than the energy barrier and given by
the relation

Edc = Ea/s1 − nd. s5d

Increase of ion-ion interaction leads to higher degree of
cooperativity in the ion hopping process, which corresponds
to a higher value ofn and consequently a higher activation
energy for long-range ionic transport.

The inset of Fig. 2 presents the imaginary part of the
electric modulus for samples with different Zr contents and
shows how the peak broadens when Zr content is increased,
corresponding to highern values in the Kohlrausch function
fit fEq. s3dg to electric modulus spectra. The main part of Fig.

FIG. 1. Electrical relaxation measurements of Gd2Ti0.2Zr1.8O7.
sad Frequency dependence of the real part of the conductivity, at
several temperaturesf600 sjd, 500 shd, 400 smd, 339 snd, 300
sld, 247 sLd, 200 °C sPdg. sbd Frequency dependence of the
imaginary part of the electric modulus at the same temperatures
shown insad.

FIG. 2. Dependence of the exponentn, obtained from fits of
electrical relaxation data to Eqs.s2d ands3d in the text, as a function
of Zr content in Gd2Ti2−yZryO7. The inset shows the imaginary part
of the electric modulus for samples withy=2 sLd, 1.3 ssd, 0.9
snd, and 0.5shd. Note that experimental data in the inset have been
horizontally and vertically shifted for clarity.
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2 shows the systematic and significant increase inn as Zr
content is increased fromy=0.5 to 2.0. It is known that
increasing Zr content aboveyù0.5 results in creating vacant
48f sites which are responsible for oxygen hopping motion.11

Recent XPS results have shown that increasing Zr content
involves higher disorder in both the cationic and anionic
sublattices.7 Higher charge carriersoxygen vacancies at 48f
sitesd concentration enhances mutual interactions and the
more disordered structure fosters correlations. The trend of
increase of the coupling parametern with ion concentration
sFig. 2d is in accord with the precept of the CM that the
coupling parametern increases with ion-ion interactions en-
gendered by higher density of ions.

Figure 3 shows the temperature dependence of the dc con-
ductivity in an Arrhenius plot for different compositions. Dc
conductivity is thermally activated with activation energies
Edc in the range 0.7–1 eV. At this point the question remains
why the dc conductivity activation energyEdc, as observed in
Fig. 3, increases systematically with Zr content abovey
=0.5. This is shown more explicitly in Fig. 4. Interestingly, a
result in the coupling model,18–20 Eq. s5d, predicts that an
increase in the coupling parametern, obtained from fits to
electrical relaxation data by Eqs.s2d and s3d, leads to a cor-
responding increase ofEdc. According to the coupling model,
Ea is the activation energy for independent ion hopping or
the microscopic energy barrier for oxygen ions to hop into
neighboring vacant sites. Since bothn and Edc have been
obtained from experiment, we can calculate now the energy
Ea=s1−ndEdc, and get an estimate of the energy barrier for
oxygen ions to jump from 48f to 48f sites in the structures. A
value of Ea=0.60±0.03 eV is obtained. Interestingly, this
value is in excellent agreement with recent calculations from
molecular dynamics simulations8,9 s0.57–0.64 eVd and from

static lattice energy minimization simulations10 s0.58 eVd for
the energy barrier oxygen ions must overcome to hop from
48f to 48f sites. Moreover, while the dc conductivity activa-
tion energy increases systematically with Zr content, the en-
ergy barrier remains constant within experimental error, in-
dicating that the difference between the observedEdc andEa
is due to the increasing slowing down of the oxygen ion
hopping dynamics with decreasing temperature by the many-
ions cooperative dynamics. Naturally the degree of cooper-
ativity in the dynamics of the oxygen ion is enhanced by
increasing ion concentration, and explains the larger differ-
ence betweenEdc andEa. We would like to point out that the
observed correlation betweens1−nd and Edc might be af-
fected in ionic glasses by other factors like the Coulomb
interaction among mobile ions and their charge compensa-
tion centers.21–23

To conclude, we have obtained evidence for the impor-
tance of cooperative effects in oxygen hopping dynamics in
the oxygen ion conductor Gd2sTi2−yZrydO7. Increasing the
concentration of mobile oxygen vacancies results in en-
hancement of cooperativity and consequently in higher acti-
vation energies for long-range ion transport. Therefore, be-
sides the concentration of vacancies and the energy barrier
for single ion hopping, cooperative oxygen ion dynamics are
shown to be a key factor in determining ionic conductivity
values. This result might illuminate the search of novel con-
ductors with optimized properties.
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