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We report a Raman study of then52 andn53 Bi22xPbxSr2Can21CunO412n1d high-temperature super-
conducting cuprates. We find that the frequency of the O~2!Sr A1g mode systematically decreases with addi-
tional oxygen in the weakly coupled BiO layers. We speculate that this could be due to an expansion of the
Cu-O-Bi bond length caused by an oxygen-induced compression of the weakly coupled BiO layers. It is shown
that approximately one half of the decrease in the frequency of the O~2!Sr A1g mode in Bi2Sr2Ca12zYzCu2O81d

reported by Kahihanaet al. can be attributed to the effect of additional oxygen and hence charge transfer
effects are negligible for this Raman mode. The effect of Pb on the frequency of the O~2!Sr A1g mode, while
being systematic, can not be explained. We attribute the small increase in hole concentration with increasing
Pb concentration to a partial charge compensation by a reduction in oxygen content. We provide evidence that
the 655 cm21 peak can be attributed to apical oxygen sites at the boundaries of the supercell induced by the
incommensurate modulation in the BiO layers.
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INTRODUCTION

It is important to understand how the phonon modes
both Bi22xPbxSr2CaCu2O81d @~Bi,Pb!-2212# and
Bi22xPbxSr2Ca2Cu3O101d @~Bi,Pb!-2223# change with hole
concentration. This is because phonon-mediated pairing
successful in accounting for superconductivity before
discovery of the high-temperature superconducting cupr
~HTSC!. There now exist a number of theories of HTSC th
assume a dominant or partial effect of phonon interacti
where the strength of the phonon interactions poss
changes with hole concentration.1,2

Most of the Raman modes in Bi-2212 have been assig
but there is controversy surrounding the assignment of
655 cm21 peak. This peak has been assigned to a ‘‘tetra
nally forbidden ~disorder-induced!’’ 3 mode. Raman mea
surements on Bi2Sr2Ca12zYzCu2O81d have also found tha
the change in the frequency of the O~2!Sr A1g mode is too
great to be explained by internal pressure effects~i.e., an
increase in the Cu-O-Bi bond length! and hence it was de
duced that this mode is also affected by charge tran
PRB 620163-1829/2000/62~2!/1379~8!/$15.00
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effects.3 An understanding of the effect of Pb on the Ram
modes in~Bi,Pb!-2212 and~Bi,Pb!-2223 is also important. It
was initially hoped that Pb21 would substitute onto the Bi31

site, yet there is no evidence of the expected large increas
hole concentration. It has been reported that a Pb-indu
Raman mode near 540 cm21 mode could be due to a Cu
O-Pb vibration.4

In this paper we report a systematic Raman study of po
crystalline~Bi,Pb!-2212 and~Bi,Pb!-2223. Raman spectros
copy has proved to be a useful characterization tool due to
ability to probe small regions and its nature as a probe of
local atomic configurations through shifts in the phon
frequencies.5,6 We concentrate on polycrystalline sample
rather than single crystals, because it is not yet possibl
make single crystals of then53 phase of suitable size an
quality. We show below that the Raman O~2!Sr A1g mode
changes systematically with increasing oxygen concen
tion. There has been one study on Bi-2212 where the Ra
spectra from three samples ‘‘as prepared,’’ ‘‘annealed
O2,’’ and ‘‘annealed in N2’’ are presented.7 Unfortunately
theTc values were not reported and hence it is impossible
1379 ©2000 The American Physical Society
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1380 PRB 62G. V. M. WILLIAMS et al.
determine the hole concentration for the three annealing c
ditions. Furthermore, the authors report a shift in the f
quency of this mode by 9.5 cm21. We show in our system
atic study that the shift in the frequency of this mode is
more than 3.5 cm21. We also show that the shift in frequenc
of this mode can be attributed to the additional oxygen a
that any charge transfer effect is small. We discuss the
signment of the 655 cm21 peak, the 540 cm21 peak and the
effects of Pb substitution.

