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We report on the optical properties of the layered Co oxides Bi2-xPbxSr2Co2O8 with x =
0 and 0.4 and discuss similarities among optical sheet conductivities of layered Co and
Cu oxides. Optical sheet conductivity is defined as the product of the optical
conductivity and the lattice parameter along the cross-layer direction. Although the
optical conductivity spectra of both Bi2-xPbxSr2Co2O8 with x = 0 and 0.4 are similar in
shape to Na0.75CoO2 and Ca3Co4O9 below 3 eV, they are much smaller in magnitude. In
contrast, optical sheet conductivities are roughly identical among the four Co oxides
below 3 eV, which indicates that the common CoO2 layer in these oxides has the same
electronic states. In addition, we find that optical sheet conductivities are identical
among the layered Cu oxides with a four-fold coordinated CuO4 plane. We suggest
using optical sheet conductivity as a key concept to discuss the similarity among the
layered materials.

I. INTRODUCTION
Layered oxides have attracted much attention as functional materials for use as
high-temperature superconductors [1–3] and thermoelectric materials [4]. In particular,
the layered Co oxides such as NaxCoO2 (NCO), Ca3Co4O9 (CCO), and Bi2-xPbxSr2Co2O8
(BSCO when x = 0 and BPSCO when x = 0.4) are regarded as good thermoelectric
materials [4–10]. The thermoelectric-conversion efficiency is evaluated using the
dimensionless figure of merit, 𝑍𝑇 ≡ 𝑆 2 𝜎𝑇⁄𝜅 , where 𝑆 is the Seebeck coefficient, 𝜎
is the electrical conductivity, 𝑇 is the temperature, and 𝜅 is the thermal conductivity.
A good thermoelectric material is the one with a large Seebeck coefficient, high
electrical conductivity, and low thermal conductivity. Oxides were considered
unsuitable for thermoelectrics because of their poor mobility and high lattice thermal
conductivity. Thus, the discovery of NCO with good thermoelectric properties had an
impact on the thermoelectric research community [4]. Subsequently, related layered Co
oxides such as CCO, BSCO, and BPSCO have also been identified as good
thermoelectric oxides [4–10].
Figure 1 illustrates the crystal structures of NCO, CCO, and BSCO (BPSCO),
all of which have CoO2 layers in common. NCO is comprised of an alternating stack of
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CoO2 and Na layers [11,12]. CCO, BSCO, and BPSCO have a stacked structure
comprising the CoO2 layer and the rock-salt-type (RS) Ca2CoO3, Bi2Sr2O4, and
Bi1.6Pb0.4Sr2O4 layers, respectively [13,14]. The layers other than the CoO2 layer are
known as blocking layers. Oxygen ions in the common CoO2 layer form edge-sharing
octahedra with the cobalt ions at the center. CCO and BSCO (BPSCO) are known as
misfit oxides because the RS layers have a b-axis length different from the CoO2 layer,
and the ratio of the two is irrational. Since the RS layers of CCO and BSCO (BPSCO)
comprise the CaO–CoO–CaO triple and the SrO–Bi(Pb)O–Bi(Pb)O–SrO quadruple
layers, respectively, BSCO (BPSCO) has an interlayer spacing larger than CCO and
NCO. Accordingly, in quantitatively comparing the common CoO2 layer in these
materials, we should consider the thicknesses of the blocking layers.
Optical measurement is a powerful tool for providing information about
electronic structure. A reflectivity spectrum of BSCO has been reported by some groups
[15–17] and has been compared with the reflectivity spectra of NCO and the related Cu
oxides. However, the reflectivity and optical conductivity are sometimes unsuitable for
discussing these similarities quantitatively because they depend on the thickness of the
blocking layer. In a previous study on CCO [18], we applied the concept of optical sheet
conductivity 𝜎̃1 that is defined as the product of the optical conductivity 𝜎1 and the
interlayer spacing 𝑑,
𝜎̃1 = 𝜎1 𝑑.
(1)
Optical sheet conductivity is an important concept to evaluate the two-dimensional
