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Dielectric constant and ac conductivity of the layered cobalt oxide Bi,Sr,CoQg, 5: A possible
metal-dielectric composite made by self-organization of Co** and Co** ions
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The dielectric constant and ac conductivity of a single-crystal sample of the layered cobalt oxide
Bi,Sr,CoOg, s were measured along the ¢ axis from 10% to 10° Hz from 110 to 300 K, the frequency depen-
dence of which is found to be similar to that for metal-dielectric composites. The ac conductivity obeys the
same scaling relation as that of disordered solids, which is quantitatively consistent with a theoretical calcu-
lation for spatially inhomogeneous conductive medium. This implies that the charge carrier on the Co®* site is
electronically segregated in the CoO, plane. This compound can work as a metal-dielectric composite even in
a form of single crystal, a possible mechanism of which is suggested on the basis of the electronic configu-

ration of Co ions.
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I. INTRODUCTION

Cobalt oxides are interesting materials from the view-
points of basic science and technological application, be-
cause different valences are tightly bound with different
properties. The Co** ions have nearly degenerate spin states
in LaCoO3 [the low-spin state of (eg)o(tzg)6 and the high-spin
state of (eg)z(tzg)“],' which often causes spin-state transition
and/or crossover against temperature’ and pressure.> The
Co** ions are mostly in the low-spin state, which are respon-
sible for metallic conduction. Typical examples are itinerant
ferromagnetic state in La,_,Sr,CoO5,* large thermopower in
Na,Co0,,> and superconductivity in Na,CoO,-yH,0.% In
contrast, the Co’* ions are stable as the high-spin state,
which drive the system to be a magnetic insulator. For the
intermediate valence between Co** and Co’*, carriers are
often confined on the Co?* sites, as is observed in the charge
and/or spin order in La, sSrysCoQ,,’ small polarons in
Ca,(Co,Al),05.® and charge segregation in Sr,Cu,Co00,S,.?

The layered cobalt oxide Bi,Sr,CoOg,s is one of such
interesting materials.'® As is schematically shown in the inset
of Fig. 1, the crystal structure is isomorphic to the supercon-
ducting copper oxide Bi,Sr,CoOg,s. The Co ion is sur-
rounded with the six oxygen ions, and the edge-shared CoOgq
octahedra form a square lattice of the CoO, plane along the a
and b axes. The NaCl-type block layer of Bi,Sr,0O, is alter-
nately stacked with the CoO, plane along the ¢ axis to make
the layered structure. The formal cobalt valence of this oxide
is between 2+ and 3+ and exhibits complicated magnetic
and/or charge-ordered states at low temperatures.'!

Here, we report on the transport properties of well-
characterized single crystals of Bi,Sr,C0QOg, s, mainly focus-
ing on its ac response along the ¢ axis. Previously, we found
that the c-axis dielectric constant was fairly large (~60) at
low frequencies, whose frequency dependence was similar to
that of metal-dielectric composites.!> We have ascribed this
to the localized carriers on the Co?* ions segregated in the
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CoO, plane, which is quantitatively consistent with a small-
polaron picture suggested from the observed resistivity and
thermopower.

II. EXPERIMENT

Single crystals of Bi,Sr,CoOg, s were grown by a floating
zone method. A polycrystalline stoichiometric feed rod was
prepared by a solid-state reaction. A stoichiometric mixture
of Bi,Oj3, SrCO;, and Co;0, powders was calcined at
850 °C for 12 h in air and was crushed and ground carefully
after cooling down to room temperature. It was calcined

— T T T T T T
108 L (a) BisSryCo0g+5 =

108 |-

p. (E/fc)
10* |

10% |- Pap (E//ab) -

Resistivity (Qcm)
T

I e e e e

0 *(b:)

= 5
X b5, aTrab Jos 5
Z 20~ 4" g
bt L 0]
5 -0.6 o,
% -40 . | [
= o0l "} Co do.2 E
g 807 e o 00 | 2
l_
4001 . 1 @ . 1 . g 3
3 4 5 7 8 @
7]

|
6
1000/T (K™

FIG. 1. (Color online) (a) In-plane resistivity (p,,) and out-of-
plane resistivity (p.) and (b) in-plane thermopower (S,;,) and sus-
ceptibility () of single-crystal samples of Bi,Sr,CoOg, 5. The crys-
tal structure is schematically shown in the inset.
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again at 890 °C for 12 h in air and was finally sintered into
the feed rod at 900 °C for 48 h in air. The crystal was grown
with a velocity of 0.5 mm/h in a mixed gas flow of
0,(20%) and Ar(80%), the composition of which was deter-
mined to be Bi:Sr:Co=2.1:2.0:1.0 by energy dispersive
x-ray analysis. Single crystals with a typical size of
1 X 1X0.05 mm? were used for transport experiments.

