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The phonon Raman spectra of Bi2Sr2Ca12xY xCu2O81d (x5021) have been investigated in a number of
well-defined single-crystal and polycrystalline samples. From the polarization and Y-doping dependence, and
from a comparison with previous reports on Bi-based cuprates, we identify the (6A1g11B1g) symmetry
modes that are Raman allowed within the ideal body-centered-tetragonal unit cell. A large number of extra
‘‘ disorder-induced’’ phonon bands are observed in theab-plane polarized spectra. In contrast to most previous
reports, we argue that thec-axis polarized phonon band around 629 cm21 is due to the O~2!Sr A1g vibration,
while the exclusivelyab-plane polarized band around 463 cm21 is induced by the O~3!Bi A1g vibration. With
increasing Y doping we find that the vibrational modes involving atoms in the CuO2 planes rapidly increase in
intensity as a result of the reduced metallic screening in the hole-depleted Y-doped samples. We also find that
Y substitution gives rise to a substantial hardening of the O~1!CuA1g andB1g phonons by;40 cm21, whereas
the O~2!Sr A1g phonon is found to soften by;20 cm21, whenx increases from 0 to 1. The phonon frequency
changes can be explained by the ‘‘internal pressure’’ induced by the decrease in the average Ca/Y ion size and
an additional ‘‘charge-transfer’’ induced by the change in the Cu and Bi valences with Y doping.

I. INTRODUCTION

Aliovalent cation substitutions in cuprates have provided
valuable insight into the mechanisms that give rise to high-
Tc superconductivity. Most important is the possibility of
substantially altering the effective copper valence and the
carrier concentration, which have been shown to be inti-
mately linked withTc . The prototypic example is the Sr-
substituted La22xSrxCuO4 system.

1 A striking feature here
is the existence of a plateau with nearly constant critical
temperature, in which the carrier concentration is optimized
for the occurrence of superconductivity. A similar phase dia-
gram has also been found when Y is substituted for Ca in the
Bi 2Sr2Ca12xY xCu2O81d ~Bi2212! compound.2–4 A rela-
tively sharp metal-insulator transition takes place between
x50.45 and 0.55, giving rise to the antiferromagnetic order
similarly found in the La2CuO4 ~Ref. 5! and YBa2Cu3O6
~Ref. 6! insulators. The normal-state resistivity systemati-
cally increases with increasing Y concentration, implying a
decreased number of charge carriers consistent with reported
Hall-effect measurements.7,8 The depression ofTc and the
decreasing carrier concentration have been interpreted as a
result of hole filling due to the additional electrons contrib-
uted by the trivalent Y31 ion relative to the divalent Ca21

ion. This interpretation is mainly based on detailed oxygen
stoichiometric analyses2,9,10 which show that the amount of
oxygen uptake is insufficient to balance the extra charge in-
troduced by Y31.

One way to obtain further understanding of the doping
process in Bi2Sr2Ca12xY xCu2O81d would be to investi-
gate the change in the optical-phonon spectrum with Y con-
tent. Phonon Raman scattering has provided valuable infor-
mation on the effects of, e.g., oxygen deficien-
cy,11–13 Pr substitution for Y,14 and substitutions on
the two Cu sites15–17 in the YBa2Cu3O72d superconduc-
tor. Although a variety of spectroscopic studies on
Bi 2Sr2Ca12xY xCu2O81d have been reported in the
literature7,18–24 there are a limited number of Raman-
scattering studies.25–28 Sugai and Sato25,26 reported addi-
tional phonons as well as broad two-magnon peaks induced
by Y doping, while Boekholt and co-workers27,28reported an
intensity resonance for certain phonons at an incident laser
energy of 2.660.1 eV in single crystals withx50–0.85.