electronic states quantitatively. In the 70s, this concept debuted in two-dimensional
electron systems [19,20]. After the 90s, it has been applied to thin films such as ultrathin
metal, graphene, and nanotube network films [21–24]. The optical sheet conductivity
can also be applied to the layered materials having two-dimensional electronic states.
Since optical sheet conductivity in layered materials is given by the sum of optical sheet
conductivity of each component layer in the unit cell, it is a useful concept to evaluate
not only the common layer quantitatively but also the contribution of the other
component layers such as the RS layer in CCO [18].
Although doped Pb ions enhance the dc conductivity in BSCO and BPSCO by
changing the lattice constant of the RS layer [25], the optical properties of BPSCO have
not been studied. Moreover, the previous detailed spectra and discussions of BSCO
have not been reported on in the visible region. Here we present the reflectivities,
optical conductivities, and optical sheet conductivities along in-plane direction of the
ab-plane of single crystals of BSCO and BPSCO below 4 eV and examine d-d
transitions in BSCO and BPSCO in the infrared and visible region. In addition, we
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extend the concept of optical sheet conductivity to layered Cu oxides of (Ca, Sr)CuO2,
Nd2CuO4, and Pr2CuO4 and discuss the two-dimensional nature of the two sets of
layered oxides.
II. EXPERIMENT
Single crystals of BSCO and BPSCO were grown using the flux method, as
described previously [10,26]. Optical measurements were performed along in-plane
direction of the ab-plane of single crystals with typical dimensions of 0.5 × 0.5 ×
0.1 mm3 . Reflectivity spectra from 0.062 to 1.5 eV were measured at room temperature
using a Fourier-type interferometer, JASCO FTIR6100, equipped with an infrared
microscope, JASCO IRT5000. To determine the absolute value of the reflectivity, the
reflectivity spectrum of a gold mirror was used as a reference. The reflectivity spectra
from 1.0 to 4.0 eV were measured at room temperature by using charge-coupled-device
spectrometers, Ocean Optics USB2000 and B&W TEK Inc. BRC112, equipped with an
optical microscope. The reflectivity spectrum of SiC was used as a reference.
The optical conductivities were calculated using the Kramers–Kronig (KK)
transformation of the reflectivity spectrum. In the low-energy regime, we extrapolated
the reflectivity of BSCO using data from the previous report [17].We used spectra
between 6 and 100 meV, utilizing the Hagen–Rubens relation below 6 meV because of
the metallic dc property at room temperature. We extrapolated the reflectivity of
BPSCO using the Hagen–Rubens relation below 62 meV. In the high-energy regime, we
used the data for BSCO from the previous report [16] between 4 and 35 eV, where we
assumed that BPSCO has a spectrum equal to BSCO from 4 to 35eV. Above 35 eV, we
assumed that the reflectivity was proportional to 𝜀 −4 , where 𝜀 is the photon energy,
and extrapolated the data.
III. RESULTS
Figure 2(a) displays the reflectivity spectra of BSCO and BPSCO along the
ab-plane at room temperature. Their spectra show no clear change with the doped Pb
ion. The Drude-like spectra below a dip at 0.6 eV indicate metallic electronic transport
properties, which are consistent with the metallic dc transport property [10,14,25–28].
The obtained spectrum for BSCO in the low-energy region is similar to the spectra in
the previous studies [15–17]. Figure 2(b) illustrates the ab-plane optical conductivities
of the Co oxides, in which the results for NCO are reported by other groups [Wang et al.
(x = 0.7) [29] and Hwang et al. (x = 0.5 and 0.75) [30]]. Three broad peaks, which are
reminiscent of those observed in NCO, are observed at 0.5, 1.4, and 3.7 eV. The peaks at
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0.5 and 1.4 eV are labeled 𝛾 and 𝛽, respectively, after Wang et al.’s report [29]. The
