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We measure the terahertz conductivity of doped ceria by terahertz time-domain spectroscopy at dif-
ferent temperatures to characterize the shape of the potential associated with microscopic ion hopping.
The experimental results for Gd- and La-doped ceria show that the activation energy in doped ceria is
larger than that in stabilized zirconia. This result can be explained by a simple rigid-body model with the
assumption of doping-induced lattice expansion, i.e., by considering the gap between cations. Our results
for conventional fluorite-type solid-oxide electrolytes show that terahertz spectroscopy can be used to
investigate fast microscopic ionic conduction in various electrolytes, which cannot be accessed through

conventional impedance measurements.
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I. INTRODUCTION

Fast ionic conduction in solids has attracted attention
in the field of fuel cells and all-solid-state batteries [1—3]
because ionic conductors can exhibit higher ionic con-
ductivities than aqueous solutions and are usually chem-
ically, mechanically, and thermally stable. A comprehen-
sive understanding of the ionic conduction mechanism
in crystalline solids is required for the design of solid
electrolytes [4]. In general, ionic conduction in solids is
described by the hopping of an ion between atomic sites,
and the activation energy required to overcome the poten-
tial barriers can be used to characterize ionic transport.
Such potential barriers are experimentally evaluated using
ac impedance measurements and diffusion measurements,
but these measurements mainly provide information about
long-distance ionic conduction that is a result of several
short-distance ion jumps. On the other hand, ion transport
in crystalline solids is theoretically described as a process
with a wide dynamic range from microscopic vibrations of
atoms to ion jumps between atomic sites [3,5].

Recently, we demonstrated that terahertz (THz) spec-
troscopy was a powerful method that allowed us to directly
characterize fast ionic motion on the picosecond timescale
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[6]. We measure the THz conductivity of stabilized zirco-
nia, which is the most widely used electrolyte in commer-
cial solid-oxide fuel cells [2,7,8]. The THz conductivity of
stabilized zirconia is related to the individual hopping of an
oxygen ion to an unoccupied site, and the activation energy
evaluated from THz conductivity is interpreted as the aver-
age minimum-potential barrier for hopping to an unoccu-
pied site, and this value is close to the so-called migration
energy. We find that the activation energy for individual
hopping decreases with an increase of the ionic radius of
the dopant. The reason for this trend is that dopants with
large ionic radii expand the gap between host cations in
stabilized zirconia, resulting in a decrease in migration
energy. THz spectroscopy on other materials is required to
verify if this model and characterization method are also
applicable to other solid-oxide electrolytes.

Ceria (CeQ3) is a solid-oxide electrolyte that has been
considered for use in fuel cells because its ionic conductiv-
ity is higher than that in stabilized zirconia [2,5,9,10]. As
shown in Fig. 1, ceria has the same fluorite crystal struc-
ture as that of stabilized zirconia. As a host cation, cerium
(Ce) has a larger ionic radius (r,=0.97 A) than that of
zirconium (7. = 0.84 A) [11]. Therefore, the gap between
cations in ceria should be smaller [12], which should have
an influence on the microscopic migration of ions. Here,
we perform THz conductivity measurements on nondoped

© 2021 American Physical Society
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FIG. 1. Schematic of the crystal structure of cubic ceria and
zirconia in the stick-and-ball scheme.

and doped ceria sintered pellets to directly verify the influ-
ence of the gap between cations on the THz activation
energy compared to doped zirconia.