EXPERIMENTAL DETAILS

Polycrystalline samples of Bi2.12xPbxSr1.9CaCu2O81d
were synthesized from a stoichiometric mix of Bi2O3, PbO,
Sr~NO3!2, Ca~NO3!2, and CuO. The reaction was carried o
at temperatures between 800 °C and 850 °C and oxygen
tial pressures of between 1 and 21 %. The exact synth
conditions depended on the desired Pb content with hig
Pb contents requiring lower temperatures and oxygen pa
pressures. X-ray diffraction~XRD! measurements indicate
that all samples were single phase to within the detec
limit of the spectrometer~i.e., ,4% impurity level!.

The Bi2.12xPbxSr1.9Ca2Cu3O101d polycrystalline samples
were synthesized by successive reactions at 835 °C in 7
O2 in N2. Thex50.6 samples were reacted in 1% O2 in N2.
The reaction times were typically 100 h. Note that both
n52 andn53HTSC were synthesised with 2.1 Bi and 1
Sr rather than the nominal 2.0 Bi and 2.0 Sr to account
the partial substitution of Bi onto the Sr site.8 XRD measure-
ments indicated that only thex50.6 samples contained de
tectable quantities of the main lead-rich impurity pha
(Bi,Pb)31y1Sr21y2Ca21y3CuOz which we refer to by the
nominal indices 3221. Because the fraction of this impur
can change with subsequent oxygen annealing, somet
appearing in samples of lower Pb content, we also charac
ized this phase using scanning electron microscopy
XRD. Using EDX analysis we determined a typical comp
sition of Bi0.33Pb3.4Sr2.6Ca2.3CuOz . This composition was
then synthesized by reacting at 790 °C in flowing oxygen

A sample of Bi1.9Pb0.2Sr1.9CaCu2O81d was cut into halves
and one half of the sample was annealed in16O while the
other half was annealed in18O at 800 °C for 6 h and four
repeat cycles. At the end of the final anneal the samples w
cooled to 360 °C over 30 min and annealed at 360 °C for
h. Both samples were then co-annealed in a sealed evacu
quartz ampoule for 18 h at 400 °C in order to equalize th
oxygen content and doping state without mixing isotopes
the CuO2 planes.

Bi2.12xPbxSr1.9Ca2CuO102d wire samples were supplie
by the American Superconductor Corporation. The samp
were embedded in resin and polished to expose the su
conducting cores.

The oxygen content was altered by annealing the sam
at different temperatures and oxygen partial pressures
lowed by quenching into liquid nitrogen. A sintered pell
was sectioned for each Pb concentration and each se
was subject to different annealing conditions. Zero-fie
cooled temperature-dependent susceptibility data was
tained using a vibrating sample magnetometer at an app
field of 0.3 mT. The room temperature thermopow
S(300 K), data was obtained using a technique descri
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elsewhere9 for all except the wire samples.
Raman measurements were made at room temperatur

ing a backscattering geometry and thel5514.5 nm line of
an Ar ion laser. The power incident on the sample was,25
mW and the laser beam was focussed using a cylindrical
to minimize possible thermal damage. The incident light w
vertically polarized while the scattered light was observ
without polarizers. However, as the vertical~V! polarized
light is preferentially detected by the double monochrome
and CCD detector~a factor of;3 over the horizontal polar-
ization!, then the primary detection isVV. Thec-axis aligned
superconducting wire samples were mounted with the lo
axis perpendicular to the incident polarization to obse
scattering from the O~2!Sr A1g Raman mode.

RESULTS AND ANALYSIS

We present in Fig. 1 typical spectra from polycrystallin
samples of~Bi,Pb!-2212 with x50, x50.2, x50.4, andx
50.6 all at similar hole concentrations. By comparison w
previous studies we attribute the;290, ;465, and;630
cm21 peaks to O~1!Cu B1g , O~3!Bi A1g , and O~2!Sr A1g
vibrations.3,10 The O~1!, O~2!, and O~3! sites refer to the
oxygen sites in the CuO2, SrO, and BiO layers, respectively
The;630 cm21 peak observed in thex50 andx50.2 spec-
tra also contains a high frequency shoulder which can
identified as the;655 cm21 peak observed inx50 single
crystals.3

