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Abstract Single tetragonal La; 5Sry sCoO,4 ceramics with
the space group of I 4/mmm (139) were prepared by a solid-
state reaction process, and dielectric characteristics were
investigated on a broad frequency and temperature range.
There was one obvious dielectric relaxation around room
temperature plus a low temperature upturn on the curve of
temperature dependence of dielectric properties for
La; 5Srg5C0o0, ceramics. This dielectric relaxation was a
thermal-activated process. It should be attributed to the
mixed-valence structure (C02+/C03+) since its activation
energy was similar to that of small polaronic hopping
process. After annealing the sample in O, atmosphere,
dielectric constants and ac conductivities of La; 5Srg sCoOy4
ceramics increased and decreased after annealing the
sample in N, atmosphere. This abnormal phenomenon
should be attributed to the variation of concentration for
holes (Co*™).

Introduction

Cobaltates comprise a group of interesting materials which
display spectacular properties such as giant magnetoresis-
tance [1], superconductivity [2], large thermoelectric
power [3], and ferro-ferri-antiferro-magnetic transitions
with various forms of charge, orbital, and spin ordering
[4-10]. A key aspect of cobaltates that distinguishes them
from the manganates and cuprates is the spin state degree
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of freedom of the Co>* ions: it can be low spin (LS,
S = 0), high spin (HS, S = 2), and even intermediate spin
as, s=1) [11].

Recently, the single-layered perovskite La, ,Sr,CoO,4
has received considerable attention for its extremely insu-
lating behavior, peculiar magnetic correlations, and dop-
ing-dependent charge/spin superstructures, and its spin
state issue becomes a vital topic [12—-16]. Moritomo et al.
[17] have observed significant reduction of resistivity with
increasing x beyond ~0.7, and concomitant reduction of
the effective moment pi.¢ from ~4.0 to ~2.6 up. Judging
from the magnitude of p.s, the spin-states of Co** and
Co>" ions are in the HS state for x < 0.6, while in the IS
state for 0.8 < x < 1.0, and the transition from the HS
state to the IS state occurs for 0.6 < x < 0.8.

Furthermore, La; 5S155Co0O4 compound, at half-doping
in the La,_,Sr,CoQy, system, exhibits an insulating charge-
ordered and spin-ordered phase. Previous investigations
have revealed a number of interesting features in the
La, 5Sry5CoQ,. For instance, neutron scattering measure-
ments of La;sSrysCoO, by Zaliznyak et al. show a
checkerboard Co**—Co*" charge order and a strongly
decreasing spin ordering temperature (7Tso =~ 30 K), and
they suggest the Co>™ jons to be in an IS but nonmagnetic
state quenched by strong planar anisotropy at low tem-
perature. At higher temperature, a spin-entropy driven
transition to the HS state occurs with consequent disap-
pearance of the Jahn-Teller modulation and conspicuous
melting of the charge order [18, 19]. A very recent X-ray
absorption spectroscopic study by Chang et al. [11]
establishes a picture of HS Co®>" and LS Co’" for
La; 5Srp5C0o0y4, and their study well accounts for the
extremely insulating nature of the La,_Sr,CoQy, series, the
high charge-ordering temperature (Tco = 750 K) and low
spin ordering temperature (7sp) of La; 5sSrgsCoQy,.
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On the other hand, the observation of giant dielectric
constant materials has aroused tremendous interesting for
potential technological applications since the discovery of
the CaCu3Ti4O1, [20]. Recently, the giant dielectric
responses up to high frequency are found in the K,NiF,-
type Ln,_,Sr,NiO, ceramics [21-24]. For example, Krohns
et al. [23] have observed an extremely high dielectric
constant in La,s,4Sri,gNiO4 up to gigahertz at room tem-
perature; the reason is proposed to be the charge order-
ing(CO)-induced heterogeneity, and which arises on a
much finer scale than grain boundary. If the CO is really
related to giant dielectric response, other materials with a
certain kind of charge-ordered state should also exhibit a
giant dielectric constant. This may open up a new research
opportunity since one could explore this mechanism clearly
in the materials design. So, it is worth to investigate the
dielectric properties of La; sSrgsCoO4 materials because it
is a typical charge-ordered phase in a wide temperature
range. However, the dielectric properties of La; 5Sry sCoOy4
materials are rarely reported to our knowledge.

In this study, we focus on the dielectric properties of
La; 5SrysCo0O,4 ceramics in a broad frequency and tem-
perature range, with the aim of investigating the relation-
ship between dielectric response and CO. The correlation
between the dielectric response and spin ordering should be
studied in the future because of its low spin ordering
temperature.