II. SAMPLE PREPARATION AND INITIAL
CHARACTERIZATION

In our experiments, we measure the THz conductiv-
ity of nondoped CeO,, CeygsGdy160,_5 (GDC), and
Cepgslag 160,_s (LDC) sintered pellets, in which the
dopant concentrations are the same as that of the M-
stabilized zirconia Zry g4My 160,_s in Ref. [6]. First, GDC
and LDC powders are prepared by liquid-state reactions
and calcination at 900 °C for 10 h in air. Then, the pellets
are sintered in air at 1300 °C for 10 h. For the nondoped
CeO; pellet, commercial powder (Kojundo Chemical Lab-
oratory Co., Ltd.) is compacted by cold isostatic pressing
at 200 MPa and sintered in air at 1300°C for 10 h.
The diameters of the pellets are larger than the diameter
of the aperture (10 mm) of the metallic sample holders,
and their thicknesses are 0.875 mm for nondoped CeO,,
0.690 mm for GDC, and 0.699 mm for LDC. We also
measure the THz conductivity of a Gd-stabilized zirconia,
Z19.84Gdo 1602_s (GSZ), sintered pellet for comparison.

For the initial characterization of our sintered pellets, we
measure the x-ray diffraction (XRD) patterns of the pow-
der samples with CuK« radiation (MinFlex600, Rigaku).
The XRD patterns are analyzed by employing the Rietveld
refinement technique. The results are shown in Fig. 2(a).
The observed XRD signals of the samples are charac-
teristic of the cubic fluorite structure. We add the inor-
ganic crystal structure database (ICSD) XRD data of CeO,
(ICSD180955) and ZrO, (ICSD173962) as vertical bars.
The lattice constants evaluated by Rietveld refinement
are 5.41 A for nondoped ceria, 5.423 A for GDC, and
5.468 A for LDC. These values are larger than the value

of 5.156 A for GSZ. We also characterize them from their
SEM photographs, as shown in Fig. S1 within the Supple-
mental Material [13], indicating that the grain size is larger
than several hundreds of nanometers. Since no grain-size
dependence of the conductivity is reported above 70 nm
[14], our samples exhibit ionic conductivity as a typical
solid electrolyte.

Furthermore, we characterize the phonon frequencies of
ceria and zirconia by conventional infrared spectroscopy.
Figure 2(b) shows the infrared reflection spectra of non-
doped CeO,, GDC, and LDC sintered pellets at room
temperature. These spectra are measured by using two
Fourier-transform infrared (IR) spectrometers [JASCO
FT/IR-4100 (400-8000 cm~'), and JASCO SMMPFTS-
4 (100400 cm™!)]. It is reported that cubic ceria has
one IR-active phonon mode at 283 cm™! (75,) and mul-
tiphonon absorption components in the frequency range
of 300400 cm™! [15—17], which cause the characteristic
Reststrahlen band, extending from 8 to 18 THz in Fig. 2(b).
We characterize these modes from the infrared reflection
spectrum of our nondoped CeO,, as shown in Fig. S2
within the Supplemental Material [13], and confirm these
mode assignments. The spectra of doped ceria [Fig. 2(b),
black and blue curves] show that the spectral position of
the high-reflection band, corresponding to the Reststrahlen
band, is the same as that of nondoped ceria [Fig. 2(b),
red curve]. However, their reflectivity is lower. A simi-
lar spectral modulation is reported for 1-mol% Ca-doped
ceria [16], and it is due to the large phonon damping caused
by dopants and oxygen vacancies. It is also caused by the
localized mode related to the attempted ion hopping [18],
although the theoretical attempt frequency is slightly lower
[19,20]. The sub-THz frequencies at which we measure the
conductivities in this work are smaller than the frequencies
of the phonons and the attempt resonance. We also add
the reflection spectrum of GSZ. It shows a Reststrahlen
band at frequencies between 8 and 23 THz [6]; this is
located at slightly higher frequencies than that obtained for
ceria.

