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Electronic Band Structure of Bi2Sr2Cat —x Y Cu20y (x =0.4 to 1.0)
Determined by Infrared-Induced Intersite Transitions
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To investigate the band structure of nonmetallic BizSrzCa~ —„Y„CuzO» (x =0.4-1.0), photon-induced
hopping has been employed as a new method, in which transmission spectroscopy has been carried out
from 10 to 12000 cm '. The photon-induced-hopping conduction edge has been found at 5200 cm
This edge does not shift with x (x =0.4-1.0), whereas the absorption is proportional to I —x. The
charge-transfer absorption edge at 12000 cm also does not shift with x. Using this method, the band-
width has been determined to be 5200 cm . Obvious midgap states have not been observed.

PACS numbers: 78.50.Ge, 71.25.Tn, 74.72.Hs, 78.30.Er

An explanation of the optical conductivity of cuprate
superconductors above T, by means of a generalized
Drude model with frequency-dependent scattering time
has been proposed [I]. This phenomenon was discussed
in terms of a model of the motion of carriers with antifer-
romagnetic spin fluctuations [2,3]. However, the elec-
tronic band structure which dominates the conduction
remains a controversial problem. On the basis of infrared
reflection spectroscopy [4] and photoemission spectrosco-
py [5] (PES), it has been reported that there should be a
midgap state. Recently, however, it was reported that no
midgap state could be found in an x-ray-absorption
(XAS) spectrum [6]. Infrared (IR) and far-infrared
(FIR) transmission spectroscopies are crucial in the study
of electronic states in which holes contribute to the con-
duction as successive intersite transitions. First, when a
specimen of suitable thickness is used, IR and FIR
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transmission spectra can give much more direct informa-
tion on the intersite transition than can IR and FIR
reflections, the analysis of which requires the use of the
Kramers-Kronig transformation. Second, IR and FIR
studies give higher-resolution spectra than do high-energy
spectroscopic studies.

Free-carrier conduction gradually disappears and hop-
Ping conduction aPPears in Bi~SrzCax Y1 —&CuzOy crys-
tals in the region x ~ 0.4 under the inAuence of a random
potential which is introduced into the CuOz plane by the
partial substitution of Y + for Ca + ions, as shown in

Figs. 1(a) and l(b). In the temperature dependence of
the dc resistivity, one can observe variable-range-hopping
(VRH) conduction in which holes hop between occupied
and unoccupied localized 0-2p orbitals by means of
thermal activation [7-9]. As the impurity conduction in

germanium [10], we have observed the photon-induced-
hopping (PIH) conduction from occupied to unoccupied
localized 0-2p orbitals in the random potential as well as
low-lying phonons in the range from 10 to 100 cm ', as
shown in Fig. 2 [9]. In addition, the so-called charge

a
x=0.0

1 I

Ca Ca Ca

I I I I I

J

Ca Y Y

(a)

Ca Ca

I I I l

Ca Ca

i i

x=1.0
Y Y Y Y Y Y

I

(b)

FIG. l. (a) Sketch of CuOz and Ca-Y planes of BizSrz-
Ca Yl — Cu20~. Ca + and Y + ions are randomly located in

the Ca-Y plane. (b) Schematic diagrams of the potential of the
Cu02 plane due to Ca + and Y + ions. As shown in the second
diagram, the random potential is introduced by the partial sub-
stitution of Y + for Ca + ions.
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FIG. 2. Absorption spectrum of nonmetallic Bi2Sr2Cap 6-

Yo4CuzO» crystal measured at 1.2 K (10-350 cm ') and 300
K (300-12000 cm '), and a calculated PIH absorption spec-
trum, Eq. (1). Inset: No Lorentz oscillator like mid-IR absorp-
tion can be fitted to the experimental spectrum.
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transfer (CT) absorption has been observed above 12000
cm ', which has been ascribed to the intersite transition
from an occupied 0 site to an unoccupied Cu site in the
upper Hubbard band.