peak at approximately 3.7 eV, which is labeled 𝛼′, is slightly different from the
𝛼-labeled peak at 3.2 eV observed in NCO. The 𝛼′-labeled peak probably comprises
the 𝛼-labeled peak and other excitations (refer to section IV for details on optical sheet
conductivity). These similarities indicate that the common subsystem CoO2 layer has
similar electronic states. Following our previous report on CCO [18], we think that the
𝛽- and 𝛾-labeled peaks correspond to the transitions in the t2g bands split by the crystal
structure of the oxygen ions in the CoO2 layer. In addition, the 𝛼′-labeled peak likely
corresponds to the transitions from the t2g bands to the eg bands in the CoO2 layer and
the excitation in the RS layer.
We calculate the effective carrier number per Co site in the CoO2 layer using
the following equation:
𝑚0 eff
2𝑚0 𝑉 𝜀
𝑁 (𝜀) =
∫ 𝜎 (𝜀′)𝑑𝜀′ ,
(2)
𝑚∗
𝜋ℏ𝑒 2 0 1
where 𝑚0 is the bare mass of an electron, 𝑚∗ is the effective mass, ℏ is the reduced
Plank constant, 𝑒 is the charge of an electron, 𝜎1 (𝜀′) is the optical conductivity, and
𝑉 is the volume per Co site in the CoO2 layer. (𝑚0 ⁄𝑚∗ )𝑁 eff (𝜀) equals the effective
carrier number when 𝑚∗ = 𝑚0 . Figure 2(c) depicts the effective carrier numbers for
BSCO, BPSCO, and NCO (x = 0.5, 0.7, and 0.75) plotted as functions of the photon
energy. The cutoff energy separating the Drude weight from the 𝛽 weight is
approximately 0.9 eV, which is common among BSCO, BPSCO, and NCO (x = 0.5, 0.7,
and 0.75). The inset in Fig. 2(c) displays an extended figure below 1.2 eV. Note that
(𝑚0 ⁄𝑚∗ )𝑁 eff (𝜀) in both BSCO and BPSCO are smaller than (𝑚0 ⁄𝑚∗ )𝑁 eff (𝜀) in
NCO (x = 0.5) and NCO (x = 0.7) and are approximately equal to (𝑚0 ⁄𝑚∗ )𝑁 eff (𝜀) in
NCO (x = 0.75). This similarity between BSCO and BPSCO indicates that the decrease
in the dc resistivity with the Pb substitution does not originate from an increase in
carrier density but from an increase in scattering time improved by the deformation of
the misfit crystal structure [25]. Previously, we found a similar relationship between
NCO (x = 0.75) and CCO [18]. These results imply that the CoO2 layers of BSCO,
BPSCO, and CCO have electronic states closest to NCO (x = 0.75) among all the
substances considered.
Since the Na concentration x in NCO determines the carrier density in the
CoO2 layer, the Seebeck coefficient increases with increasing Na concentration [6]. The
Seebeck coefficients of BSCO, CCO, and NCO (x = 0.75) are approximately 120 V/K
from 150 to 300 K (larger than those of NCO with 0.5 ≤ x ≤ 0.7) and monotonically
decrease with decreasing temperature below 150 K [6,10,31]. Although the Seebeck
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coefficient of BPSCO is approximately 100 V/K from 150 to 300 K, which is a little
smaller, it has a similar temperature dependence [10]. According to the Mott formula for
a single-band model [32,33], the Seebeck coefficient in the two-dimensional conductor
is represented as
𝜋𝑘𝐵 2 𝑚∗
𝑆=
𝑇,
(3)
2𝑒ℏ2 𝑛𝑑
where 𝑘𝐵 is the Boltzmann constant, 𝑛 is the carrier density, and 𝑛𝑑 means the sheet
carrier density of the two-dimensional plane. Since (𝑚0 ⁄𝑚∗ )𝑁 eff (𝜀0 ) is proportional
to𝑛𝑑 ⁄𝑚∗ , the similarity of the effective carrier numbers is a reasonable result and
suggests that the ratio of the sheet carrier density to the effective mass is approximately
equal among NCO (x = 0.75), CCO, BSCO, and BPSCO.
For ordinary semiconductors, the Hall coefficient 𝑅𝐻 can be expressed as
𝑅𝐻 = 𝛾𝐻 ⁄𝑛𝑒, where 𝛾𝐻 is a parameter determined by the energy dependence of the
scattering time. From previous reports [14,34,35], 𝑅𝐻 = 2.5 × 10−3 cm3 ⁄C in NCO
(x = 0.76), 𝑅𝐻 = 1.3 × 10−2 cm3 ⁄C in CCO, 𝑅𝐻 = 1.2 × 10−2 cm3 ⁄C in BSCO,
and 𝑅𝐻 = 1.1 × 10−2 cm3 ⁄C in BPSCO at 300 K, correspond to the sheet carrier
densities of 𝑛𝑑 = 13 × 1013 cm−2 , 5.2 × 1013 cm−2 , 7.7 × 1013 cm−2 , and