In order to use Raman scattering as a tool for investiga-
tions of the high-Tc compounds, it is important to be able to
correctly assign the experimentally observed phonon modes
to vibrational eigenmodes of the lattice. This has turned out
to be quite difficult in Bi2212, and a number of discrepancies
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exist among previous reports.29–44 Difficulties arise both
from the orthorhombic distortion, the incommensurate super-
structural modulation45,46 as well as from complicated local
atomic distortions away from the ideal symmetry sites.47,48

These effects induce many more phonon modes than is ex-
pected from the symmetry of the idealized body-centered-
tetragonal unit cell. One example of the ambiguities involved
in phonon assignments comes from the single-crystal Raman
works on Bi2Sr2Ca12xY xCu2O81d cited above:25–28 one
group27,28,30 assigned the intense 463- and 629-cm21

phonons to the in-phase OCu Ag mode and the OSr Ag mode,
respectively, while the other group25,26,32,40assigned the low-
frequency phonon to the OSr Ag mode and the high-
frequency phonon to the OBi Ag mode. In these works no
c-axis-polarized spectra were reported, even though this
scattering configuration is expected to be the most informa-
tive for vibrations along thec axis. Except for a few
examples,30,33,44 this is also the case for unsubstituted
Bi2212.

The aim of the present study is twofold: on the one hand,
we try to partly resolve some previous ambiguities regarding
the phonon assignments in Bi2212, and on the other hand we
try to interpret the change in the phonon Raman spectrum
with Y doping. We present results for single crystals as well
as for high-quality polycrystalline samples with varying de-
gree of Y dopingx, particularly focusing on the two most
prominent oxygen vibrational modes at 463 and 629 cm21.
In order to clarify the assignments of the 463 and 629-
cm21 phonons, we have studied Raman spectra of our single
crystals under thex(zz) x̄ scattering configuration as well as
the z(xx) z̄ or z(yy) z̄ scattering configuration. On the basis
of the phonon assignments proposed here, we interpret the
observed changes in phonon frequencies and intensities with
increasing Y content in terms of a combination of an
‘‘ internal-pressure’’ effect, induced by the change in the av-
erage Ca/Y radius, and a ‘‘charge-transfer’’ effect, induced
by the aliovalent substitution of Y31 for Ca21.

II. EXPERIMENTS

The polycrystalline Bi2Sr2Ca12xY xCu2O81d samples
with Y content in the range 0<x<1 were synthesized by a
polymerized complex technique described in detail
elsewhere.3,49 This method is known to give very pure and
homogeneous cuprate superconductors.3,49

The samples were characterized by x-ray powder diffrac-
tion ~XRPD! using a standard powder x-ray diffractometer
~Model MXP3VA, Cu Ka, 40 kV–40 mA, MAC Science,
Japan!. The scan rate was 0.5°/min. The lattice parameters of
some selected samples (0<x<1) were determined by least-
squares fits of the positions of the reflection peaks with Si
powder~99.999%! for the angular calibration.

The superconducting transitions of the polycrystalline
samples were investigated by measuring the complex mag-
netic susceptibility,x5x82ix9, as a function of tempera-
ture. A Hartshorn bridge was used to measurex8 and x9
simultaneously in an ac magnetic fieldh(t)5h0sin(2pft)
with f5132 Hz andh05100 mOe. The onset of the super-
conducting transition can be precisely determined by this
technique, as it corresponds to the off-balance temperature of
the carefully zero-balanced bridge~for details see Ref. 50!.

Single crystals of Bi2Sr2Ca12xY xCu2O81d with x val-
ues close to 0, 0.4, 0.6, and 0.8 were grown from the sto-
ichiometric melt composition, as described in a separate
publication.51 Typical crystals dimensions were
;23230.1 mm3.

We used two different experimental set-
ups for the Raman-scattering measurements of
Bi 2Sr2Ca12xY xCu2O81d . In the first setup, consisting of a
Jobin Yvon/Atago Bussan T64000 triple spectrometer
equipped with microscope optics, we performed room-
temperature Raman measurements using either the micro-
probe~mostly for small single crystals! or a standard macro
configuration ~mostly for polycrystalline samples!. Low-
temperature measurements were performed with small pieces
of polycrystalline samples mounted on the cold finger of a
liquid-helium cryostat, using a Raman microprobe coupled
to a Spex 1877 spectrometer. A backscattering configuration
was used in both the experimental setups. All Raman spectra
were excited with the 5145-Å line of an Ar laser, and the
scattered light was detected with liquid-nitrogen-cooled
CCD cameras. The power of the incident laser beam was
maintained below roughly 100 W/cm2 in order to minimize
possible thermal damage. The spectral resolution was 3–4
cm21. Throughout this paper the scattering configuration is
defined by notations such asx(zz) x̄, which means that the
incident light polarized along thez axis propagates along the
x axis, and the scattered light polarized along thez axis
propagates along the oppositex axis ~i.e., x̄). The coordi-
nates (x,y,z) are chosen to coincide with the crystallo-
graphic axes (a,b,c).