The intersite optical transitions, i.e., the PIH and CT,
are quite different from typical optical transitions be-
tween two states of an atom. However, we can induce a
transition between the same 0-2p orbitals on two sites by
optical excitation. The intersite transition probability
should be much smaller than the transition probability
between two states of an atom. However, the present
PIH probability should have a finite value as does the
well-established CT. Consequently, the transition be-
tween two 0-2p orbitals, which corresponds to a charge
transfer from one site to the other, can be observed. The
momentum conservation rule holds even in the intersite
transition. However, this rule is not exact because the in-
itial and final states are composed of wave functions
specified by various crystal momenta for their localiza-
tion.

The absorption of PIH conduction is given by a simple
equation,

e =eon

where ao and s are constants and ai is the frequency [11].
The frequency exponent s is determined to be 0.3 from
the absorption spectrum in the range of 10 to 100 cm
[9]. From the neutron inelastic scattering experiment,
the phonon frequencies lie below 700 cm ' [12]. We
therefore presume that the absorption coefficient at and
above 700 cm ' are caused only by an electronic conduc-
tion such as PIH conduction and CT absorption. The
constant ao has been chosen to fit the curve of Eq. (1) to
the experimental absorption coefticient at 700 cm '. We
see that the curve shows fairly good agreement with the
experimental spectrum even from 700 up to about 5000
cm ', as shown in Fig. 2. However, no Lorentz oscillator
like mid-IR absorption [4] can be fitted to the line shape
at around 5200 cm ', as shown in the inset of Fig. 2. As
expected from Eq. (1), the transition probability of PIH
conduction should increase with the energy difference be-
tween the initial and final states [11]. The experimental
absorption spectrum starts deviating from the curve of
Eq. (1) at around 5200 cm ' and makes an edge in the
spectrum. We call this the PIH conduction edge [9].
The PIH conduction edge indicates a decrease of the joint
density of states and yields a bandwidth. Observation of
the PIH conduction employing seven samples of crystal
Bi2SrqCa~ „Y,Cu20~ (x =0.4-1.0) will help pave the
way to estimate the characteristics of the conductive band
even in metallic Bi2Sr2CaCu20y and Ba2Sr2CazCu30y.
In this study, we confirm, with the present method, the
existence of a narrow conductive band and the lack of ob-
vious evidence of the midgap state in all seven nonrnetal-
lic Bi2Sr2Ca~ „Y Cu20~ crystals (x =0.4-1.0).

The crystals were prepared by the flux method [9]. In
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FIG. 3. dc conductivity of Bi2Sr2Ca] —z Y&Cu20y at 300 K as
a function of x.

this paper, the samples are designated by the value of x
of the Y content of the starting materials. I n the
Bi2SrpCa~ —„Y Cu20~ system, the carrier concentration
should be determined by the yttrium content x and oxy-
gen content y, and there are some reports of y being
dependent on x [13]. However, there is evidence which
indicates that the carrier concentration is mainly deter-
mined by x. From our experimental results, first, the dc
conductivity at 300 K decreases with x, as shown in Fig.
3. Second, the resistivities are given by a function of
temperature as R =Roexp(To/T) ', which shows the be-
havior of VRH conduction. The constant To monoto-
nously increases with x in the range from 0.4 to 1.0.
Therefore, the carrier concentration is mainly determined
by 1

—x. On the other hand, the critical value of x of the
metal-nonmetal transition, which was studied by a solid
reaction method, is about 0.5 [8,14], while that of ours is

about 0.4. This discrepancy may arise from the fact that
Y atoms are more easily substituted than Ca atoms in the
case of the Aux method. In addition, Tamegai et al. have
reported that the crystal structure is orthorhombic in all
ranges of x [8]. We have found the same structure in our
seven samples using an x-ray diffractometer. Tamegai
also reported that the lattice constant along the c axis de-
creases with x [8]. We have observed the same phe-
nomenon. Consequently, we are convinced that the true
Y content is almost proportional to x; however, the true
Y content may be slightly larger than x.

