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The optical reflectivity spectra of the single-crystal Bi-based cuprates, Bi;SroCaCu;Os+x and
Bi;Sr2CuQOs+x, were measured in a wide energy range from 0.05 to 40 eV, and analyzed through
the Kramers-Kronig relation. The obtained spectra are different from other superconducting cu-
prates, such as (La,Sr),CuO4 and YBa,Cu3;O,, which might be ascribed to the existence of the
characteristic Bi;O; layer. The optical excitations within Bi;O; layer start from 2 eV or higher
energy, so it is unlikely that the electrons in the Bi,O layer contribute to low-energy excitation or
dc conduction in this family of high-T, superconductors.

The Bi-based cuprates, Bi;SryCa,—1Cu,Oz,44+x (n
=1, 2, and 3) form a class of high-temperature supercon-
ducting oxides which have no rare-earth atoms in compo-
sitions.!'? They have a two-dimensional square lattice of
Cu atoms interconnected by O atoms as in the case of
(La,Sr),Cu0O,; (La-Sr-Cu-O) and YBa,Cu;O, (Y-Ba-
Cu-O), but also possess a characteristic structure made
from Bi and O, a so-called “Bi,O, layer.” Therefore,
much interest has been focused on how the presence of the
Bi,O; layer affects the physical properties of Bi,Sr,-
Ca,-1Cu,O2, +4+x system as compared with previously
known La-Sr-Cu-O and Y-Ba-Cu-O. The results of the
band calculations have shown that the Bi,O, layer sup-
plies holes to the conducting CuO; layer, i.., self-
doping.>~® The transport measurement of single-crystal
Bi;Sr,CaCu;03+, has revealed enormous anisotropy of
the resistivity between the directions parallel and perpen-
dicular to the ¢ axis (py/p.~10°%),” which suggests that
the conducting CuO; layers are well isolated along the ¢
axis by the Bi;O; layer. Since the Bi-based cuprates can
be easily cleaved and the clean surface of the sample can
be obtained, many experiments on photoemission spec-
troscopy have been reported. ~!°

The optical reflectivity measurement is a powerful
probe for the study of the electronic structure of solids. It
can provide much information on the conduction bands as
well as the valence bands of the crystal through interband
transitions. It is an interesting problem for Bi-based cu-
prates how the excitations within the Bi,O, layer affect
those within the CuO; layer and how the optical transi-
tions differ from those of Y-Ba-Cu-O and La-Sr-Cu-O.
In this paper, we report the results of the optical
reflectivity measurement of single-crystal Bi,Sr,Ca-
CuyO3+x (Bi-Sr-Ca-Cu-O) and Bi;Sr,CuQOg+, (Bi-Sr-
Cu-O) over a wide energy range from 0.05 to 40 eV.

Single crystals of Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O were
prepared by a usual CuO flux method. Typical dimension
of the sample is about 2x1x0.1 mm?>. The sample of Bi-
Sr-Ca-Cu-O becomes superconducting at 80 K. The sam-
ple of Bi-Sr-Cu-O is metallic but does not show supercon-
ductivity above 4.2 K. More detailed fabrication tech-
nique and the characterization of the sample were report-
ed in Ref. 11. The reflectivity was measured only with the
electric field E of incident light perpendicular to the ¢ axis
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(E L), because the sample was too thin to be measured
in the configuration E llc. The reflectivity above 2 eV was
measured by using the synchrotron radiation as a light
source and a 1-m Seya-Namioka monochromator with a
typical resolution of 2 A. Photomultipliers were used as a
detector and the absolute value of reflectivity was deter-
mined by signal-voltage characteristics of the photomulti-
pliers.

The reflectivity spectra of Bi-Sr-Ca-Cu-O and Bi-Sr-
Cu-O are shown in Fig. 1(a). The gross features of the
spectra of Bi-Sr-Ca-Cu-O and Bi-Sr-Cu-O are almost the
same except for one difference. It is the lowest edge near
1 eV, marked with a filled triangle in Fig. 1(a), which
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FIG. 1. The optical reflectivity of single-crystal cuprates.

