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optical reflectivity of single-crystal Bi2M3Co2G9+$ (M =Ca, Sr, and Ba)
from the infrared to the vacuum-ultraviolet region
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The dielectric functions of single-crystal Bi&M3Co209+q {M=Ca, Sr, and Ba) were obtained by
optical-reflectivity measurements. The Bi-based Co oxides have a characteristic Bi202 layer with two
sheets of Co02 plane per primitive cell, and can be a reference material for Bi&Sr2CaCu208+z. The ob-
tained spectra are transformed to give the optical conductivity, and the optical properties of the Co02
plane are discussed. Comparison of the electronic states of the Co and Cu oxides reveals two charac-
teristics of high-T, cuprates. One is that the peak of the midinfrared absorption seen in optical conduc-
tivity decreases in energy toward 0 eV upon doping. The other is that the doping-dependent excitation
associated with the Cu02 plane is con6ned in the low-energy region and is separated from other excita-
tions such as those in the Bi202 layer.

I. INTRODUCTION

Since the discovery of the high-T, cuprates, a number
of superconducting oxides have been synthesized. Al-
most all of them have a characteristic Cu02 plane, which
is thought to be responsible for high-T, superconductivi-
ty. Although many works have been devoted to under-
standing the physical properties of the Cu02 plane, cru-
cial data have not been obtained up to now. Recently, a
set of single-crystal samples of high-T, cuprates with
various amounts of dopant have been prepared, and the
carrier-concentration dependence of the optical proper-
ties of the Cu02 plane has been investigated. ' These
studies have revealed that a broad absorption in midin-
frared (mid-ir) region is widely seen in the optical con-
ductivity spectra of doped samples, such as
(La, Sr)2CuO4, ' (Pr,Ce)2Cu04, YBazCu30, ' and
Bi2Sr2(Ca, L)Cu208+s (l. =Y and Nd). This means that
the optical spectra of high-T, cuprates cannot be fitted by
a simple Drude term. Many models, including ours, have
been proposed to explain the doping mechanism, ' but
the best answer cannot be selected at present.

Noncopper metallic oxides have been studied much
earlier but much less than the high-T, cuprates. One
may say that the difficulty in the study of high-T, cu-
prates is due to insufficient knowledge on physical prop-
erties of conducting oxides in general. Thus it would be
important to compare superconducting oxides with other
metallic oxides and find the property inherent in high-T,
cuprates. We previously reported the optical study of the
metallic Co oxide (Nd, Sr)Co03, and found a broad mid-ir
absorption in the conductivity spectra for doped sam-
ples. " We concluded that the formation of the mid-ir ab-
sorption is common to conducting 3d-transition metal
oxides. Taking a closer look at the carrier-concentration
dependence of the mid-ir absorption, we found that the
peak of the mid-ir absorption in cuprates shifts to lower
energy with doping and it cannot be seen at finite energy
for sufFiciently doped samples. On the other hand, the
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FIG. 1. Optical reflectivity spectra for Bi2M3Co209+(;
{M=Ca and Sr). Their crystal structure is schematically drawn
in the inset.

energy of the peak of the mid-ir absorption in Co oxides
stays at 0.3 eV for all the prepared samples (up to 40
at. %-Sr substitution for Nd). We attributed the above
difference to the different energy of the charge-transfer
(CT) excitation between 0 2p and Cu/Co 3d, and report-
ed that a characteristic optical property in high-T, cu-
prates is the energy shift of the peak of the mid-ir absorp-
tion toward 0 eV.

One would wonder if the different behavior of the
mid-ir absorption between high-T, cuprates and
(Nd, Sr)Co03 comes from the diff'erent dimensionality of
the two systems, or not. It is thus necessary to study con-
ducting two-dimensional Co oxides. For this purpose,
the conducting oxides Bi2M3Co209+Q (M =Ca, Sr, and
Ba) are the best materials with the following advan-
tages. '

(i) They have a characteristic Bi&02 layer and a con-
ducting CoOz plane instead of a Cu02 plane in
Bi2Sr2CaCuzOs+s (their crystal structure is schematically
drawn in Fig. l).
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(ii) They become more conducting in going from
M =Ca to Ba, which shows that the carrier concentra-
tion can be varied by the alkaline earth element M.
(Resistivities at 300 K are 10, 0.04, and 0.005 Oem for
M =Ca, Sr, and Ba, respectively. )

(iii) Cobalt cations in the crystal are nearly trivalent,
and it is possible to compare them with the three-
dimensional Co + system, (Nd, Sr)Co03.