We measure the THz conductivities of the sintered pel-
lets by THz time-domain spectroscopy with ultrashort opti-
cal pulses [21]. Figure 3(a) shows the experimental setup.
Here, we use the second-harmonic output of an Er-doped
fiber laser system (TOPTICA Photonics, FemtoFiber pro
NIR). The pulses have a center wavelength of 780 nm, a
repetition rate of 80 MHz, an average power of 130 mW,
and a pulse duration of 90 fs. The output beam is split into
two beams for THz generation and detection by electro-
optic (EO) sampling. The beam for THz generation is
focused on an InAs crystal under a magnetic field of
0.4 T to generate THz pulses via the photo-Dember effect.
The generated THz pulses are collimated by an off-axis
parabolic mirror with a focal length of 50 mm and focused
on the sample by an off-axis parabolic mirror with a focal
length of 300 mm (the mirrors are not shown in the figure).
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FIG. 2. (a) XRD patterns of non-
doped CeO,, GDC, LDC, and GSZ
sintered pellets. All patterns are char-
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The sample is mounted in a silica tube inserted into an
electric furnace (NETSUDEN KOUGYOU Co., Ltd.) and
the temperature of dry air flowing in the tube (2 1/min,
pressure po, = 0.2 atm) was controlled up to 1073 K with
a heating rate of 4 K/min. This electric furnace is differ-
ent from that in Ref. [6]. The transmitted THz pulses are
focused on a 2-mm-thick (110)-oriented ZnTe crystal, the
THz-induced birefringence of which is detected by using
a quarter-wave plate, a Wollaston prism, and two pho-
todetectors. The resident excitation laser from the emitter
and the black-body radiation from the sample are blocked
by two thin black polypropylene films (not shown in the
figure). The time delay of the THz pulse is controlled by a
delay stage in the optical path of the beam for THz genera-
tion. To improve the signal-to-noise ratio, the THz light is
modulated at 2703 Hz using an optical chopper.

The black curve in Fig. 3(b) shows the electric field
waveform of the THz pulse transmitted through the silica
tube without sample, E,(f), which serves as the reference.
We confirm that the power spectrum of E,(¢) is almost
independent of the temperature of the electric furnace, but
the temporal position of the zero crossing of E,.(¢) near its
maximum at 1073 K is delayed by 0.4 ps with respect to
that at room temperature due to the refractive-index change
of the gas and the silica tube in the optical path (Figs. S3
and S4 within the Supplemental Material [13]). Based on
data in Fig. S4 within the Supplemental Material [13], we
adjust the temporal position of the recorded time-domain
electric field profiles in such a way to remove the delay

80 0 500

Wave number (cm™ )

1000 1500

1

induced by this refractive-index change. The waveform of
the THz pulse that is transmitted through the sample in the
electric furnace and includes the adjustment of the tempo-
ral position is denoted by E(¢). The blue curve in Fig. 3(b)
is E(¢) for the GDC sample at 310 K, and the red curve is
that at 1073 K. We can confirm that, at both temperatures,
the amplitude of E(?) is smaller and delayed with respect
to E,(f). This change in E(¢f) appears because the THz
pulse passes through the pellet with a complex dielectric
constant, £(w). Therefore, £(w) can be directly evaluated
from complex transmittance 7(w), which is the ratio of the
Fourier transform of E,(¢), Es(a)), to that of E,(¢), Er(a))
[22,23]:

_Ew) 4w i[ V@) —1]de

Hw) = = = 5
E (w) [er 1] ¢

(M

Here, c is the speed of light in a vacuum and d is the
sample thickness. In our analysis, we perform the Fourier
transform of an electric field in a limited time range
to neglect the internal reflections in the sample. Thus,
together with knowledge of the background dielectric
constant, £, we can evaluate the complex conductiv-
ity, 6 (w) = iw[€(w) — €], directly. The real part of the
conductivity is denoted by o.
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II1. RESULTS confirmed in Fig. 4(c), which shows the THz conductivity

Figures 4(a) and 4(b) show the real part of the con-
ductivity in GDC and LDC, respectively, as a function
of frequency for different temperatures. Overall, the THz
conductivity increases with frequency, which is mainly
due to the transverse-optical (TO) resonance at 8 THz. In
the case of a Lorentz model for the phonon resonance,
the conductivity should be proportional to the square of
the frequency, v, in the lower-frequency region. However,
the slopes observed in the low-frequency region in Figs.
4(a) and 4(b) are smaller at higher temperatures; the THz
conductivities increase with temperature, especially in the
low-frequency region, and this causes a reduction of the
slope. This behavior is similar to that of stabilized zirconia
[6] and cannot be explained by a temperature-dependent
spectral broadening of the TO phonon mode at 8 THz.