The transmission of samples was measured in the
ranges of 10 to 400 cm ' at 1.2 K (br'/k~T =12-480)
and of 50 to 12000 cm ' at 300 K (hru/kqT =0.24-57).
The conduction in the a-b plane is responsible for these
absorption spectra because radiation passes along the c
direction. Absorption coe%cients described by Eq. (1)
have been observed for seven samples from x =0.4 to 1.0
in the range of 10 to about 5000 cm '. We are con-
vinced that the PIH conduction also plays an important
role in all samples from x =0.4 to 1.0.

The absolute value of absorption coefficients could not
be obtained because the thickness of specimens could not
be determined. However, the total phonon absorption
coefficient should be unchanged in all nonmetallic sam-
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ples. Therefore we employed each total phonon absorp-
tion coeScient as the reference absorption of each spec-
trum. Absorption spectra normalized by each total pho-
non absorption coe%cient are shown in Fig. 4.

To summarize our results, intersite transitions are
clearly observed in all seven nonmetallic Bi2Sr2Cai — Y-
Cu20~ crystals in the range of 10 to 12000 cm ', as fol-
lows.

(1) The Pl H conduction between 0 sites dominates the
absorption spectra from 10 to 5200 cm '. This PIH con-
duction attains the maximum value at 5200 cm ' and
drastically decreases above 5200 cm '. The edge yields
the bandwidth to be 5200 cm '. The edge and shape of
PIH conduction do not change with x, while the absorp-
tion intensity is almost proportional to 1

—x, as shown in

the inset of Fig. 4.
(2) The CT absorption due to the intersite transition

between 0 and Cu sites increases at 12000 cm '. The
CT absorption edge does not shift with x.

To discuss the above experimental results, we must
know at which band the Fermi level lies. From the calcu-
lation of the Madelung potential [15] and measurements
of PES [16], the energy level of the Cu-3d upper Hub-
bard optical is thought to be about 2 eV (16000 cm ')
higher than that of the two 0-2p orbitals. From the mea-
surements of electron energy loss spectroscopy (EELS), it
has been reported that electrons are extracted from the
0-2p band [17]. There have been some theoretical stud-
ies concerning the hybridization between 0-2p and Cu-3d
orbitals [18]. Thus the 0-2p band or 0-2p and Cu-3d
hybridized band should contain the Fermi level. (We will

use the term 0-2p band to express either the hybridized
band or the 0-2p band. )

Holes are localized on 0 sites in the random potential,
as shown in Figs. 1(a) and 1(b). The carrier absorption
is dominated by only two types of intersite transitions, the
PIH conduction giving rise to a transition between two
adjacent 0-2p orbitals on one hand, and the CT yielding
a transition between 0-2p and Cu-3d orbitals, on the oth-
er. Because the 0-2p bandwidth is as narrow as 5200
cm ', based on the PIH absorption edge, this band must
have a high density of states. As x of the Y content is de-
creased from x =1.0 to 0.4, the hole concentration in-
creases with 1

—x. The PIH transition probability of
holes is proportional to the number of 0 sites not occu-
pied with electrons, which is proportional to 1

—x, as
shown in Fig. 4. However, we see that the PIH absorp-
tion edge does not shift. The lack of shift in the PIH ab-
sorption edge indicates that the bandwidth is almost con-
stant and that the Fermi level also shows a negligibly
small shift with increasing carrier concentration due to
the substitution of Y + for Ca +. Therefore, the 0-2p
band should have a high density of states. Based on the
Hall eAect, the hole concentration has been determined to
be 3x10 ' cm even for metallic Bi2SrqCaCu20» [8],
and the 0-2p band must be almost filled with electrons
for the nonmetallic Bi2Sr2Ca|-„Y,Cu20» (x)0.4).
Moreover, we see in Fig. 4 that the CT absorption edge
does not shift by even as much as 1000 cm ' among the
seven spectra. Therefore, it can be considered that the
energy diA'erence between the Fermi level and the lowest
energy level in the Cu orbitals of the upper Hubbard
band does not change largely with x. From the behavior
of the two types of optical transition, as schematically
shown in Fig. 5, the 0-2p band is thought to have a high
density of states.