III. SAMPLE CHARACTERIZATION

Figure 1 shows typical x-ray powder-diffraction~XRPD!
patterns of the polycrystalline Bi2Sr2Ca12xY xCu2O81d ma-
terial. These patterns show that the samples are pure and of
single phase within the experimental accuracy (,1–2 %!. In
particular we find no traces of Bi2Sr2CuOy , Ca2CuOy ,
CuO, Y2Cu2O5 or CaO, which are the most frequently

FIG. 1. X-ray powder-diffraction patterns, using CuKa radia-
tion, Bi2Sr2Ca12xY xCu2O81d polycrystalline samples prepared by
the polymerized complex technique. Numbers shown are indices
corresponding to (h,k,l ) reflections from the orthorhombic unit cell
~and the pseudotetragonal unit cell forx,0.4).
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formed as by-products in the synthesis of the Bi2212 phase.
This result is confirmed by the Raman-scattering measure-
ments, which are sensitive to traces of semiconducting or
insulating impurities.49

For high Y content,x.0.4, the XRPD patterns were in-
dexed on the basis of an orthorhombic unit cell; the ortho-
rhombic distortion being evident through the splitting of the
~2,0,0! and~0,2,0! reflections (2u533°). For low Y content,
x<0.4, the XRPD patterns exhibited broadened~2,0,0! and
~0,2,0! reflections, indicating a small orthorhombic distortion
with b slightly larger thana, but no clear splitting. In those
cases the diffraction patterns were indexed by a pseudotet-
ragonal cell witha5b.

Figure 2 shows the change in the lattice parameters of the
Bi 2Sr2Ca12xY xCu2O81d samples as a function ofx. As
the Y content increases fromx50 to 1, thec parameter
decreases monotonically by;2.26%, while thea ~and a,
b for x.0.4) parameter increases by;1%. The values
shown in Fig. 2 are in good agreement with previous
reports.4,7

As an example of a typical complex magnetic susceptibil-
ity measurement, we show in Fig. 3 the tempera-
ture dependence ofx8 and x9 for the polycrystalline
Bi 2Sr2Ca0.8Y 0.2Cu2O8.21sample.Tc ~onset! atT591.6 K is
followed by a sharp transition corresponding to the weak-
link coupling between the bulk superconducting grains. The
diamagnetic signal is almost completely saturated at about
10 K belowTc ~onset!; the transition width~10–90 %! being
about 3.5 K. A single loss peak with a maximum at about 87
K is observed in thex9 part of the magnetic susceptibility,
indicating a monophase superconductor within the resolution
of the susceptibility measurement. Figure 4 showsTc ~onset!

for the x50–0.4 samples. It is evident that the critical tem-
perature reaches a maximum of about 92 K betweenx50.1
and 0.3. For sample withx.0.5 no superconductivity was
found down to 4 K. The relation betweenTc and x found
here is similar to what has been reported earlier by several
other groups.2–4,7–9

IV. RESULTS

A body-centered-tetragonal structure (I4/mmm) with the
primitive cell shown in Fig. 5 has been most frequently used
in the interpretation of the Raman spectra of Bi2212 as a first
approximation for the real structure. The group-theoretical
analysis based on this idealized structure52 predicts 14
Raman-active modes (6A1g11B1g17Eg), where theA1g
modes are symmetricc-axis vibrations of Bi, Sr, Cu,

FIG. 2. Variation of thea(b) and c lattice parameters of
Bi 2Sr2Ca12xY xCu2O81d as a function of Y content,x. The pa-
rameters up tox50.4 can be indexed on the basis of a pseudotet-
ragonal unit cell, and forx.0.4 they can be indexed on the basis of
an orthorhombic unit cell, as is evident by the splitting of the~2,0,0!
and~0,2,0! reflections~2u533°) in the XRPD patterns~see Fig. 1!.

FIG. 3. Real (x8) and imaginary (x9) components
of x vs temperature for a polycrystalline sample of
Bi 2Sr2Ca0.8Y 0.2Cu2O8.21. The amplitude of the applied field is
100 mOe. The onset temperature is 91.6 K~indicated by an arrow!.
The x8 is almost completely saturated at a temperature lower than
Tc ~onset! by approximately 10 K; the transition width~10–90 %!
of the full diamagnetism being about 3.5 K. A single loss peak with
a maximum at about 87 K is observed in thex9 component.