There is some dispute as to the origin of 655 cm21 peak.
It has been assigned to a ‘‘tetragonally forbidden~disorder-
induced!’’ mode,3 excess oxygen in the BiO layers,11 the
Bi2Sr2CuO6 phase or, more recently, to the effect of the i
commensurate modulation in the BiO layers.12 The assign-
ment of this peak to excess oxygen in the BiO layers
inconsistent with polarization-dependent studies which in

FIG. 1. Plot of the Raman spectra from
Bi2.12xPbxSr1.9CaCu2O81d polycrystalline samples for Pb conten
indicated.
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cate that both the 630 and 655 cm21 peaks arise from apica
oxygen~i.e., Cu-O-Bi! vibrations along thec axis.3 Further-
more, the assignment of the 655 cm21 peak to a ‘‘tetrago-
nally forbidden ~disorder-induced!’’ mode is inconsistent
with the rapid disappearance of this peak with increasing
substitution as can be seen in Fig. 1. We note that the r
disappearance of the 655 cm21 peak with increasing Pb con
centration is consistent with a Raman study on
Bi1.85Pb0.19Sr1.90Ca1.17Cu2O81d single crystal4,13 and a recent
grazing incidence infrared reflectivity study of
Bi1.6Pb0.4Sr2CaCu2O81d single crystal.12 The ‘‘tetragonally
forbidden ~disorder-induced!’’ explanation is unlikely be-
cause the othorhombicity is known to increase with incre
ing Pb content, yet the 655 cm21 peak intensity, relative to
that of the;630 cm21 peak, is decreasing at the same time13

Furthermore, the relative intensity of the 655 cm21 peak is
not significantly affected by the substitution of Y onto the C
site or La onto the Sr site, which would seem to exclu
disorder effects.3,14We detect no intergrowths of Bi2Sr2CuO6
in our Pb-free samples, which is inconsistent with the 6
cm21 peak arising from Bi2Sr2CuO6 intergrowths. Also, Ra-
man studies on Bi2Sr2Ca12zYzCu2O81d ~Ref. 3! show that
the frequency of both the;630 and 655 cm21 peaks de-
crease together and by similar amounts with increasing
concentration. Therefore, the most satisfactory explanatio
that the 655 cm21 peak arises from apical oxygen sites at t
boundaries of the supercell.12 The supercell arises from th
incommensurate modulation of the BiO layers in which t
BiO layers alternate between rocksalt and pseudo-perovs
packing with a mean period of 4.76a wherea is the a-axis
length.15 The assignment of this mode is consistent with
recent calculation of the relative integrated intensities of
;630 and;655 cm21 infrared peaks based on every fif
apical oxygen site having a different oscillator strength12

The experimental integrated intensities of the;630 and
;655 cm21 relative to the;630 cm21 infrared and Raman
peaks are 4.6 and 4.7, respectively, forx50, being close to
the predicted value of around 4.12 The rapid disappearance o
the;655 cm21 peak with increasing Pb concentration can
explained by an increase in the supercell length@1.45 times
greater forx50.19 ~Ref. 13!#.

Another peak at ;540 cm21 is visible in the
Bi2.12xPbxSr1.9CaCu2O81d Raman spectra for high Pb con
centrations. This peak is not seen in single crystals whex
50 but it is seen in one study whenx.0.4 It has been
suggested that this peak could be due to an intrinsic mo
however, it is more likely that it is due to a Pb-rich impuri
phase. We show in Fig. 2~a! that the Raman spectra from th
main Pb-rich 3221 impurity phase also have a peak near
cm21. Similar Raman spectra have also been obtained f
Raman measurements on the Pb-rich 3221 phases by
et al.16 where the intensity and widths of the four main pea
change with relative Pb and Bi ratios. It is important to no
that the Pb-rich 3221 impurity Raman cross section is m
greater than that for Bi2.12xPbxSr1.9CaCu2O81d and hence
the relative intensity of the;540 cm21 peak in the
Bi2.12xPbxSr1.9CaCu2O81d Raman spectra plotted in Fig.
would indicate an impurity fraction of less than 2% which
less than the fraction that can be detected by XRD~;4%!.