Experimental conditions

The La; 5Sry 5Co0O,4 powders were synthesized by a solid-
state reaction process using the starting materials of La,O3
(99.99%), C0,05 (99%), and SrCOj3 (99.9%), which were
weighed and mixed by ball milling with ZrO, balls in
ethanol for 24 h, then dried and calcined at 1150 °C in air
for 3 h to yield the desired materials. The calcined powders
were ball milled for 24 h and then dried. The calcined
powders with 7 wt% polyvinyl alcohol (PVA) were pres-
sed into pellets and then sintered in air at 1350 °C for 3 h.
The relative density for La; 5Sry 5CoO,4 ceramics is 95% of
the theoretic density. Some La; 5Sr;5Co0, samples were
annealed at 1150 °C for 6 h in a flow of O, or N, to
understand the origin of dielectric relaxation. The crystal-
line phase was identified by powder X-ray diffraction using
Cu K, radiation (Rigaku D/max 2550 PC, Rigaku Co.,
Tokyo, Japan). The dielectric characteristics and ac con-
ductivities of these ceramics were evaluated with a
broadband dielectric spectrometer (Turnkey Concept 50,
Novocontrol Technologies GmbH & Co., Hundsangen,
Germany) in a broad range of temperature (133—450 K)
and frequency (2 kHz—1 MHz) with a heating rate of
2 K/min, and the silver paste was adopted as electrodes.
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Results and discussion

Figure 1 shows the XRD pattern of the La; sSry5CoOy,
ceramics sintered at 1350 °C for 3 h. Single tetragonal
La; 5Sry5Co0, ceramics with the space group I 4/mmm
(139) are obtained, and there is no trace of impurities as
shown in the XRD pattern.

The temperature dependence of dielectric properties for
La; 551y 5sCo0O4 ceramics at different frequencies (2 kHz—
1 MHz) is shown in Fig. 2. One obvious dielectric relax-
ation around room temperature is observed, which shows
strong frequency dispersion. Besides this obvious relaxa-
tion, a small upturn is observed below the relaxation. The
upturn is so small that there is almost no evidence on the
curve of the temperature dependence of dielectric loss, so
we just focus on the dielectric relaxation around room
temperature. The dielectric constant (¢') slowly increases
with increasing temperature first, and then a significant
increase is observed at a critical temperature. The critical
temperatures for dielectric relaxation increase with
increasing frequency. As shows in Fig. 2b, a dielectric loss
(tand) peak corresponding to the dielectric relaxation shifts
to higher temperature with increasing frequency, indicating
a thermally activated process. To analysis this dielectric
relaxation, the frequency dependence of peak temperature
for the dielectric loss is plotted, and the following rela-
tionship is involved,

r=sew(~2-). (1)

where Q denotes the activation energy required for the
dielectric relaxation, kg is Boltzmann’s constant, f is the
applied frequency, f; is the pre-exponential factor, and T},
is the temperature where the dielectric loss is maximum.
The T, values are directly obtained from the experimental
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Fig. 1 X-ray powder diffraction pattern of La; sSrysCoO,4 ceramics
at room temperature
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Fig. 2 Temperature dependence of dielectric properties of
La; 5S1ry5C0o0,4 ceramics: a dielectric constant and b dielectric loss.
The inset shows the Arrhenius fitting for dielectric relaxation of
La; 5Sr5 sCoQO,4 ceramics

data instead of curve fitting. That is, we recognize the
temperature where the measured dielectric loss is highest in
the vicinity of dielectric relaxation as the T, although the
value determined from this method is sometime inexact.
After fitting the data at various frequencies (8, 20, 50, 80,
100, 200, 800 kHz, and 1 MHz) with Eq. 1, the following
results are obtained: the activation energy is 0.440 £
0.007 eV (see the inset of Fig. 2).

The frequency-dependent conductivity o(f) as shown in
Fig. 3a is characterized in the temperature range of 186—
400 K. The o(f) decreases first and then it almost keep a
constant value at low frequencies. The bulk conductivity
follows an universal dielectric response behavior governed
by the equation [25]

o= o4 + Ao, 2)

where o4, is the bulk dc conductivity, A and n are
temperature-dependent  constants. Good  agreement
between experimental and fitting data is achieved. The
electrical transport behavior of La; sSrgsCoQO, ceramics
has been found to follow small polaronic hopping
mechanism at the whole temperature [26, 27],

o4.T = apexp(—E,/kpT), (3)

where o0q is pre-exponential factor proportional to the
density of charge carries, E, the activation energy required
for polaronic conduction. The temperature dependence of
04c. along with the fitting result is shown in Fig. 3b. It
shows the La; sSrgsCoQO4 ceramics have two thermally
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Fig. 3 a Frequency dependence of ac conductivity for La; 5Srg sCoOy4
ceramics at relaxation temperatures. The solid lines are fitting results
according to universal dielectric response behavior. b Temperature
dependence of dc conductivity for La; 5Sry sCoO,4 ceramics. The solid
line is fitting results according to polaronic theory