The electronic field E of incident light is perpendicular to the ¢
axis of the crystals: (a) Bi;Sr2CuQOg+x and Bi;Sr2CaCu;Os+x;
(b) (Ca,Sr)CuOs.
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presumably corresponds to the plasma excitation of the
free carriers. The position of the edge of Bi-Sr-Ca-Cu-O
is about 1 eV, and slightly higher than that of Bi-Sr-Cu-O
(~0.9¢eV).

One would notice that the spectra of the Bi-based cu-
prates are different from those of La-Sr-Cu-O and Y-Ba-
Cu-O which share common features.'> The reflectivity
spectrum of Bi-Sr-Cu-O is compared with that of La-Sr-
Cu-O (from Ref. 12) as shown in Fig. 2. The most dis-
tinct feature of the spectra of the Bi-based cuprates is the
presence of the peak around 4-5 eV. The definite assign-
ment of this peak is difficult because of the complexity of
the crystal structure of the Bi-based cuprates. There are
two possible candidates for the origin of the peak at the
moment. One is the optical transition within the Bi,0;
and/or SrO layers, e.g., between Bi 6p and O 2p, and the
other in the CuO, layer, e.g., between Cu 3d and O 2p.
Of course, it is possible that both excitations overlap with
each other.

Fujimori et al. have observed the excitations below 6 eV
for single-crystal Bi-Sr-Ca-Cu-O by using electron-
energy-loss spectroscopy (EELS), and assigned them to
the excitations associated with Bi and O.® Kelly ez al.
have reported the existence of similar features at 4-5 eV
for polycrystalline Bi>Sr,CoOg and Bi,Sr3Fe,Oq as well as
those of Bi-Sr-Cu-O and Bi-Sr-Ca-Cu-O through ellip-
sometry, and speculated that the transition around 4 eV is
assigned to the excitation in the Bi,O; layer. 13

Other cuprates without the Bi,O, layer sometimes show
a weak feature near 4 eV in the reflectivity spectrum. An
example is the spectrum of single-crystal (Ca,Sr)CuO,,
which is regarded as the parent material of the Bi- and
Tl-based cuprates, as shown in Fig. 1(b). The oxide
(Ca,Sr)CuO0; is an insulating cuprate, and has the layered
structure in the sense that CuO, and Ca/Sr layers are al-
ternately stacked along the c axis. The transitions associ-
ated with Ca and Sr may have little effect on the
reflectivity spectrum below ~ 10 eV for E Lc, because the
oxygens around Ca and Sr are completely vacant. So the
peak near 4 eV in (Ca,Sr)CuO; should be assigned to
some excitation in the CuO; layer.

In the lower-energy region, the spectrum of
(Ca,Sr)CuO; exhibits a pronounced peak at 1.5 eV. The
corresponding peak is observable at nearly the same ener-
gy for every insulating cuprate including the parent com-
pounds of high-7, superconductors, such as La;CuOy,
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FIG. 2. The optical reflectivity of single-crystal Bi;Srz-

CuOg+x and (La,Sr)zCuO4.

Nd,CuOy4, and YBa;Cu30¢.'>!* This peak is observed
only when the electric field of light is parallel to the CuO,
layer,'>!* so it is reasonably assigned to the charge-
transfer excitation from O 2p to Cu 3d states. The insu-
lating Bi,Sr;YCu,;Os also shows a similar peak at 1.7
eV.!3 The 4-eV peak in (Ca,Sr)CuO; would thus be the
second lowest excitations in the CuO; layer (a possible
candidate is the transition between Cu 3d,: and 3d,:_ 2).
The 1.7-eV peak of Bi;Sr,YCu;0s rapidly loses its inten-
sity when doped with carriers'® as was also shown in the
reflectivity of (La,Sr);CuO4 and (Nd,Ce),CuO,.'*