FIG. 4. The variation of the superconducting transition onset
temperature (Tc) of Bi 2Sr2Ca12xY xCu2O81d as a function of Y
content,x. The Tc ~onset!’s were determined in a way similar to
that described in Fig. 3.
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O~1!Cu, O~2!Sr, and O~3!Bi , the B1g mode is an out-of-
phase vibration of the O~1!Cu atoms along thec axis, and the
Eg modes are vibrations within theab plane. However, the
fact that the number of observed modes largely exceeds that
expected from theI4/mmmtetragonal structure requires that
the phonon Raman spectrum of Bi2212 should be interpreted
within a crystal structure of lower symmetry. Possible ori-
gins of this symmetry reduction involve~i! the orthorhombic
distortion, ~ii ! the incommensurate superstructural modula-
tion along theb axis, and~iii ! large atomic displacements
and substantial disorder, all of which can yield additional
Raman modes. We refer to these modes as ‘‘disorder-
induced’’ modes, and do not specify their origin. We note
that several groups have applied factor-group analyses based
on the orthorhombic space groupsBbmbandAmaa @which
yields 12Ag17B1g ~Refs. 25 and 40! and 12Ag18B1g

~Refs. 30, 32, and 33! c-axis modes, respectively# in order to
interpret the complicatedab-plane-polarized spectra of
Bi2212. Since it is not clear which orthorhombic space group
best describes the complicated atomic distortions in Bi2212,
we will only use the ideal tetragonal notation.

A. Phonon Raman spectra of undoped Bi2Sr2CaCu2O81d

Typical Raman spectra at room temperature of a
Bi 2Sr2CaCu2O81d single crystal under the five main scat-
tering configurations are shown in Fig. 6 in the 17–745
cm21 range. The symmetricA1g modes can be detected un-
der the x(zz) x̄, z(xx) z̄, and z(yy) z̄ scattering configura-
tions. Under crossed polarizationz(xy) z̄ the A1g modes
should disappear, instead of whichB1g modes can be inves-
tigated. Thex(zy) x̄ spectrum of Fig. 6 exhibits a few broad
and weakEg symmetry phonons around;250,;470, and
;570 cm21. The frequencies of the observedA1g andB1g
symmetry phonons are tabulated in Table I, together with our

proposed assignment. A part of our data is also compared
with results of previously published single-crystal
investigations.25,30,32,33,40

The most prominent result is that the two phonons at 60
and 629/657 cm21 are stronglyc-axis polarized, as is evi-
dent in thex(zz) x̄ spectrum@Fig. 6~a!#. Their intensities are
approximately 25 times higher than those observed under
both thez(xx) z̄ and thez(yy) z̄ scattering configurations. We
assign the 629/657 cm21 phonon pair toA1g-symmetry vi-
brations of the bridging oxygen O~2!Sr along thec-axis ~see
below!. From simple mass considerations, the intense pho-
non at 60 cm21 can be assigned to theA1g-symmetry vibra-
tion of the heavy Bi atom. The extremely large intensities of
the Bi and O~2!Sr A1g modes indicate that the polarizability
of the Bi-O~2!Sr bond is unusually high.

The mode at 463 cm21, which is completely absent in the
x(zz) x̄ spectrum@Fig. 6~a!#, is usually assigned to the bridg-
ing O~2!Sr vibration along thec axis. As discussed below,
the 463-cm21 phonon should instead be assigned to the
O~3!Bi A1g mode of the BiO layers.

From theB1g-symmetry selection rules the peak at 287
cm21, which occurs only in thez(xy) z̄ spectrum@Fig. 6~d!#,
can be assigned to the O~1!Cu B1g phonon

25,26,28,30,32charac-
terized by out-of-phase motion of the oxygen atoms in the
CuO2 plane. This mode exhibits a pronounced asymmetry
induced by a Fano interference between the phonon and an
electronic scattering background.

The assignments of Sr and CuA1g modes are made by
comparison with other high-Tc superconductors.53,54 The
peak at 117 cm21 is probably related toA1g vibrations of Sr.
In the real structure this mode involves a significant contri-

FIG. 5. Idealized crystal structure of the body-centered-
tetragonal (I4/mmm) Bi 2Sr2CaCu2O8 . O~1!, O~2!, and O~3! rep-
resent oxygens in the Cu, Sr, and Bi layers, respectively.