The resistivity p was measured with a four-probe method
in a constant voltage of 1 V from 110 to 300 K, and the
thermopower S was measured using a steady-state method
with a typical temperature gradient of 1 K/mm from
170 to 300 K in a liquid-He cryostat. The susceptibility was
measured in an external magnetic field of 0.1 T with a com-
mercial superconducting quantum interfernce device suscep-
tometer (Quantum Design magetic property measurement
system). The complex impedance was measured with a two-
probe technique in a frequency range of 10>°—~10° Hz from
110 to 300 K in a closed-cycle refrigerator. A conventional
LCR meter (Agilent 4284A) was used below 1 MHz and a
radio-frequency LCR meter (Agilent 4287A) above 1 MHz.
We used a similar technique as Bohmer et al.'® reported and
successfully subtracted the contribution of the impedance of
the measurement circuit by measuring three standard
samples [open (0S), short (0 ), and load (50 Q)] in
advance.'* A low contact resistance was realized by uni-
formly painting the silver paste (Dupont 6838) on both sides
of the ab-plane surface, followed by annealing at 873 K for
30 min. We attached four probes on the sample to measure
the four-probe and two-probe resistances in advance, from
which the contact resistance was evaluated to be 5-10 ().
This can be safely neglected in comparison with the sample
resistance (typically more than 500 ()). Note that we mea-
sured the complex impedance only along the ¢ axis. A nec-
essary condition to measure the real and imaginary parts of
the impedance is that the resistance and reactance compo-
nents of the sample are of the same order, which is reduced
to the condition of wpe~ 1, where w and & are the angular
frequency and the dielectric constant. To satisfy this condi-
tion, p should be as high as 10* Qcm for £/g,=10% at
f=w/2mw=10° Hz, which means that the in-plane resistivity
is too small to measure & precisely, unless € is huge. For a
conductive sample, € is often observed to be huge, which is
an artifact due to the charge depletion near the electrical
contact.'

III. RESULTS AND DISCUSSION

Figure 1(a) shows the Arrhenius plot of the ab-plane re-
sistivity (p,;) and the c-axis resistivity (p.), clearly indicat-
ing that p,, and p,. are well characterized by an activation-
type transport near room temperature. Reflecting the two-
dimensional electronic states, p,. is about 300 times larger
than p,, at room temperature, while the slope is nearly the
same, as is usually seen in various layered semiconducting
oxides.®1%17 Figure 1(b) shows the in-plane thermopower
(S,5) plotted as a function of 1/7. The negative sign suggests
that the majority carrier of this material is an electron, being
consistent with other Co?*-Co’**-based oxides.® S, is
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roughly linear in 1/7, also indicating an activation-type
transport. The activation energy is, however, different from
that evaluated from p, which can be obtained from the rela-
tions given by

ER
p=poeXp<k—é;>, (1)
B

£
§=8p+ e_;’ (2)

where Eg and E;g are the activation energies for p and S. The
term S, represents the entropy per site given by the Heikes
formula. From the slopes in Fig. 1, Eif is evaluated to be
0.19 eV along the ab direction and 0.21 eV along the ¢ axis,
whereas ES is evaluated to be a much smaller value of
0.028 eV. The relation of ES<E implies that the electric
conduction is dominated by small polarons with a polaron
binding energy of ER ES~0 16 eV,'® which is comparable
with the binding energy *for other Co?*-Co*-based oxides
such as Ca,(Co,Al),05.8

The small value of Eg roughly reflects a small energy gap
in the density of states, which is comparable to the thermal
energy at room temperature. This implies that the charge
transport would be essentially metallic near room tempera-
ture, in the sense that there is no energy gap at the chemical
potential. In this context, we can expect this compound to
have conduction carriers although they are confined near the
Co** sites by the polaron binding energy. According to the
neutron diffraction,'! the Co®* ions are inhomogeneously dis-
tributed in the CoO, plane, while the Co** ions form a spin
stripe. Thus, we may regard the Co**-rich domain as a “me-
tallic” domain and the Co**-rich domain as a dielectric (or
insulating) domain.