From the fact that the 4-eV feature in Bi-Sr-Ca-Cu-O
and Bi-Sr-Cu-O consists of a few peaks and forms rela-
tively stronger and broader absorption band than that in
(Ca,Sr)Cu0,, excitations in the CuQ; layer as well as the
Bi,0,/SrO layers likely contribute to this broad absorp-
tion peak. Then it follows that the optical transition
around 4 eV is the lowest-energy excitation in the
Bi;0,/SrO layers and thus the spectrum in the lower-
energy region (Aw < 2 eV) is determined only by the exci-
tations in the CuO; layer. Actually there are no clear ab-
sorptions below 2 eV for Bi-based cuprates except for the
plasma excitation of carriers in the CuO; layer, as shown
in Fig. 3(b). In this regard, the Bi;O,/SrO layers might
be insulating and have no direct relevance to superconduc-
tivity in this system.
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FIG. 3. Results of Kramers-Kronig analysis for Bi,Sr.Ca-
Cu0s+, (solid line) and Bi;Sr;CuOg+, (dotted line): (a) real
part of e(w), (b) imaginary part of e(w), (c) the loss function,
and (d) the effective electron number (see text).
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Another notable feature is that the spectra in the
higher-energy region are different from that of La-Sr-
Cu-O or Y-Ba-Cu-O where two distinct reflectivity edges
are observed [one is 12-13 eV, and the other is 25-30 eV
(Ref. 12)]. The previous paper has revealed that the spec-
tra of La-Sr-Cu-O and Y-Ba-Cu-O in the high-energy re-
gion (hw >4 eV) are in excellent agreement with the
band calculations and are predominantly due to the tran-
sitions to the conduction bands composed of La 5d/4f in
La-Sr-Cu-O and Ba 5d in Y-Ba-Cu-O.'? Both La and Ba
atoms are located in the planes including apical sites of
oxygen octahedra or pyramids surrounding Cu atoms.
Corresponding conduction bands should be derived from
Sr 4d for the Bi-based cuprates. The circumstances are,
however, a little different in Bi-Sr-Ca-Cu-O and Bi-Sr-
Cu-O because the O 2p orbitals in the SrO layer are
strongly hybridized with Bi 6p in the Bi,O, layer. As a
consequence the strength of the optical transition between
O 2p and Sr 4d becomes weak. This is also the case with
(Ca,Sr)CuO, where the oxygen sites in the Ca/Sr layer
are vacant, so that the spectral feature associated with the
transitions to the Ca 3d/Sr 4d conduction bands is very
weak.

The conduction bands of Bi-based cuprates are more
complicated than those of La-Sr-Cu-O and Y-Ba-Cu-O
because of the presence of the BiO, layer. While the
lowest conduction bands of La-Sr-Cu-O and Y-Ba-Cu-O
mainly consist of La 5d/4f and Ba 5d, respectively, those
of Bi-based cuprates are predominantly composed of Bi 6p
and O 2p, according to the band calculations. (O 2p is
mainly made of O 2p, , in the Bi,O; layer and partially O
2p, in the SrO layer.) Since Bi 6p and O 2p are strongly
hybridized with each other, the lowest conduction bands
for Bi-Sr-Cu-O and Bi-Sr-Ca-Cu-O are broader than
those for La-Sr-Cu-O and Y-Ba-Cu-O. Although the
spectral weight associated with the transitions to these
conduction bands seems concentrated in the energy region
around 4-5 eV, the interband transitions within the Bi,0,
and SrO layers should extend to higher energies and over-
lap other excitations in the CuO; layer.

The Kramers-Kronig (KK) analysis was performed
with the measured spectra, and the calculated dielectric
functions are shown in Figs. 3(a)-3(d). Since the KK
analysis requires the spectra for the entire energy region,
the low-energy spectra (hw < 0.05 eV) were extrapolated
by using the Hagen-Rubens fit and the high-energy spec-
tra (hw > 40 eV) were extrapolated by using the relation
R(w) x ™% In Fig. 3(a), the plasma excitations of free
carriers are clearly shown at Rele(w)] =0. The plasma
frequency for Bi-Sr-Ca-Cu-O is larger than that for Bi-
Sr-Cu-O, as was already described. In Fig. 3(b), no clear
absorption is seen below 3 eV except for that centered at
hw~0 eV. So it can safely be said that the low-energy
excitation is dominated by the carriers in the conducting
CuO; layer. In Im[—1/e(w)] spectrum [Fig. 3(c)], a
peak is observed near 20 eV, which can be assigned to the
end of the excitations involving all the valence electrons in
the CuO; layer. Since the excitations in the Bi,O, and
SrO layers are present and extending to higher-energy re-
gion, the peak near 20 eV is not isolated. Above 20 eV,
the transitions from the core levels of Bi as well as the

valence bands dominate in the spectra. Sharp structures
near 26-27 and 29 eV are clearly seen both in Bi-Sr-Ca-
Cu-O and Bi-Sr-Cu-O, which are assigned to the transi-
tions from spin-orbit split Bi 5d to Bi 6p and/or O 2p.
The energy difference of the peaks coincides with the
spin-orbit splitting of Bi 5d.'¢