FIG. 6. Polarized micro-Raman spectra of a
Bi 2Sr2CaCu2O81d single crystal from five main scattering con-
figurations. The short lines denote the zero-intensity level for the
spectrum immediately above. The scattering factors are also shown.
Note the different scattering factors. Many additional lines observed
below 150 cm21, most notably in~b!–~e!, are originated from the
pure rotational lines of N2 and O2 in ambient air. As the position of
these rotational lines are precisely known, they can be discriminated
from the true Raman lines from Bi2212.
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bution from Bi because of its large anisotropic behavior seen
in thez(xx) z̄ andz(yy) z̄ spectra of Figs. 6~b! and 6~c!. The
weak peak at 145 cm21 involvesA1g motions mostly of Cu.
One of bases of this assignment has come from the fact that
the peak at 145 cm21 gains intensities considerably when
the material becomes an insulator by substituting Y for Ca in
a way similar to oxygen-depleted YBa2Cu3O72d
~Y123!.11–13This will be discussed later.

Most phonons observed below 400 cm21 in the z(xx) z̄
and z(yy) z̄ spectra of Fig. 6 can be associated with
‘‘ disorder-induced’’ scattering. For instance, the weak peaks
at 105, 129, and 195 cm21 most likely involve displace-
ments of Bi and Sr, since these atoms should be more sensi-
tive to the deviation from the tetragonal symmetry than the
Cu atoms. Likewise, the broad features between;200 and
;400 cm 21 should be dominated by O~3!Bi and O~2!Sr
vibrations. The two low-frequency peaks at 24 and 48
cm21 have been interpreted as folded acoustic modes or
amplitude modes, induced by the superstructural
modulation.40,41 Although both of these modes are highly
(yy) polarized, i.e., in the direction of the modulation, we
note that the 24-cm21 mode also has a significant (zz) com-
ponent@see Fig. 6~a!#.55

B. Phonon Raman spectra of Bi2Sr2Ca12xY xCu2O81d

In Fig. 7 we show Raman spectra of polycrystalline
Bi 2Sr2Ca12xY xCu2O81d samples for different degrees of
Y doping at room temperature andT520 K. Figures 8–10
exhibit room-temperature Raman spectra of several single
crystals samples in various scattering configurations. The
following important observations should be pointed out:

~i! When the Y content increases, theB1g O~1!Cu phonon
rapidly increases in intensity@Figs. 7~a! and 9# and in fre-
quency, as shown in Fig. 11~a!. TheB1g O~1!Cu mode also
becomes more and more symmetric with increasingx, as can
be seen in thez(xy) z̄ spectra of Fig. 9. A weak feature
around;409 cm21, which is most evident in the 20 K
spectra of Fig. 7~b!, also increases in frequency by about 40
cm21 @see Fig. 11~b!# and becomes much more intense when
the Y content is increased. The similarity to the O~1!Cu
B1g mode in this respect suggests that the;409-cm21 fea-
ture is in fact the O~1!Cu A1g mode, i.e., the in-phase vibra-
tion of the O~1!Cu atom along thec axis. Similarly, modes
connected with Cu motions at 145 and 177 cm21 progres-
sively gain intensities with increasing Y content~Fig. 8!.

~ii ! The O~3!Bi c-axis phonon band contains one intense
mode at 468 cm21 ~463 cm21 at 290 K! as well as a promi-
nent shoulder at 458 cm21 in the 20 K spectrum, where the
phonon thermal broadening is small@Fig. 7~b!#. Their rela-
tive intensities,I 458/I 468, systematically increase with in-
creasing Y doping.

~iii ! The 629/657 cm21 phonon pair softens strongly with
increasing Y content@Figs. 7 and 10#. The frequency change
for the polycrystalline samples is plotted as a function of Y
content in Fig. 11~c!.