7.2 × 1013 cm−2 at 𝛾𝐻 = 1, respectively, as shown in Table 1. Here we use 𝑑 =
5.36 Å in NCO [36], 𝑑 = 10.7 Å in CCO [13], 𝑑 = 14.9 Å in BSCO [37], and
𝑑 = 15.0 Å in BPSCO [37]. Although the Hall coefficients of CCO, BSCO, and
BPSCO are five times as large as NCO (x = 0.76), the difference among these sheet
carrier densities becomes smaller, which suggests that these Co oxides may be regarded
as two-dimensional materials and have the same sheet carrier density and effective
mass.
IV. DISCUSSION
To compare the similarity among NCO (x = 0.75), CCO, BSCO, and BPSCO
quantitatively, we consider their optical sheet conductivities. When we apply this
concept to the bulk material, the following three conditions are necessary; (1) a
two-dimensional electronic-transport property, (2) little overlap in the excitations
between different layers, and (3) an optical conductivity along the in-layer direction.
Optical sheet conductivity in the layered materials can be regarded as the sum of optical
sheet conductivities of the component layers in the unit cell.
Figure 3 illustrates the optical conductivity and optical sheet conductivity
spectra of NCO (x = 0.75), CCO, BSCO, and BPSCO when 𝑑 = 5.36 Å in NCO
[36], 𝑑 = 10.7 Å in CCO [13], 𝑑 = 14.9 Å in BSCO [37], and 𝑑 = 15.0 Å in
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BPSCO [37]. The magnitude of the optical conductivity decreases in the order of NCO
(x = 0.75), CCO, and BSCO (BPSCO). Conversely, optical sheet conductivities are
roughly identical among these materials below 3 eV, which indicates that the common
CoO2 layer has the same electronic state. Despite the concept appearing similar to the dc
sheet conductivity, this relation in optical sheet conductivity does not necessarily
correspond to that in the dc sheet conductivity. Indeed, the dc sheet conductivities are
not equal among NCO (x = 0.75), CCO, BSCO, and BPSCO [6,10,31]. The difference
between optical sheet conductivities of NCO (x = 0.75) and BSCO appears in the low
energy region below 0.5 eV, as shown in Fig. 3(c). If we assume the same sheet carrier
density and effective mass in NCO (x = 0.75) and BSCO because of the same effective
carrier numbers, the cause of the difference below 0.5 eV in Fig. 3(c) is probably the
difference of the scattering times between NCO (x = 0.75) and BSCO.
Previously, we compared the optical sheet conductivity spectrum of CCO with
that of NCO (x = 0.75), assuming that the optical sheet conductivity spectrum of NCO
(x = 0.75) below 4 eV comprises only the contribution of the CoO2 layer [18].
Accordingly, we concluded that the difference that appears at approximately 2.6 eV
corresponds to the transfer between the split Co 3d bands in the RS layer of CCO. We
now assume the same condition and compare optical sheet conductivity spectra of
BSCO and BPSCO with that of NCO (x = 0.75). We ignore the slight difference from
1.4 to 2.2 eV because our assumption requires that NCO (x = 0.75) should have a
spectrum smaller than BSCO and BPSCO below 4 eV. Comparison of optical sheet
conductivity spectra of NCO (x = 0.75), BSCO and BPSCO reveals that the α′-labeled
peak overlaps the α-labeled peak in NCO (x = 0.75) at approximately 3.0 eV, which
suggests the α′-labeled peak involves the contribution of the α-labeled peak. In
addition, the excitations of the RS layers in BSCO and BPSCO exist above
approximately 3.5 eV, which correspond to transfers in the Bi bands in the RS layer. The
absence of a difference at 2.6 eV, which appears between NCO (x = 0.75) and CCO, is
consistent with the absence of Co in the RS layers of BSCO and BPSCO.
To examine the validity of optical sheet conductivity, we apply this concept to
the layered Cu oxides with a four-fold coordinated CuO4 plane (CuO2 layer), such as
(Ca, Sr)CuO2, Nd2CuO4, and Pr2CuO4, as shown in Figs. 4(a–b). (Ca, Sr)CuO2
comprises a stack structure of CuO2 layers separated by the Ca (/Sr) ions [38,39].