(iv) They have the perfect cleavability like Bi-based cu-
prates, and are free from surface contamination.

In this paper, we report the measurements and analy-
ses of the optical reflectivity of single-crystal
Bi2M3Co209+Q (M =Ca, Sr, and Ba) at room tempera-
ture in the wide range from 0.03 to 40 eV. The measured
spectra were transformed into the optical conductivity
through the Kramers-Kronig (KK) relation. The doping
effects and the electronic states of Bi-based Co oxides are
discussed, and compared with those of high-T, cuprates.

II. SAMPLE PREPARATION AND
EXPERIMENTAL PROCEDURE

Single crystals of Bi2M3Co209+s (M =Ca, Sr, and Ba)
were prepared by the Bi203-Co3O4 flux method reported
by Tarascon et al. ' (We refer to BizM3Co209+s as M
phase. For example, Bi2Ca3Co209+Q is referred to as Ca
phase hereafter. ) Obtained samples were platelike with
typical dimensions of 3 X 3 X0.05, 3 X 3 X0.05, and
1 X 1X0.03 mm, for Ca, Sr, and Ba phases, respectively.
We checked the quality of the prepared samples by x-ray
diffraction and dc resistivity measurements, and found
that our results well reproduce those of Ref. 12.

Optical reflectivity spectra at room temperature were
measured by two systems. The Seya-Namioka mono-
chrornator with synchrotron radiation as a light source
was employed for high-energy region (from 2 to 40 eV),
whereas the rapid-scanning Michelson interferometer was
used for low-energy region (from 0.03 to 3 eV). The mag-
nitude of reflectivity was determined by using the signal
of photomultiplier for direct light as a reference above 3
eV, and by using Ag mirror as a reference below 3 eV.
An infrared microscope accessory was attached for the
lower-energy measurement, and the spot of incident light
was focused within 0.3 X0.3 mm . In the common ener-

gy region of both systems (from 2 to 3 eV), no serious
differences including the magnitude of reflectivity could
be observed. Reflectivity for Ca and Sr phases was mea-
sured from 0.03 to 40 eV, while that for Ba phase was
measured up to 3 eV because its size was too small for the
high-energy measurement. Samples were peeled with
adhesive tapes before measurement in order to avoid sur-
face contamination.

III. RESULTS

Tne measured reflectivity spectra for Ca and Sr phases
are shown in Fig. 1. They roughly resemble each other,
and also resemble those of the Bi-based cuprates. '
They have a characteristic band of peaks around 4—7 eV,
and their magnitude above 7 eV decreases with increasing
energy with weak peaks and edges. Similar spectra were

also obtained for other Bi-based oxides, e.g.,
Bi2Sr2Co06+& and Bi2Sr3Fe209+5, ' and thus we con-
clude that these features are common to the spectra for
all the oxides containing the Bi20& layer. The excitation
around 4—7 eV was assigned to the interband transitions
between 0 2p and Bi 6p in our previous paper' and other
reports. ' ' The present study strongly supports the pre-
vious assignment. Although qualitative similarity is seen
among all the spectra of the oxides with the Bi20z layer,
their dielectric functions are quantitatively different.
This is directly shown in the magnitude of reflectivity.
For instance, the reflectivity at 5 eV for Ca and Sr phases
is about 0.22 —0.25, whereas the corresponding value for
Bi~Sr,CaCu20, +z is about 0. 12—0. 13. Such difference in

magnitude comes from the difference of the dielectric
function, which is most clearly seen in the conductivity
spectra discussed in the next section.