V. DISCUSSION

A. What is the origin of the 463- and 629-cm21 phonons?

We first address the controversial assignments of the two
prominent high-frequency oxygenA1g symmetry modes at

about 463 and 629 cm21. The single-crystal spectra of Fig. 6
have revealed that these two bands exhibit completely differ-
ent polarization dependencies; the 463-cm21 band is only
seen when the incident and scattered polarization vectors lie
within the ab plane, while the 629-cm21 band is strongly
c-axis polarized. This indicates that the phonons in question
modulate different metal-oxygen bonds, i.e., the degree of
mode mixing is small. We first note that the assignment of
the 463-cm21 phonon to a CuO2-plane vibration

30 cannot be
correct, since this phonon~as well as the 629-cm21 mode!
also appears in Raman spectra of Bi220140,56–58where the
CuO2 planes have inversion symmetry and therefore do not
contribute any Raman-allowed modes. We assign the 629-

FIG. 7. Raman spectra of Bi2Sr2Ca12xY xCu2O81d polycrys-
talline samples for different Y contents at room temperature~a! and
T520 K ~b!. The spectra can be presumed to be made up by the
superposition of thez(xx) z̄ and z(yy) z̄ spectra with more contri-
bution from the former. The short lines denote the zero-intensity
level for the spectrum immediately above.
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cm21 phonon to symmetricA1g vibrations of O~2!Sr along
the c axis, while the 463-cm21 band is assigned to O~3!Bi
A1g c-axis vibrations~in agreement with Denisovet al.33!.
There are several reasons why this is a more likely alterna-
tive than the reversed assignment made in several previous
reports.

First, a predominantly (zz)-polarized apex oxygen vibra-
tion is characteristic for most high-Tc superconductors,

53,54

which indicate that the exclusivelyx(zz) x̄-polarized 629-
cm21 phonon in Bi2212 is due to the O~2!Sr vibration. The
fact59 that the (zz)-polarized spectrum of BiSr2CaCu2Oy
~Bi1212!, with no Raman-active modes in the BiO layers,
shows a very strong mode at 627 cm21 also supports our
interpretation of the 629-cm21 phonon in Bi2212. The re-
cent Raman work on Bi2212 samples with the Sr site ho-
movalently substituted by Ca~Ref. 60! has shown that the

629-cm21 mode shifts to higher energy when Sr is replaced
by Ca, whereas the mode at about 463 cm21 remains un-
changed upon the substitution, as can be expected from the
assignments suggested here. We also note that the 463-
cm21 band has been found to soften at a significantly faster
rate than the 629-cm21 band when18O is exchanged for

FIG. 8. Polarized micro-Raman spectra at theA1g symmetry
@under thez(xx) z̄ ~a! and z(yy) z̄ ~b! scattering configurations#
taken on theab plane of Bi2Sr2Ca12xY xCu2O81d single crystals
with x50, 0.4, 0.6, and 0.8. The short lines denote the zero-
intensity level for the spectrum immediately above.

FIG. 9. Polarized micro-Raman spectra of theB1g symmetry
@under thez(xy) z̄ scattering configuration# taken on theabplane of
Bi 2Sr2Ca12xY xCu2O81d single crystals withx50, 0.4, 0.6, and
0.8. The short lines denote the zero-intensity level for the spectrum
immediately above.

FIG. 10. Polarized micro-Raman spectra of theA1g symmetry
@under thex(zz) x̄ scattering configuration# taken on thebc plane of
Bi 2Sr2Ca12xY xCu2O81d single crystals withx50, 0.4, 0.6, and
0.8. The short lines denote the zero-intensity level for the spectrum
immediately above.
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16O in Bi 2Sr2Ca0.8Y 0.2Cu2O81d .
37 In view of the fact that

loss and uptake of oxygen take place in the BiO layers,47,48

this indicates that the 463-cm21 phonon is connected with
the more labile oxygen atoms in the BiO layer, in agreement
with our assignments.

On the other hand, the origin of the splitting of the two
high-frequency phonons, i.e., the appearance of the side-
bands at;458 cm21 @see Fig. 7~b!# and 657 cm21 ~see,
e.g., Fig. 10!, remains unsettled. One possibility is that the
splitting reflects a distribution of O~2!Sr-Bi-O~3!Bi force con-
stants induced by the incommensurate superstruc-
tural modulation. The fact that the 657-cm21 phonon
disappears in the Raman spectra of modulation-free
Bi 22xPbxSr2CaCu2O81d ~Refs. 29, 36, and 42! and
Bi 22xPbxSr2Ca12yY yCu2O81d ,

61 where the Bi-O~2!Sr
bonds should be vertically aligned in a more ordered way,

may support this idea. Another possibility is that the side-
bands are induced by extra oxygen atoms in the BiO layers.
The substitution of Y for Ca indeed increases the amount of
oxygens,9,10 which can considerably alter the local structure
of the BiO layer.62 This could then explain the drastic in-
crease in theI 458/I 468 ratio with increasing Y doping.