As explained below, we consider that electronic con-
duction at higher temperatures is not the cause of this
deviation from a quadratic dependence. It is known that
ceria exhibits reduction and oxidation at high temperatures
[24], and that this causes electronic conduction [25]. How-
ever, we can neglect electronic conduction in ceria under
the experimental conditions of an oxygen partial pressure
of 0.2 atm and temperatures below 1073 K. This can be

spectra of nondoped CeO, at different temperatures. We
add the theoretical curve extrapolated from the analysis of
the infrared reflection in Fig. S2 within the Supplemen-
tal Material [13] as a dashed line. The THz conductivity
is larger than the extrapolation curve, suggesting the exis-
tence of different conductivity components, such as defects
[26]. Here, we emphasize that the observed temperature
dependence is weak. This suggests that the THz conduc-
tivity of nondoped CeQO, is not dominated by electronic
contributions. Therefore, we conclude that the observed
THz conductivities of GDC and LDC at high tempera-
tures originate from ionic motion and not from electronic
motion.

Figure 5(a) shows the temperature dependences of the
THz conductivities of our four samples at 0.34 THz.
Notably, the horizontal axis of this plot is the inverse
of the sample temperature, 1/7. GSZ, GDC, and LDC
exhibit a relatively large temperature dependence com-
pared with nondoped ceria. We evaluate the activation
energy, E,, by conventional Arrhenius analysis. We define
o = (A/Dexp[—E,/kgT] + C, where C is the noncon-
ductive component (due to phonons etc.) Due to phonon
resonances, the THz conductivity data of GDC and LDC
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FIG. 4. THz conductivity spectra of (a) GDC, (b) LDC, and (c¢) nondoped ceria sintered pellets at different temperatures. Solid
smoothing curves are guides to the eye. Dashed line in (c) is the fitted curve analyzed with the two Lorentz oscillators from the
mid-infrared reflection, as shown in Fig. S2 within the Supplemental Material [13].

do not lie on a straight line in the low-temperature region
(T < 800 K). On the other hand, they lie on a straight line
at high temperatures. Therefore, we fix C to the conductiv-
ity at room temperature and evaluate the activation energy
from conductivity data in the temperature range above
830 K. The obtained activation energies are 0.54 eV for
GDC and 0.44 eV for LDC. The result for the GSZ sin-
tered pellet is about 0.31 eV. The conductivity spectra of
this sample are shown in Fig. S5 within the Supplemental
Material [13] and reproduce our previous result reported in
Ref. [6]. Figure 5(b) shows the THz activation energies of
the doped ceria samples and stabilized zirconia as a func-
tion of the dopant-ion radius. The values of THz activation
energies of doped ceria are larger than those of doped
zirconia upon decreasing the ionic radius of the dopant.

IV. DISCUSSION

Oxygen ions near a vacancy oscillate thermally at the
so-called attempt frequency, vy, before hopping occurs.
Since the vacancy modes have strong anharmonicity, a
vacancy oscillation with a large amplitude at high tem-
peratures induces hopping to adjacent sites. This motion
is also characterized in ceria by kinetic Monte Carlo simu-
lations [19,20]. Thus, we consider that, also in ceria, the
activation energy estimated from the THz conductivity
corresponds to the average minimum-potential barrier for
an unoccupied site. Below we discuss the validity of this
assignment.

There are several reports on the migration energy in
Y-doped ceria. Wang et al. reported a migration energy
of 0.61 eV [27], and Adler and Smith reported 0.49 eV

[28]. Fuda et al. also determined a migration energy of
0.5 eV by nuclear magnetic resonance [29]. Nakayama and
Martin calculated the potential barrier using the nudged-
elastic-band method and pointed out that a straightforward
migration path between two adjacent oxygen sites exhib-
ited the lowest activation energy; this energy is 0.5 eV
[30]. The activation energies obtained from our THz con-
ductivity spectra are almost the same as these previously
reported values.