There are three remarkable differences between the
spectra for Ca and Sr phases. One is seen around 27 —35
eV, the second around 20—24 eV, and the last one is
below 1 eV. As this paper is the first report on the high-
energy excitation of Bi2M3Co209+&, the energy levels of
the core electrons, valence, and conduction bands are un-
known now. Thus we assign some peaks and edges by
comparing the spectra with those of the Bi-based cu-
prates. Of course, it is not clear whether the energy lev-
els of the core electrons and conduction bands are un-
changed among the Bi-based oxides, but Tajima et al. re-
ported that the high-energy excitation for (La, Sr)2MO~
(M =Cu, Ni, Co, and Fe) is similar to one another. '

Therefore we assume that the Bi-based Co oxides have
the core levels and conduction bands at the same energies
as the Bi-based Cu oxides.

We start to consider the difference near 27 —35 eV at
first. The reflectivity for Sr phase has a pair of peaks
near 27 and 29.5 eV, which are also seen in the spectra
for the Bi-based cuprates. These two peaks have been as-
signed to the transition from spin-orbit split Bi 5d to Bi
6p/0 2p. ' ' On the contrary, these are weakened or
distorted in the spectrum for Ca phase because of the
presence of the excitation near 34 eV. The 34-eV excita-
tion is observed in the oxides containing Ca + such as
(Ca,Sr)Cu02 and Bi2Sr2CaCu20s+s. ' Thus we assign the
34-eV peak to the excitation from Ca 3p to 3d bands, and
this is consistent with the results of photoemission study
in Bi2Sr2CaCu208+&, where the central energy of Ca 3p
and 3d bands are found near 24 eV below EF and 10 eV
above EF, respectively. ' It should be noted that the 34-
eV peak for Bi2Sr2CaCuzO8+& is weaker than that for Ca
phase, and the 27-, 29.5-, and 34-eV peaks are observed in
the former spectrum. This may come from the fact that
the number of Ca + cation per primitive cell is less in
Bi2Sr2CaCu20, +z than in Ca phase.

The second difference is that a clear edge exists near
20—24 eV only in the spectrum of Ca phase. As a similar
edge is seen in the spectrum of (Ca,Sr)CuO2, it can be at-
tributed to excitation associated with Ca +. One possible
candidate for this edge is the end of excitation to Ca 3d
states which are located at 10 eV above EF in
Bi2Sr2CaCu, O, +z." As for Sr phase or Bi-based cu-
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prates, the edge corresponding to the end of excitation to
Sr 4d is expected to be higher, since the central energy of
Sr 4d band is located at higher energy (13 eV above Ez)
than that of Ca 3d band. ' Thus the edge would be
smeared or broadened by overlapping the higher excita-
tion.

In order to emphasize the last difference seen below 1

eV, the reAectivity below 1 eV is shown in Fig. 2 with
that for Ba phase. Obtained spectra are similar to those
of the study of Watanabe et a/. ' The reQectivity for Ca
phase is almost constant except for sharp peaks of optical
phonons. This is consistent with high resistivity of Ca
phase (about 10 0 cm at 300 K). For Sr phase, the pho-
nons are considerably screened and reAectivity shows a
monotonic rise toward 0 eV with the edge near 0.3 eV.
The rise of reQectivity becomes steeper for Ba phase,
while the energy of reQectivity edge stays almost constant
at 0.3 eV. The monotonic rise of reAectivity and the edge
at a constant energy are the characteristic features seen
in the carrier-concentration dependence of the reAectivity
for high-T, cuprates' and (Nd, Sr)Co03." In other
words, the reflectivity and dc conductivity of Bi-based Co
oxides are well understood if it is assumed that the car-
rier concentration increases by changing M + from Ca to
Ba. It seems mysterious that the carrier concentration is
varied with the valence of M + unchanged, but M +

would control the oxygen content 5 in the crystal, since
the alkaline earth cation with a larger ionic radius tends
to attract the neighboring oxygen anion more strongly.
A similar case is seen in La2 „(Sr,Ca), +„Cu206+s,
where La2SrCu206+& is more conducting than
La2CaCu206+&. ' ' In the following section, the three
spectra will be discussed more quantitatively on the as-
sumption that the carrier concentration increases in go-
ing from Ca to Ba phase.

IV. DISCUSSION

A. Low-energy excitation

where tT(0) is the dc conductivity. We used the relation
as R (ro) ~ co for higher-energy extrapolation.