B. Effects of hole filling and internal pressure on some
of phonons in Bi2Sr2Ca12xY xCu2O81d

Two interesting aspects of the phonon Raman spectra of
Bi 2Sr2Ca12xY xCu2O81d are discussed below in conjunc-
tion with the metal-insulator transition induced by the Y dop-
ing. We pay attention to the behaviors of the bridging-
oxygen O~2!Sr mode and of modes involving atoms in the
CuO2 planes.

As shown in Fig. 11~c!, the frequencies of the 629/657
cm21 O~2!Sr phonon pair decrease almost already linearly
by about;20 cm21 when the Y content increases from
x50 to x51. The situation appears to be similar to what has
been reported for theR123 system,63,64 where the corre-
sponding OBa Ag mode softens when the size of theR ion
decreases@from 514 cm21 for R5Nd (rNd3151.109 Å) to
501 cm21 for R5Tm (r Tm3150.994 Å)#. This softening
can be explained by the expansion of the Cuplane-OBa bond
length ~from ;2.249 Å in Nd123 to;2.290 Å in Tm123!
in response to the contraction around theR ion ~the
CuchainOBa bond length is'1.860 Å for allR).65 Since the
Ca site in Bi2Sr2CaCu2O81d has a local structure crystallo-
graphically similar to theR site inRBa2Cu3O72d , the same
structural arguments can,at least partly, explain the behavior
of the O~2! Sr phonons in Y-doped Bi2212; i.e., the replace-
ment of the large Ca ion by the small Y ion should result in
an elongation of the Cu-O~2!Sr bond length, which in turn
explains the decrease in the O~2!Sr phonon frequencies. Un-
fortunately, there seems to be no reliable reports on inter-
atomic bond lengths in Y-doped Bi2212, that can substanti-
ate this hypothesis. It is also possible that‘‘charge-transfer’’
effects, associated with the change in Ca21/Y 31 average
valence withx, contribute to the O~2!Sr phonon softening, in
a fashion similar to what has been observed for the OBa
mode in oxygen-depleted Y123~Refs. 11–13! and in Co-
doped Y123.15–17 The origin of the softening in both the
Y123 systems is thought to be due to changes in the distri-
bution of charge between CuO chains and the CuO2
planes.15,66 This type of charge redistribution occurs in the
Y-doped Bi2212. In fact coulometric titration experiments9,10

have shown that the valences of both Bi and Cu decrease
for increasing x ~from Bi13.2/Cu12.18 for x50 to
Bi 13.0/Cu2.05 for x51), which should then weaken the Cu-
O~2!Sr-Bi bond. The rate of OBa/Sr phonon softening is in-
deed faster in Bi2212 ('23.2% per 0.1 Å decrease in Ca/Y
average ion size! than inR123 ('22.3% per 0.1 Å decrease
in R ion size!, which may indicate that both ‘‘internal-
pressure’’ and ‘‘ charge-transfer’’ effects are important in
the former system.

The CuO2-plane phonons are of particular interest, as
they concern atoms directly involved in the superconductiv-
ity. We have identified four CuO2-plane phonons~at 145,
177, 409, and 287 cm21). All these modes are weak in su-
perconducting metallic samples (x<0.4), while their inten-
sities increase dramatically with decreasing metallicity

FIG. 11. Variation of frequencies for theB1g 287 cm21

O~1!Cu ~a!, theA1g 409 cm21 O~1!Cu ~b! andA1g 629/657 cm21

O~2!Sr ~c! modes in Bi2Sr2Ca12xY xCu2O81d polycrystalline
samples@observed in Fig. 7~a!#. Solid lines are only a guide for the
eye.
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(x>0.6) as can be seen in, e.g., Figs. 7–9. TheB1g 287
cm21 phonon becomes more and more symmetric with in-
creasing Y doping. These effects are most probably direct
manifestations of the decrease in the number of charge car-
riers induced by Y doping. The smaller number of holes in
the Y-substituted samples both leads to a reduced metallic
screening within and between adjacent CuO2 layers, leading
to larger CuO2 bond polarizabilities and phonon intensities,
and to a weaker electronic Raman background resulting in a
less prominent Fano asymmetry. Similar effects have also
been observed for the corresponding vibrations related to the
CuO2 planes in YBa2Cu3O72d when oxygen is removed
from the structure.11–13