Further evidence that the;540 cm21 peak arises from a
Pb-rich impurity phase can be seen in Figs. 2~b! and 2~c!
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where we plot Raman spectra from samples
Bi1.9Pb0.2Sr1.9CaCu2O81d that have been16O or 18O ex-
changed. In Fig. 2~b! we plot the Raman spectra from
Bi1.9Pb0.2Sr1.9CaCu2O81d sample16O exchanged at 800 °C
and a Bi1.9Pb0.2Sr1.9CaCu2O81d sample 18O exchanged at
800 °C for 6 h per exchange cycle and four repeat cycles
is important to note that the samples were oxygen isot
exchanged at one atmosphere to promote the main Pb
impurity phase. It can be seen that in the18O exchanged
sample the O~3!Bi, ;540 cm21 and O~2!Sr peaks all move to
lower frequency consistent with 82%18O exchange. This is
close to the estimate of 90% derived from the mass chan
As noted earlier, these samples were then co-annealed
sealed evacuated ampoule at a lower temperature of 40
for 18 h. It can be seen by comparing the Raman spectr
Figs. 2~b! and 2~c! that the effect of the coanneal is to sh
both the O~3!Bi and O~2!Sr peaks consistent with 41%18O
exchange on these two oxygen sites. However, the co-an
has no effect on the position of the;540 cm21 peak. This
indicates that this mode does not arise from the O~2!Sr or the
O~3!Bi sites in Bi1.9Pb0.2Sr1.9CaCu2O81d . It is unlikely that
the;540 cm21 peak arises from a O~1!Cu mode because this
mode is seen at a much lower energy in Bi2Sr2CaCu2O81d
~;290 cm21 for B1g and;410 cm21 for A1g!.3 The simplest
explanation is that the;540 cm21 peak arises from the im
purity phase in which the oxygen diffusion kinetics are mu
slower than in the BiO and SrO layers of the supercondu
ing phase.

We find that the apical O~2!Sr mode for~Bi,Pb!-2212 sys-
tematically decreases in frequency as samples are prog

FIG. 2. Plot of Raman spectra from a Bi0.33Pb3.4Sr2.6Ca2.3CuOz

polycrystalline samples~a!, a Bi1.9Pb0.2Sr1.9CaCu2O81d sample an-
nealed in16O ~dashed curve! or 18O ~solid curve! at 800 °C for 6 h
and four cycles~b! and the same16O ~dashed curve! and18O ~solid
curve! samples coannealed in a sealed evacuated ampoule
lower temperature of 400 °C for 18 h~c!.



d
w

tio

t

of

a
i

t
tra

e

.2
w

nt

o

r

th
or

s

ical
ed
in
l. It
ot
e

-
212
he

or
-

-
n
the

ted
rge
on

rge
for
at

e
Y

nt

ated

-

e.
he

17

1382 PRB 62G. V. M. WILLIAMS et al.
sively annealed in higher oxygen partial pressures or
creasing temperature. This can be seen in Fig. 3 where
plot the frequency of this mode against hole concentra
for x50 ~filled circles!, x50.2 ~filled diamonds!, x50.4
~filled up triangles!, andx50.6 ~filled down triangles!. The
hole concentration was determined from theTc values using
the empirical relationTc'Tc,max@1282.6(p20.16)2# ~Ref.
17! whereTc,max595 K and the thermopower correlation.18