The transformed conductivity in the lower-energy re-
gion is shown in Fig. 3(a). The spectrum for Ca phase
has no remarkable structures except for phonons,
whereas the spectra for Sr and Ba phases have a broad
absorption with the maximum near 0.1 eV (almost over-
lapping the sharp peak of the highest-energy phonon).
The 0.1-eV absorption directly shows that the spectra for
Bi-based Co oxides cannot be fitted to a simple Drude
model, since any conductivity spectra described by a
Drude model must have a maximum at 0 eV and make a
smooth slope with increasing energy.

As is already described in the Introduction, a broad
mid-ir absorption is widely seen in Bi-based cuprates and
(Nd, Sr)Co03, whereas its carrier-concentration depen-
dence is dift'erent between both systems. '" For compar-
ison, the conductivity spectra of single-crystal
Bi2Sr2(Ca, Nd)Cu2Os+s with various Nd contents are
shown in Fig. 3(b) (from Ref. 5). The mid-ir absorption
of the Bi-based Co oxides has a maximum at almost con-
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The measured reAectivity spectra were transformed
into the optical conductivity through the KK relation.
Since the KK transformation needs the reAectivity from
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FIG. 2. Low-energy reflectivity spectra for Bi2M3Co209+$

(M =Ca, Sr, and Ba).

FIG. 3. Optical conductivity spectra transformed from the
measured reflectivity through the Kramers-Kronig relation. (a)
Bi,M3Co209+$ (M =Ca, Sr, and Ba); (b) Bi,Sr,(Ca, Nd)Cu208+&
(from Ref. 5).
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stant energy (0.1 eV) independent of doping. On the oth-
er hand, the mid-ir absorption for Bi-based cuprates has a
maximum near O. l eV for the 50 at. %%uo-N dsubstituted
sample, but has no distinguishable peak at finite energy
for heavily doped samples (0 and 5 at%%uo-Nd substituted
ones).

In the previous paper, " a characteristic feature in su-
perconducting cuprates is that the energy of the peak of
the mid-ir absorption is lowered toward 0 eV upon dop-
ing. It does not mean, however, that the high-
temperature superconductivity occurs only when the
mid-ir peak cannot be seen at finite energy. In fact, the
conductivity of YBa2Cu30~ with T, =30 K has a clear
peak near 0.7 eV, and that of La& 9Sro, CuO4 with
T, -20 K has a shoulder near 0.4 eV. ' Recent optical
study in single-crystal Pb2Sr2DyCu30s (T, =SO K) has
also shown that the mid-ir absorption has a clear peak
near 0.15 eV. Nevertheless all the above cuprates show
the decrease of the energy of the mid-ir peak upon dop-
ing, and show a "Drude-like" conductivity for the
sufficiently doped samples. ("Drude-like" means that the
conductivity has a maximum at 0 eV and smoothly de-
creases with increasing energy. ) Thus the most
significant feature of high-T, cuprates is that the infrared
conductivity can be Drude-like in sufficiently doped sam-
ples. On the contrary, other doped CT insulators have
rarely shown such a Drude-like conductivity for any dop-
ing levels. " For example, the infrared spectrum of
(Nd, Sr)Co03 is completely different from a simple Drude
excitation even in the most conducting samples. We
think that the carrier-concentration dependence of the
Bi-based Co oxide resembles that of (Nd, Sr)Co03 rather
than cuprates. In other words, the fact that the mid-ir
absorption has a maximum at finite energy regardless of
the amount of doping is a characteristic nature of con-
ducting Co oxides, and the difference from the high-T,
cuprates. Thus we conclude that the different doping
effects between Bi-based cuprates and (Nd, Sr)Co03 do
not come from the different dimensionality of the two
systems, but from their different electronic states.

It is noteworthy to compare our analyses with the pre-
vious study of Bi-based Co oxides by Watanabe et al. '

Although our present result qualitatively agrees with
their conclusion that the mid-ir absorption is not a
sufficient condition of high-T, superconductivity, it does
not quantitatively agree. Their spectra were measured
for narrower energy range than ours, and their analyses
were strongly afFected by the observed spectra. Actually
their proposed model of the electronic states could not
predict the lower- and higher-energy excitations observed
in the present paper. First they assigned the low-energy
spectra (fico (0.2 eV) to a Drude term, which is not con-
sistent with our observation of the 0.1-eV peak in Fig.
3(a). Secondly their high-energy conductivity (fico)0.7
eV) might be distorted by the high-energy extrapolation.
Their conductivity for Bi2Sr3Co20„near 7000 cm is al-
most 0 Q 'cm ', which disagrees with our data. We
emphasize that we have succeeded in finding the 0.1-eV
peak of the conductivity for Bi2M3Co209 and assigning
the higher-energy excitation (discussed later) by extend-
ing the measured energy range.