We also briefly consider the physical origin of the dif-
ference between our results and the results of the ac
impedance measurements at high temperature for zirco-
nia; for example, the THz activation energy for zirconia
in Ref. [6] (approximately 0.3 eV) is smaller than the
well-known migration energy of 0.6 eV [31]. Notably, the
results of systematic ac impedance measurements in zirco-
nia [32] show that there are fundamental issues that cannot
be explained by the commonly used model of dopant-
vacancy interactions [4]. One plausible explanation for
the observed difference between the activation energies
determined by THz spectroscopy and ac impedance mea-
surements is that an ion can move faster in the vicinity
of a dopant. Pornprasertsuk et al. calculated the saddle-
point energy for Y-stabilized zirconia in various atomic
arrangements [33]. The saddle-point energy of oxygen
migration between two Zr atoms is 0.6 eV [see illustra-
tion in Fig. 6(a)], and that of oxygen migration along the
edge of a dopant with large ionic radius is larger due
to the narrower gap between cations. Furthermore, the
saddle-point energy is lower when a Y dopant is located
at a nearest-neighbor site of the start or destination oxy-
gen site. Similar behavior is obtained in simulations for
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ceria [20]. This implies faster oxygen-ion hopping between
specific sites near a dopant. Such a local potential shape
for ion hopping may not be detectable by high-temperature
ac impedance measurements when assuming the ions are
not influenced by the dopant. On the other hand, THz
conductivity measurements are sensitive to it.

Since it is difficult to characterize the gap distance
between specific cation sites experimentally, we discuss
the activation energy in terms of the average distance based
on the material’s lattice constant. As shown in Fig. 6(a),
the oxygen ion at the center of the cation tetrahedron
hops to the adjacent unoccupied site via the saddle point
of the potential. Since numerical simulations suggest that
the energy at the saddle point between two host cations
constitutes the lowest potential barrier [20,33], it should
be possible to express the energy required for migration
to the adjacent site as a function of the gap distance, g,
between two host cations with radius 7. If we assume that
high-density doping causes a change in the lattice con-
stant without any local strain, the gap distance, g, can be
written as

2a )
== — zrl¢,
£

@
where we used the rigid-sphere model [12]. According to
Eq. (2), g decreases with the cation radius, 7., and thus g
for ceria is smaller than that for zirconia. The gap distances
are g~ 1.95 A for zirconia and g ~ 1.90 A for ceria using
an oxygen-ion radius of ro = 1.38 A. We plot the activation
energies of doped ceria as a function of g in Fig. 6(b). For

lon radius (A)

comparison, the activation energies of cubic zirconia with
trivalent dopants are also plotted. This figure suggests that
the THz activation energy decreases as g increases.

Our results are consistent with the expected influence
of the dopant on the migration energy. We investigate
the dopant dependence of the THz activation energy in
stabilized zirconia and show that the migration energy
decreases for larger dopant-ion radii [6], and similar
behavior is confirmed for ceria, as shown in Fig. 5(b). It is
reasonable from the viewpoint of the gap distance between
cations. In general, the lattice constant of the host crys-
tal increases for a dopant with a larger ionic radius. This
is also supported by the lattice constants of doped ceria
evaluated from the XRD patterns in Fig. 2(a). Yoshida
et al. showed that there was a clear relationship between
the ionic radius of the dopant and the lattice constant in
CepsMp0;_s [34]. Since the ionic radius of La is larger
than that of Gd, the gap distance, g, between the cations
in LDC is larger than that in GDC, according to Eq. (2),
and this causes the smaller THz activation energy in LDC.
Such knowledge of the effect of gaps on conductivity
shows the direct relationship between local lattice structure
and ion hopping.