Figure 11~a! shows that the O~1!Cu B1g phonon hardens
dramatically by;40 cm21 when the Y content increases
from x50 to x51. Figure 12 shows the variation of the
phonon frequency with the average Ca21/Y 31 ionic radius
for the different compositionsx. We also compare with what
has been reported for the corresponding OCu B1g mode in
RBa2Cu3O72d (R123; R5rare-earth elements!63,64 and
RBa2Cu4O8 (R124).

67 The similarity between the Bi2212
andR123/124 systems is striking. For the latter systems the
change in the OCu B1g phonon frequency can be explained
by the change in size of theR31 ions, since the electronic
properties are more or less independent of the type ofR ion
~with the exception ofR5Pr!.14,68SmallerR ions result in a
contraction of the OCu-Cu and OCu-R bonds, larger force
constants and a higher phonon frequency. Moreover, since
the frequency of theB1g OCu mode increases by only;5
cm21 on going from the superconducting YBa2Cu3O7 to
the nonsuperconducting YBa2Cu3O6, the change in Cu va-
lence does not largely affect the energy of theB1g OCu pho-
non in theR123 system. From this view point, the hardening
of theB1g O~1!Cu mode in Bi2Sr2CaCu2O81d with Y sub-
stitution can be primarily explained in terms of the change in

the average Ca/Y radius analogous toR123 ~or R124). The
similarity between the Bi2212 system and theR123/124 sys-
tems in this respect thus suggests that additional factors, such
as the increase in average Ca21/Y 31 valence and the de-
crease in the hole concentration with Y doping, only have a
small influence on theB1g O~1!Cu phonon frequency. The
structural arguments discussed above also explain the hard-
ening of the O~1!Cu A1g mode at 409 cm

21 @see Fig. 11~b!#
by ;40 cm21 from x50 to x51.

VI. CONCLUSION

The phonon Raman spectra of
Bi 2Sr2Ca12xY xCu2O81d single crystals and polycrystal-
line samples have been investigated over the full composi-
tional range:x50–1. Single-crystal room-temperature mea-
surements were performed in the five main polarization
geometries, including the ‘‘difficult’’c-axis-polarized geom-
etry. Additional measurements of polycrystalline samples
have been performed at room temperature and atT520 K.
For x,0.5 the samples were found to be superconducting,
with a maximumTc of '92 K for 0.1,x,0.3. From the
dependence on polarization directions and Y doping, and
from a comparison with other Bi-based cuprates, we identify
the (6A1g11B1g) symmetry modes that are Raman allowed
within the ideal body-centered-tetragonal unit cell~space
group I4/mmm). A number of additional ‘‘disorder-
induced’’ phonon bands occur in theab-plane-polarized
spectra. For increasing degree of Y doping we find that the
Cu A1g mode at 145 cm21, the O~1!Cu B1g mode at 287
cm21, and the O~1!Cu A1g mode at 409 cm

21 increase dra-
matically in intensity. We attribute this effect to the reduced
metallic screening in the CuO2 planes, that can be expected
in the hole-depleted Y-doped samples. The decreasing carrier
concentration also manifests itself in the disappearance of the
Fano asymmetry of the O~1!Cu B1g mode. The O~1!Cu and
O~2!Sr phonons exhibit substantial frequency changes with
Y doping. While the two O~1!Cu modes harden by;40
cm21, the O~2!Sr A1g mode at 629 cm21 softens;20
cm21 betweenx50 and x51. These frequency changes,
which are similar to what has been reported for the corre-
sponding modes in theRBa2Cu3O72d superconductor for
decreasing rare-earth ion size, are mainly of a structural ori-
gin. For increasingx, the decrease in the average Ca/Y ra-
dius is expected to cause an ‘‘internal pressure’’ on the
O~1!Cu atoms and an elongation of the Cu-O~2!Sr bond
length which results in the observed phonon frequency
changes. In the case of the O~2!Sr A1g mode it is also pos-
sible that additional but non-negligible ‘‘charge-transfer’’
effects contribute to the phonon softening.
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