We plot the frequency against hole concentration because
hole concentration is easily estimated fromTc while d is
difficult to measure. Furthermore, changes ind are small and
there is little agreement in the literature ond values even for
similar Tc values.19–21As mentioned earlier, we are aware
only one other study where Raman spectra have been
ported for Bi-2212 with different oxygen contents.7 How-
ever, this study reported Raman spectra for only three
nealing conditions described as ‘‘as prepared.’’ ‘‘annealed
O2,’’ and ‘‘annealed in N2.’’ The lack of Tc data means tha
it is impossible to accurately determine the hole concen
tions. Furthermore the shift in the apical O~2!Sr mode for the
most oxygenated sample reported by Chenet al. is
anomalous.7 This is apparent in Fig. 3 where we show th
maximum ~dashed line! and minimum~dotted! frequencies
reported by Chenet al. The data of Chenet al. would seem
to suggest a maximum hole concentration in excess of 0
This is inconsistent with previous studies. Furthermore,
estimate from the reported annealing conditions~500 °C in
oxygen at 1 bar! that p;0.19. This estimate is consiste
with p;0.197 estimated from another annealing study.20 In
our systematic study we find that the shift in the frequency
this mode is no more that 3.5 cm21 compared with a shift of
9.5 cm21 reported by Chenet al.

It can be seen in Fig. 4 that there is no evidence fo
change in the frequency of the O~3!Bi mode with increasing
oxygen content within experimental errors. Here we plot
frequency of the O~3!Bi mode against hole concentration f

FIG. 3. Plot of the frequency of the Bi2.12xPbxSr1.9CaCu2O81d

O~2!Sr mode against hole concentration for Pb contents ofx50
~solid circles!, x50.2 ~solid diamonds!, x50.4 ~solid up triangles!,
andx50.6 ~solid down triangles!. The curves are guides to the ey
The dashed curve is the maximum frequency reported by C
et al. ~Ref. 7! for the ‘‘annealed in N2’’ sample and the dotted curve
is the minimum frequency reported by Chenet al. for the ‘‘an-
nealed in O2’’ sample. Inset: Plot of the Bi2.12xPbxSr1.9CaCu2O81d

O~2!Sr mode against Pb content for a hole concentration near 0.
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e
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he
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e

f

a

e

x50 ~solid circle!, x50.2 ~solid diamond!, andx50.4 ~solid
up triangles!. The limit on any possible correlation is les
than 5 cm21 over the doping range.

We show below that the systematic change in the ap
oxygen mode frequency for progressively oxygen load
~Bi,Pb!-2212 can be attributed to the additional oxygen
the BiO layers and that any charge transfer effect is smal
is important to first note that the correlation in Fig. 3 cann
be attributed to small changes in the unit cell volume. W
find that for Bi-2212 the difference in unit cell volume be
tween the most underdoped and most overdoped Bi-2
sample is20.3%. The effect of volume compression on t
O~2!Sr mode can be estimated from the mode Gru¨neisen pa-
rameter,g i , defined asg i52d@ ln(v)#/d@ln(v)#, wherev i is
the phonon frequency andv is the volume. Usingg i50.43
~Ref. 22! we find that the decrease in the unit cell volume f
Bi2.1Sr1.9CaCu2O81d should lead to the mode frequency in
creasing by 0.9 cm21 rather than the experimentally
observed decrease of 3.5 cm21. We note that this decrease i
frequency could be accounted for by a small increase in
Cu-O-Bi bond length of only;1.3%.

To show that the changes in the apical O~2!Sr mode fre-
quency with progressive oxygen loading can be accoun
for by the increasing oxygen content rather than cha
transfer effects, we compare our results with a study
Bi2Sr2Ca12zYzCu2O81d by Kakihanaet al.3 It was previ-
ously found that the frequency of the apical O~2!Sr mode
decreases with increasing Y concentration.3 This change was
attributed to an internal pressure effect as well as a cha
transfer effect. The internal pressure interpretation
Bi2Sr2Ca12zYzCu2O81d may be understood by the fact th
Y31 has a smaller ionic radius than Ca21 @0.112 nm for Ca21

compared with 0.1019 nm for Y31 ~Ref. 23!# leading to a
contraction of the CuO2 interlayer distance. However, th
concomitant increase in oxygen content with increasing
content24 was not included in the analyses. This is importa
because the oxygen content increases by;0.38 whenz in-
creases from 0 to 1. This can be compared with the estim
increase in oxygen content of;0.12 ~from a study by Shi-
moyamaet al.20! as the hole concentration in Bi-2212 in

n

5.