The susceptibility of a sample from the same batch is
shown in Fig. 1(b), which shows an antiferromagnetic tran-
sition near 150 K (=T). This temperature is almost the same
as that of samples prepared in air by Tarascon et al.'” and
that of an as-grown crystal by Shi et al.'® The physical prop-
erties of Bi,Sr,CoQg, s are sensitive to oxygen nonstoichiom-
etry 6, which is roughly determined by the Néel
temperature.'' By comparing T, with the previous works, we
evaluate S of our sample to be 0.35+0.05, which indicates
that the ratio of Co®*:Co?" is in the range from 6:4 to 8:2.
We should note that the evaluated & is consistent with the
phase diagram studied by Zinkevich et al.?°

Figure 2 shows the dielectric constant &€ and the ac con-
ductivity o along the ¢ axis as a function of frequency f at
various temperatures. The data are smoothly connected at
1 MHz within reasonable accuracy (error less than 10%),
though the two LCR meters were used for the different fre-
quency ranges. The magnitude is fairly large at low frequen-
cies, which is comparable with the c-axis dielectric function
of the insulating copper oxide Bi,Sr,DyCu,0g.'* We did not
obtain a very large value of 10°-10* reported by Chern
et al*' Anomalously large dielectric constants are often
“apparent,”’> and the contact and/or the depletion layer
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FIG. 2. (Color online) (a) Out-of-plane dielectric constant (&)
and (b) out-of-plane ac conductivity (o) of a single-crystal sample
of BizSI‘zCOOGJr(;.

might affect their measurement. In our measurement, the
100 Hz conductivity is quantitatively consistent with the dc
conductivity measured by the four-probe method (=1/p,) in
Fig. 1(a), which further evidences that the contact resistance
R, was negligibly small.

The dielectric constant shows unusual frequency depen-
dence in Fig. 2(a), where it decreases with increasing fre-
quency with a cusp at a certain frequency and seems to satu-
rate to a value of 25 in the high-frequency limit. The ac
conductivity also shows unusual frequency dependence in
Fig. 2(b), where it does not obey a power law of single
exponent, but shows superlinear behavior at high frequen-
cies. To our knowledge, the dielectric response of strongly
correlated oxides has been explained in terms of dielectric
relaxation?? or in terms of variable range hopping.”> We
should emphasize here that neither of the two can explain the
data. Since o(w) cannot be described by a single exponent,
o(w) is unlikely to come from a variable-range-hopping
mechanism in which o(w) * ® (s<1) is expected.”> We also
note that Im & « o/ w increases at high frequencies because of
the superlinear behavior, which is difficult to explain by a
single relaxation term.

We have found that the features in Fig. 2 are very simi-
lar to what is observed in metal-dielectric composites con-
sisting of metallic and insulating nanoparticles, in which
the real part of the capacitance exhibits similar relaxation
and the imaginary part («o/w) shows a kink.?* The ac con-
ductivity o(w) of various disordered solids® including

PHYSICAL REVIEW B 76, 144203 (2007)

10° 4 TR R |
10% 10* 102 10° 102 10°
fAe/opc

1

FIG. 3. (Color online) The Taylor-Isard scaling for the measured
data shown in Fig. 2. The solid curve is a calculation for a random
network of resistor and capacitor by Dyre (Ref. 28) Ae and o, are
shown in the inset. The dc conductivity (=1/p,) in Fig. 1 is also
shown by the solid curve in the inset.

metal-dielectric composites obeys a scaling relation given
by26

PC) =F(@>, (3)

Odc Odc

where oy, and C are the dc conductivity and a scaling con-
stant. Equation (3) is called the Taylor-Isard scaling and in-
dicates that the ratio of the ac conductivity to the dc conduc-
tivity is written by a single scaling function F(®) against a
properly normalized frequency . Empirically, C is roughly
proportional to the difference of the dielectric constants be-
tween low- and high-frequency limits Ae=g;p—eyp, and