activated conduction processes. The small polaron hopping
activation energy E, is 0.451 £ 0.008 eV at the relaxation
temperature (250-400 K). The dielectric relaxation activa-
tion energy is close to that of small polaronic hopping pro-
cess. Therefore, the dielectric relaxation of La; 5Sry sCoOy4
ceramics may originate from the Co**—Co** mixed-valence
structure, i.e., dipolar effect associates with localized charge
carriers (polarons) hopping between spatially fluctuating
lattice potentials. In La; 5Sry sCoO,4 ceramics, the existence
of Co?" and Co®" is revealed by a lot of experiments and
calculations [11, 18, 19]. Similar to nickelates and manga-
nites, the main charge carrier is the holes located at Co’*
ions. They may walk around in the form of small polarons
under applied electric field because they are bound to Co> "
ions. Therefore, the intersite hopping of polarons under ac
electric field contributes to dielectric relaxation, while the
transport of polarons through Co**—O-Co”* linked path
under dc electric field produce dc conduction [28, 29]. On
the other hand, the small polaron hopping activation energy
E,is 0.416 £ 0.006 eV at lower temperature (186-240 K).
This value is much different from the small polaron hop-
ping activation energy (E, = 0.451 4+ 0.008 eV) at the
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relaxation temperature (250-400 K). It looks like there may
be two different polarization mechanisms. Meanwhile, the
low temperature dielectric constant is rather low compared
with the high temperature dielectric constant. This phe-
nomenon may attribute to the different polarization
mechanism.

In order to get more clarifying information about the
mechanisms of the dielectric relaxation, identical annealing
treatments first in O, and second in N, are performed on
La; sSrg5Co0, ceramics. After each treatment, dielectric
properties are measured as a function of temperature.
Figure 4 presents dielectric constants and dielectric losses of
as-sintered (solid), Nj-annealed (triangular), O,-annealed
(circle) La; 5Srg 5C0oQ4 ceramics at the frequency of 1 MHz.
The inset shows the comparison of ac electrical conductivi-
ties of as-sintered, N,- , and O,-annealed samples at room
temperature. It is clearly seen that oxygen annealing signif-
icantly enhances dielectric constants and dielectric losses,
and the ac conductivities of O,-annealed sample are larger
than those of the as-sintered one at room temperature.
However, both the dielectric constants and ac conductivities
are strongly suppressed after the nitrogen annealing. The
values of dielectric constants and ac conductivities are
almost same as those of as-sintered sample. While in the
common oxide ceramics, the electrical conductivities of
ceramics will increase after the nitrogen annealing, while
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Fig. 4 a Dielectric constants and b dielectric losses of as-sintered
(filled square), O,-annealed (open circle), Ny-annealed (open trian-
gle) La; 5815 5CoO, ceramics at the frequencies of 1 MHz. The inset
shows the comparison of ac electrical conductivities of as-sintered
(filled square), O,-annealed (open circle), and N,-annealed (open
triangle) samples at room temperature
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they decrease after the oxygen annealing, since some oxygen
vacancies have been created during the sintering process.
This anomaly phenomenon should be attributed to the
changes in the concentration of holes (Co>™). The holes
(Co*™") concentration increases after annealing the sample in
oxygen atmosphere due to the capability of K,NiF,-type
arrangements for accommodating extra oxygen in the
interstitials of the structure [30], so charge carriers transport
more easily than those in as-sintered sample. Therefore, the
ac conductivities of O,-annealed sample are larger than those
of the as-sintered sample. Meanwhile, the dielectric con-
stants and dielectric loss are closely related with the holes
concentration. With increasing the holes (Co*>") concentra-
tion, the small polarons concentration also enhances [26]. So,
dielectric constants and dielectric losses greatly increased
after annealing in oxygen atmosphere. However, nitrogen
can create a reduction-like atmosphere. The holes (Co3+)
concentration decreases and small polaron concentration is
reduced by annealing the sample in nitrogen atmosphere.
This will remove the effect of O, annealed. Therefore,
dielectric constants and ac conductivities of La; 5Sry sCoOy4
ceramics are almost same as those of as-sintered sample after
annealing in nitrogen atmosphere. It looks like there may be
two different polarization mechanisms. Meanwhile, the low
temperature dielectric constant is rather compared low with
the high-temperature dielectric constant. This phenomenon
may attribute to the different polarization mechanism.

Conclusion

In summary, high dielectric response has been found in
the single-layered perovskite La; sSrgsCoO, ceramics.
There was one obvious dielectric relaxation around room
temperature plus a low temperature upturn on the curve
of temperature dependence of dielectric properties of
La; 5Srg5C0o0, ceramics. The dielectric relaxation was a
thermal-activated process. It should be attributed to the
mixed-valence structure (C02+/C03+) since the activation
energy was similar to that of small polaronic hopping
process. After annealing the sample in O, atmosphere,
the dielectric permittivity and ac conductivities of
La, 5Sry.5Co0, ceramics increased, and they decreased after
annealing the sample in N, atmosphere. This abnormal
phenomenon should be attributed to the variation of con-
centration for holes (C03+). So, we confirm the relationship
between high dielectric response and charge inhomogeneous
in the single-layered perovksite La; sSry sCoO,4 ceramics.
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