B. High-energy excitation

I ( I

A

4

E
O

I

= 2

~ fH

o 0
U

0

0
0 10 20 30

Photon Energy (eV)

40

FIG. 4. Optical conductivity spectra for various oxides with
Bi&02 layer. The conductivity spectra for Bi-based cuprates
were calculated from the reflectivity of Ref. 13.

High-energy conductivity spectra of Bi-based Co ox-
ides are shown in Fig. 4, together with those of Bi-based
cuprates calculated from the reAectivity of Ref. 13. All
the spectra have two peaks at 27 and 29.5 eV (marked
with A and 8) corresponding to the transition from Bi Sd
to 0 2p/Bi 6p, and shapes of the two peaks are similar
among them except for the spectrum of Ca phase. Spec-
tra of Bi2Sr2CaCu208+& and Bi2Ca3Co209+& have a peak
near 34 eV (marked with Q corresponding to the transi-
tion from Ca 3p to 3d, and its shape for the two spectra is
similar. Thus it can be said that the energy levels of core
electrons and conduction bands among Bi-based oxides
are similar, as was already mentioned in the previous sec-
tion.

On the contrary, the valence bands or lower-energy ex-
citation below 7 eV are quite different between Bi-based
Cu and Co oxides. One can notice that the conductivity
around 4—7 eV is larger in Co oxides than in Cu oxides,
which is the origin of the different magnitude of 4—7-eV
reAectivity between Cu and Co oxides mentioned in the
previous section. In Bi-based cuprates, the 4—7-eV con-
ductivity are predominantly due to the transition from 0
2p to Bi 6p. ' ' ' From the assumption that the excita-
tion within the Bi202 layer is similar between Co and Cu
oxides, we can infer that additional excitation exists in Co
oxides and overlaps the transition between 0 2p and Bi
6p. A possible assignment of the additional excitation is
the CT excitation from 0 2p to Co 3d (and/or the d-d
transition).

Let us estimate the effective electron number associat-
ed with the excitation around 4—7 eV. The effective elec-
tron number N, rr(co) can be defined as

N, rr(ro) = I co'Im[e(ro') ]d ro',
2m e
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where m and e are the mass and charge of electron, re-
spectively. Then the number of electrons that contribute
to the excitation around 4—7 eV hN, z is estimated as

b,N, ff=N, &(7 eV) N—,fr(4 eV) .

From the obtained spectra, hX,& is calculated as 5.83,
5.16, and 3.08 for Bi2Sr3Co209+$ Bi2Ca3Co209+z, and

Bi2Sr2CaCu208+&, respectively. These results mean that
extra 2.08 —2.73 electrons contribute to the additional ex-
citation around 4—7 eV in Co oxides. According to our
assignment, the CT excitation is located around 4—7 eV,
and the number of electrons involved in it is estimated as
1.04—1.37 per Co02 plane. For cuprates, the CT energy
is 1.5 —2.0 eV, and the number of electrons is about
0.2—0.5 per Cu02 plane. The CT energy tends to in-
crease in going from Cu to Co oxides, rejecting that the
central energy of 3d bands relative to that of 0 2p bands
increases. The electron number involved in the CT exci-
tation also tends to increase in going from Cu to Co ox-
ides, because the number of unoccupied 3d states in-
creases. Therefore the estimated CT energy and electron
number for the Bi-based Co oxides are well consistent
with those for the high-T, oxides.