Nd2CuO4 (Pr2CuO4) has a stacked structure comprising the CuO2 and fluorite-type
Nd2O2 (Pr2O2) layers [40]. These materials are insulating and become superconducting
by electron doping at low temperature [38–40]. Thus, it is widely accepted that the
common CuO2 layer has a similar electronic state.
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Figure 4(c) depicts the optical conductivity spectra of (Ca, Sr)CuO2, Nd2CuO4,
and Pr2CuO4, which are taken from the previous reports of Terasaki et al. [41], Arima et
al. [42], and Wang et al. [43], respectively. These materials have a peak at
approximately 1.5 eV and insulating characteristics in the low-energy regime [38–40].
The optical conductivity of (Ca, Sr)CuO2 is approximately twice as large as Nd2CuO4
and Pr2CuO4. We convert the optical conductivities into optical sheet conductivities,
considering the interlayer spacing between the CuO2 layers; 𝑑 = 3.20 Å in (Ca,
Sr)CuO2 [38], 𝑑 = 6.08 Å in Nd2CuO4 [44], and 𝑑 = 6.12 Å in Pr2CuO4 [44]. As
shown in Fig. 4(d), their optical sheet conductivity spectra merge into a single curve,
which suggests that the common CuO2 layer has the same electronic states without any
contribution of the blocking layers below 2.5 eV. Despite the insulators, these spectra
reveal that each component layer separately contributes and, surprisingly, has the
two-dimensional electronic state. This additional information cannot be obtained from
either the optical conductivity or the dc sheet conductivity.
Despite the identical spectra in these layered oxides, we notice that optical
sheet conductivity cannot be applied to layered Cu oxides with an octahedral CuO6
structure such as La2-xSrxCuO4 [45], Bi2Sr2CuO6 [46], Tl2Ba2CuO6 [47], and
HgBa2CuO4 [48], which become superconducting by hole doping at low temperature.
Although their optical conductivities have similar Drude-like spectra, optical sheet
conductivities do not overlap the same spectrum in these materials. The first possibility
which may cause this is that the differences in the interlayer spacing among them is too
small and is comparable to the measurement error. The second possibility is the
difference between p-type and n-type superconductors. The P-type Cu oxide
La2-xSrxCuO4 is antiferromagnetic in the nondoping regime x = 0, and 𝑇𝑁 rapidly
decreases by a small amount of hole doping x = 0.01 [49]. Subsequently, in the
composition range 0.05 < x < 0.18 , the superconducting phase appears and is
completely separated from the antiferromagnetic phase. Conversely, for the n-type Cu
oxide Nd2-xCexCuO4, the antiferromagnetic phase is much more robust until x = 0.14
and the appearance of the superconductor coincides with the absence of the
antiferromagnetic phase [50]. This difference, whose origin reminds us of a
controversial subject, may be related to the two-dimensional-conducting property.
V. CONCLUSION
In summary, we have investigated the ab-plane reflectivity spectra observed in
single crystals of Bi2Sr2Co2O8 and Bi1.6Pb0.4Sr2Co2O8, and discussed optical sheet
conductivities in layered Co and Cu oxides. Both Bi2Sr2Co2O8 and Bi1.6Pb0.4Sr2Co2O8
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have optical conductivities similar to NaxCoO2 below 3 eV. The effective carrier
numbers per Co site reveal that the electronic states of Bi2Sr2Co2O8 and
Bi1.6Pb0.4Sr2Co2O8 are closest to those of NaxCoO2 (x = 0.75) among x = 0.5, 0.7, and
0.75. We have found that optical sheet conductivity is almost identical below 3 eV
among Na0.75CoO2, Ca3Co4O9, Bi2Sr2Co2O8, and Bi1.6Pb0.4Sr2Co2O8. Furthermore, a
similar relation is discovered in the Cu oxides of (Ca, Sr)CuO2, Nd2CuO4 and Pr2CuO4
below 2.5 eV. These results suggest that the common CoO2 (CuO2) layer has an
identical electronic structure. We propose optical sheet conductivity as a key concept to
assess the similarity among layered materials.
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Figure 1