The dopant-concentration dependence of THz conduc-
tivity can be used to verify this interpretation of the results.
For this, we first measure the XRD patterns and the tem-
perature dependences of the conductivity of stabilized
zirconia with different Y,0O3 concentrations at 0.36 THz
(Fig. S6 within the Supplemental Material [13]). The acti-
vation energies are in the range 0.30-0.32 eV. There
is no clear dependence of the activation energy on the
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Y,0;3 concentration because g (derived from the lattice
constant evaluated by XRD) does not change upon doping
with Y,03. The behavior of Ce;_,Gd,0,_s should be the
same. Therefore, we additionally perform measurements
for Cegglag,0;_s, in which g is expected to change sig-
nificantly with dopant concentration (Fig. S7 within the
Supplemental Material [13]). The gap distance derived
from the lattice constant of 5.480 A is g =1.935 A, and
the THz activation energy is 0.41 eV. The result of a lower
THz activation energy for a larger gap supports the validity
of our model.

Next, we discuss the difference between the shapes of
the potential that governs the hopping process in ceria
and zirconia. If we describe the individual potential at
each site by a Morse potential for simplicity, the poten-
tial barrier can be considered proportional to vy/x, where
x 1s the characteristic anharmonic coefficient [35]. The
attempt frequency, vy, in zirconia is about 11 THz, accord-
ing to experiments [36]. In ceria, an attempt frequency of
a few THz is theoretically predicted [20]. As mentioned
in the explanation of Fig. 2(b), the attempt frequency is
just above the TO phonon resonance because localized
modes are located in the stop band of the crystal mode
[18]. Numerical simulations suggest that the cations oscil-
late at a frequency of 10 THz in zirconia [37] and at 7 THz
in ceria [15,16]. These values are mainly determined by
the cation masses of 91 u for Zr and 140 u for Ce. As
shown in Fig. 2(b), we experimentally characterize the TO
phonon modes by infrared reflection spectroscopy and con-
firm them at 8 THz for ceria and 10 THz for zirconia.

Therefore, the attempt frequency for ceria appears at a
lower frequency than that for zirconia. Furthermore, the
estimated THz activation energy in GDC is larger than that
in GSZ. Based on the THz activation energy, the attempt
frequency, and the above assumption of the Morse poten-
tial, we find that the anharmonic coefficient, x, for GDC is
smaller than that for GSZ. The smaller x for doped ceria is
mainly due to the narrower gap between the cations of the
host crystal in ceria.

Finally, we discuss the significance of THz conductivity
in the material design of fuel cells and all-solid-state bat-
teries from our results. We conclude that the evaluated acti-
vation energy in ceria is higher than that in zirconia, while
the migration energy in ceria evaluated with conventional
ac impedance measurements is smaller. This is clear evi-
dence that the activation energy depends on the timescale
of ion motion for the measurements [3]; the results from
ac impedance measurements represent the average of the
potential shapes of the sites in long-distance ionic trans-
port, and the results of THz spectroscopy represent the
direct motion of ions on a picosecond timescale. We con-
firm that THz spectroscopy directly reveals fast ionic con-
duction, which is directly related to the performance of fuel
cells and all-solid-state batteries.

V. CONCLUSIONS

We measure the conductivity spectra of GDC, LDC,
and nondoped CeO, by THz time-domain spectroscopy
and characterize the THz activation energy, which is
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equivalent to the migration energy. We find that the
activation energy in doped ceria is larger than that in doped
zirconia. It is different from the migration energy obtained
through conventional ac impedance measurements. How-
ever, we explain that our experimental results can be
interpreted in terms of the gap distance between cations.
In addition, we show that the anharmonic coefficient for
GDC is smaller than that for GSZ. We demonstrate that
THz spectroscopy can be used to characterize typical solid-
oxide electrolytes, and the evaluated information cannot
be accessed through conventional ac impedance measure-
ments. This technique is applicable to the development of
lithium-ion conductors [3] because it can be used to char-
acterize ultrafast ionic motion, which is decisive for the
performance of all-solid-state batteries.
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