The obtained spectrum of Im[— 1/¢(w)] for Bi-Sr-Ca-
Cu-O is in agreement with the results measured by Nuck-
er et al. with EELS.° The peaks in Im[—1/¢(w)] ob-
tained from EELS seem to be more emphasized than
those from the optical measurement. The effective elec-
tron number N g(w) is calculated through the relation as

N -_m

en(@) 2n%e?
As is shown in Fig. 3(d), Ng’s at 40 eV are about 41 and
57 for Bi-Sr-Cu-O and Bi-Sr-Ca-Cu-O, respectively. The
formal numbers of the valence electrons per unit cell for
Bi-Sr-Cu-O and Bi-Sr-Ca-Cu-O (Niqa) are 45 and 66,
respectively. (We assume that the valence bands consist
only of Cu 3d and O 2p, and valence electrons are com-
posed of nine 3d electrons per Cu and six 2p electrons per
O. For example, Ny of Bi;Sr;CuQg is 1x9+6x%6
=45.) It has already been found out that N.g at 40 eV
roughly represents the number of the valence electrons in
the case of La-Sr-Cu-O and Y-Ba-Cu-O,!? but the elec-
tronic states of the Bi-based cuprates are more complicat-
ed because the contributions of the excitations from the
Bi,O; layer overlap. As a matter of fact, the transitions
from Bi 5d are clearly seen above 20 eV. N g(®)’s of Bi-
Sr-Ca-Cu-O and Bi-Sr-Cu-O are not well saturated,
which means that the excitations of valence electrons ex-
tend above 40 eV. Therefore, it is difficult to compare
Neg(w) at 40 eV with Ny, for Bi-based cuprates.
Nonetheless, we emphasize that N g(w) at 40 eV corre-
lates well with N Table I lists the calculated Neg(w)
at 40 eV and Nuja for La-Sr-Cu-O, Y-Ba-Cu-O, Bi-Sr-
Ca-Cu-O, and Bi-Sr-Cu-O. The material which has
larger Nyota shows larger Neg(w), therefore the correla-
tion between Ng(w) and Ny is also valid for the Bi-
based cuprates.

In summary, we have measured and analyzed the opti-
cal reflectivity spectra of single-crystal Bi-based cuprates,
Bi,Sr;Ca,-1Cu,02,+4+x (n=1 and 2). The obtained
spectra are apparently different from (La,Sr),CuO,4 and
YBa,Cu30,, and the reason may be as follows: The
lowest conduction band consists of Bi 6p and O 2p in

j;m o'Imle(w)]ldo’ .

TABLE I. The calculated effective electron number Ng(w)
at 40 eV and the formal valence electron number Nyoa in Cu 3d
and O 2p states for various superconducting cuprates (see text).

Material Nea(w) at 40 eV Notal
(La,Sr),CuO,* 27 33
YBa;Cu30,* 58 69
Bi;Sr,CaCu,0s 57 66
Bi,Sr,CuQO¢ 41 45

*Reference 12.
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Bi,0,/SrO layers and the position is lower in energy as
compared with the La 5d/4f or Ba 5d conduction bands
in (La,Sr),CuO4 or YBa,Cu3zO, (but perhaps does not
cross the Fermi level). Since the CuO, layer is well
separated in space from the Bi,O; layer, the excitations
within Bi;O, and SrO layers are rather independent of
those in CuQ; layer, and form characteristic and compli-
cated reflectivity spectra. The Kramers-Kronig analysis
has been performed, and the obtained dielectric function
is in agreement with the results of the electron-energy-loss
spectroscopy measurement.
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FIG. 1. The optical reflectivity of single-crystal cuprates.

The electronic field E of incident light is perpendicular to the ¢
axis of the crystals: (a) Bi:SroCuQOs+. and BiySryCaCuzOs+x;
(b) (Ca,Sr)Cu0:.