Fig. 1 (a–c) Crystal structures of NaxCoO2 (NCO), Ca3Co4O9 (CCO), and
Bi2-xPbxSr2Co2O8 (BSCO at x = 0 and BPSCO at x = 0.4).
Figure 2

Fig. 2 (Color Online) (a) Reflectivity spectra of BSCO and BPSCO below 4 eV at room
temperature. (b) Optical conductivities, 𝜎1 , of BSCO and BPSCO obtained from the
KK transformation of the reflectivity in Fig. 2(a) and of NCO taken from the previous
reports [29,30]. (c) Effective carrier numbers, 𝑁 eff , of BSCO, BPSCO, and NCO,
which are transformed from the data in Fig. 2(b). The inset shows the effective carrier
number in the low-energy regime.
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Table 1
Table 1 Hall coefficients, RH, and sheet carrier densities, nd, of NCO (x = 0.75), CCO,
BSCO, and BPSCO. Data of RH and d is taken from the previous reports [13-14, 34-37].
NCO
(x = 0.76)

CCO

BSCO

BPSCO

RH (10−3cm3/C)

2.5

13

12

11

(1013 cm-2)

13

5.2

7.7

7.2

nd

Figure 3

Fig. 3 (Color Online) (a) Optical conductivities, 𝜎1 , of NCO (x = 0.75), CCO, BSCO,
and BPSCO. (b) Optical sheet conductivities, 𝜎̃1 , of NCO (x = 0.75), CCO, BSCO, and
BPSCO. Data of NCO (x = 0.75) and CCO is taken from the previous reports [18,30].
(c) Extended optical sheet conductivities, 𝜎̃1 , of NCO (x = 0.75) and BSCO in the
low-energy regime below 1 eV.
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Figure 4

Fig. 4 (Color Online) (a) Crystal structure of (Ca, Sr)CuO2. (b) Crystal structure of
Nd2CuO4 (Pr2CuO4). (c) Optical conductivities, 𝜎1 , of (Ca, Sr)CuO2, Nd2CuO4 , and
Pr2CuO4, which are taken from the previous reports [39–41]. (d) Optical sheet
conductivities, 𝜎̃1 , of (Ca, Sr)CuO2, Nd2CuO4 , and Pr2CuO4, which are converted from
data in Fig. 4(c).
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