Sidebottom proposed the following scaling:?’
A
o(w) :F(u) @)
O4dc Odc

Figure 3 shows the scaling relation given by Eq. (4) for
the same data in Fig. 2. We used the ac conductivity at
100 Hz for o4, and thus took Ae as only one fitting param-
eter. Clearly, all the curves fall onto a single scaling curve,
indicating that the scaling explains the measured data excel-
lently. The fitting parameters are plotted as a function of
temperature in the inset of Fig. 3, which are converged to
reasonable values: Weakly temperature-dependent Ae quan-
titatively corresponds to the difference of the dielectric con-
stant between low and high frequencies. o excellently co-
incides with the c-axis dc conductivity (=1/p.) measured in
Fig. 1, as shown by the solid curve in the inset. Accordingly,
we conclude that the Taylor-Isard scaling satisfactorily ex-
plains the temperature and frequency dependence of the
complex c-axis conductivity of Bi,Sr,CoOg,s or equiva-
lently, this material can work as a metal-dielectric composite
even in a form of single crystal. We further note that this
scaling does not always work well for other transition-metal
oxides: For example, Debye-type relaxation is seen in & of
the charge-ordered Mn oxide (Pr,Ca)MnO;,>> which sug-
gests that polaronic conduction is not a necessary condition
for good fit to the Taylor-Isard scaling.
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Let us compare the scaling function obtained here with a
theoretical calculation. Dyre?® calculated a spatially ran-
domly varying conductivity in metal-dielectric composite
within the effective medium approximation and found the
scaling function &,

Glng=a, (5)

as a function of properly normalized frequency @, as shown
by the solid curve in Fig. 3. The theoretical calculation is in
excellent agreement with the data, which strongly suggests
that the conductivity is spatially inhomogeneous in the title
compound, and the electric response can be understood in
terms of a random network of resistor and capacitor that
mimics electrical features of metal-dielectric composites.
Finally, we wish to propose a possible origin for the di-
electric response in Bi,Sr,CoOg, s. As mentioned previously,
this material includes Co®* and Co?* ions, and the Co?*-rich
and Co’*-rich domains can be regarded as a metallic and a
dielectric domain, respectively. The Co** ion is magnetic
(high-spin state or intermediate-spin state) and the Co®* ion
is in the high-spin state of (e,)*(f5,)°. If the Co** ion is in the
high-spin state of (e,)*(1,)*, the highly localized t,, electron
finds it difficult to hop between the Co®* and Co’* ions. If
the Co®* ion is in the intermediate-spin state of (e,)'(t,)°,
one e, electron may hop via double exchange mechanism
from Co?* to Co>*. In this case, however, the intermediate-
spin-state Co>* ion is strongly coupled with Jahn-Teller dis-
tortion, so that the carriers act as a Jahn-Teller polaron. In
either case, Co*"-Co’*-based materials often become a
small-polaron conductor, in which the d electrons are con-
fined at the Co”* site. Similar confinement was already dis-
cussed in HoBaCo,0ss by Maignan et al.,”® which may
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cause different dielectric response from the Mn oxide.?? As a
result, the charge distribution becomes spatially inhomoge-
neous, as was revealed from the neutron experiment.“

IV. SUMMARY

In summary, we prepared single crystals of the layered
cobalt oxide Bi,Sr,CoO¢ by a floating-zone method and
measured resistivity, thermopower, dielectric constant, and
ac conductivity. The dc transport is explained by a polaron
conduction with a polaron binding energy of 0.16 eV, which
is consistent with other Co?*-Co**-based oxides. The dielec-
tric constant and ac conductivity are very similar to those of
metal-dielectric composite, which obeys the same scaling re-
lation as that for disordered solids in which the conductivity
is spatially inhomogeneous. This implies that the charge dis-
tribution is highly inhomogeneous in the sample, which is
consistent with the highly localized nature of polarons on the
Co** sites. We have explained the ac response in terms of
metal-dielectric composite and consistently explain, at least
qualitatively, the dc transport parameters and the magnetic
order studied by Thomas et al.'! Since our model is based on
macroscopic measurements, it is waiting for some micro-
scopic measurements such as scanning tunneling microscopy
or NMR.
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