Recently, Murayama and Nakajima investigated the
electronic states of hole-doped high-T, cuprates using a
d-p model [18]. They predicted that the 0-2p orbitals
split into two energy levels: The lower band is broader
than the very narrow upper band having the Fermi level.
They did not introduce a new state in the CT gap. How-
ever, they have not yet taken into account the random po-
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FIG. 4. Absorption spectra of nonmetallic Bi2Sr2Ca] —„-
Y Cu20» (x=0.4-1.0) from 50 to 12000 cm ' at 300 K. Ab-
sorption coeScients were normalized by each total phonon ab-
sorption coeScient. Inset: Integrated intensities of the PIH ab-
sorption, which are normalized by each total phonon absorption
coe%cient, as a function of x.
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FIG. 5. Schematic band structure of nonmetallic Bi2Sr2-
Caz Y ] —z Cu20y. The width of the conductive band is about
5200 cm '. The Fermi level makes a negligibly small shift
with x. The P I H conduction is indicated by vertical lines,
which exhibit the electronic transition from occupied to unoccu-
pied states of the conductive band. The CT transition from 0-
2p to Cu-3d states is also shown.
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tential.
There have been several reports on the midgap state.

The midgap state was observed by means of PES and in-
verse photoemission spectroscopy (IPES) [19], while it
cannot be found in the XAS [6] or EELS [20] spectra.
By means of PES and IPES, one can determine the ener-

gy diA'erences between electronic states of a solid and the
state of a free electron in vacuum. In these cases one ob-
serves the various energy difI'erences due to the distribu-
tion of Y + ions. In principle, the electronic state seems
to be a broader band than the intrinsic width in both PES
and IPES spectra. Consequently, the so-called midgap
state seems to appear in the CT gap. On the other hand,
with XAS and EELS, one can determine the energy
diAerence between two states at one site. Therefore, one
should observe a sharp energy diA'erence between two
states at the same site. There is no evidence of the
midgap state in the XAS and EELS spectra. This aspect
has been already mentioned by Chen et al. [6] and is also
consistent with the results of our IR and FIR studies. Of
several spectroscopic methods, IR and FIR transmission
spectroscopies have much higher resolution than the oth-
ers and are able to supply the most reliable information
concerning intersite transitions in a solid. It is noted that
there is no obvious evidence of a midgap state in our IR
and FIR absorption spectra.

As x was decreased from 0.4 to 0.0, the carrier concen-
tration increased by a factor of about 1.7, and the dom-
inant conduction mechanism changed from hopping to
free-carrier conduction, where the conductivity also in-
creased continuously with x, as shown in Fig. 3. In both
conduction mechanisms, however, carriers should pass
through one path from among two candidates, 0-
2p Cu -3d 0-2p or 0-2p 0-2p without passing
through the Cu sites. In our IR and FIR transmission
spectra, there is no obvious evidence of the midgap state
in the seven samples, and the Drude absorption has been
observed at 122 K in a metal [21]. Therefore, it can be
speculated that the carriers pass mainly through 0-2p
states. Thus, the one-body approximation may be em-
ployed for the metallic materials. In the superconducting
state, it can be considered that the magnon cannot be
greatly related to the formation of a Cooper pair.

In conclusion, we propose a band structure of nonme-
tallic Bi2SrqCal —„Y CupO~ crystals as follows.

(1) The width of the band which has the Fermi level
should be as narrow as 5200 cm ' because photon-
induced-hopping conduction is scarcely observed above
5200 cm '. Furthermore, the narrow band supplies a
high density of states to the conduction holes. This
should contribute to the high T,.

(2) As the carrier concentration is increased from the
CT insulator, the appearance of the midgap state is not
obvious in our spectra and the CT gap of 12000 cm

does not change.
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