C. Characteristic features in high-T, cuprates

By comparing the optical properties of Co oxides with
those of Cu oxides, we can point out some characteristic
features in high-T, cuprates. From low-energy spectra,
information on the optical properties of doped holes in
the Co02 plane can be obtained. The mid-ir absorption
in the Co02 plane grows as the system becomes conduct-
ing, while its peak remains constant near 0.1 eV. This is
similar to the doping effect in three-dimensional Co sys-
tem (Nd, Sr)Co03, where we have explained the optical
spectra by "impurity-state model. "" We think that "im-
purity bands" would be formed when the energy
difference between 0 2p and transition metal 3d bands is
too large to be hybridized. Doped carriers move in the
"impurity bands, " and their bandwidth is expected to be
narrow on the analogy of doped semiconductors. Car-
riers in such narrow two-dimensional bands would be lo-
calized by the existence of some kind of imperfections. In
fact, the dc resistivity of Bi2M3Co209+$ shows semicon-
ducting behavior at low temperatures. ' As for the mag-
netic properties, carriers in the "impurity bands" are ex-
pected not to affect the localized 3d electrons on Co +.
The susceptibility measurement has revealed that mag-
netic properties are not drastically changed by changing
~2+ 12

On the other hand, the mid-ir absorption seen in the
spectra of the Bi-based cuprates drastically decreases the
energy of its peak toward 0 eV with doping, which we
have explained by using "midgap-state model. " From
our proposed model, the doped carriers have predom-
inantly 0 2p character for lightly doped samples, and be-
gin to transfer from O to neighboring Cu + for heavily
doped ones. The peak of mid-ir absorption corresponds
to the energy gap from 0 2p to Cu 3d, which is nearly 0
eV in superconducting samples. This means that doped

holes in the Cu02 plane drastically modify the physical
properties of localized hole on Cu +, which is consistent
with the carrier-concentration dependence of magnetic
susceptibility.

High-energy spectra have revealed that the CT excita-
tion for the Co oxides is spread above 4 eV, whereas that
for high-T, cuprates is confined below 2 eV. In the high-

T, cuprates, the carrier doping changes the electronic
states of the system in the range from 0 eV to the energy
of the CT excitation. ' This can be generalized to the
doped CT insulators. Since the energy region where the
spectra change with doping is from 0 to 5 —6 eV for
(La, Sr)Co03, it can be said that the spectra for the
doped CT insulator change with doping in the energy
range from 0 to their CT energy. Thus we point out as a
characteristic feature of high-T, cuprates that the
doping-dependent spectra confined in the low-energy re-
gion hardly overlap higher excitation such as that in the
Bi202 layer. The separation in energy between the low-

energy excitation of the Cu02 plane and that of the other
layers means that the Cu02 plane is responsible for the
low-energy excitation and the other layers only stabilize
the electronic and crystal structures, and also means that
the electronic states of the Cu02 planes are hardly
affected by the species of the other layers. These results
agree well with the high Aexibility of crystal structures of
high-T, cuprates classified by Tokura and Arima. They
proposed that any combinations of the Cu02 plane and
the block layers can construct a cuprate with the Cu02
plane as long as the charge neutrality is conserved. On
the other hand, such high fiexibility is not reported for
Co oxides. The present study reveals one origin of the
high Aexibility of cuprates by comparing them with Co
oxides.

V. SUMMARY

Single-crystal samples of BizM3Co209 (M =Ca, Sr, and
Ba) were prepared, and their optical reflectivity spectra
were measured from 0.03 to 40 eV. A broad absorption
with a 0.1-eV peak is observed in the conductivity spectra
of the Bi-based Co oxides as well as (Nd, Sr)Co03 and
high-T, cuprates, and we find that the broad midinfrared
absorption is generally seen in conducting 3d-transition-
metal oxides. The energy of the peak of the absorption
stays at constant energy upon doping in Bi-based Co ox-
ides as well as in (Nd, Sr)Co03, whereas it drastically de-
creases toward 0 eV in high-T, cuprates. Therefore we
conclude that a characteristic property inherent in high-
T, cuprates is the energy shift of the midinfrared peak to-
ward 0 eV.

High-energy spectra of Bi-based oxides are investigat-
ed, and it is shown that the energy levels and electronic
states of Bi 5d, Bi 6p, Ca 3p, and Ca 3d bands are similar
among Bi-based oxides. The CT and/or d-d excitation
associated with Co is spread above 4 eV, and overlaps the
transition in the Bi202 layer. On the contrary, the
doping-dependent excitation in high-T, cuprates is
confined in the low-energy region, and is well separated
from other interband transitions. This is another charac-
teristic property inherent in high-T, cuprates.
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