FIG. 4. Plot of the frequency of the Bi2.12xPbxSr1.9CaCu2O81d

O~3!Bi mode against hole concentration forx50 ~solid circle!, x
50.2 ~solid diamond!, andx50.4 ~solid up triangles!.
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creases from the most underdoped to the most overdo
sample plotted in Fig. 3.

If charge transfer effects were significant then it would
expected that the frequency of the O~2!Sr mode should de-
crease with increasing hole concentration for both Bi-22
and Bi2Sr2Ca12zYzCu2O81d .3 However, it is apparent in
Fig. 5~a! that this is not the case. Here we plot the data fr
Fig. 3 ~open circles! as well as the Bi2Sr2Ca12zYzCu2O81d
data of Kakihanaet al. ~filled up triangles3!. The additional
anomalous frequency shift reported by Kakihanaet al. and
attributed to charge transfer effects can be seen by remo
the effect of the contraction of the CuO2 layers caused by the
substitution of Y31 for Ca21. We estimate the effect of th
different ionic radii in the same manner as Kakihanaet al.
where the shift in the O~2!Sr mode was compared with th
shift in the OBa Ag mode inRBa2Cu3O7.

3 It was found that
the frequency of the OBa A1g mode decreases from 514
501 cm21 when the rare earth atom is changed from
~ionic radii of 0.1109 nm! to Tm ~ionic radii of 0.0994
nm!.25,26 Thus, we estimate that the contribution to t
change in the frequency of the O~2!Sr mode in
Bi2Sr2Ca12zYzCu2O81d by the different ionic radii of Y31

for Ca21 to be;14z. However, even after the removal of th
ionic nuclei size effect, it is apparent in Fig. 5~a! ~solid
circles! that the shift in the frequency of the O~2!Sr mode can
not be consistently accounted for by charge transfer eff
in Bi-2212 and Bi2Sr2Ca12zYzCu2O81d .

It is clear in Fig. 5~b!, after the removal of ionic radi
effects in Bi2Sr2Ca12zYzCu2O81d , that the frequency of the
O~2!Sr mode in Bi-2212 and Bi2Sr2Ca12zYzCu2O81d is cor-
related with the oxygen content. Thed values for
Bi2Sr2CaCu2O81d were estimated from a study by Sh
moyamaet al.20 and the frequency of the O~2!Sr mode andd

FIG. 5. Plot of the frequency of the Bi2.1Sr1.9CaCu2O81d ~open
circles! and Bi2Sr2Ca12zYzCu2O81d ~solid up triangles! ~Refs. 3,
19, 20, 24! O~2!Sr mode against hole concentration~a! or oxygen
content d ~b!. Also included is the frequency of th
Bi2Sr2Ca12zYzCu2O81d O~2!Sr mode after removal of the effect
due to the compression of the CuO2 layers by different Ca21 and
Y31 ionic radii ~solid circles! as described in the text.
ed

2

ng

ts

values for Bi2Sr2Ca12zYzCu2O81d were estimated from
studies by Kakihanaet al.3 and Groenet al.,24 respectively.
The additional oxygen could be affecting the O~2!Sr mode by
causing a contraction of the weakly coupled BiO layers a
an expansion of the Cu-O-Bi bond length. This interpretat
is supported by evidence that additional oxygen is incor
rated into the BiO layers in the boundary between
pseudo-perovskite and rocksalt phases.15 While there is no
systematic neutron diffraction data where the Cu-O-Bi bo
length is reported as a function of oxygen content, we
lieve that there is no reason to state that the shift in freque
of the O~2!Sr mode is anomalous.7

It can be seen in Fig. 3 that Pb substitution has a sign
cant effect on the frequency of the O~2!Sr Raman mode as
well as the minimum hole concentration obtained for a co
stant low-pressure anneal. The effect of Pb substitution
more apparent in the inset to Fig. 3 where we plot the f
quency of the O~2!Sr Raman mode against Pb content whe
the oxygen stoichiometry is controlled to give a consta
hole concentration near 0.175. The origin of the initial i
crease and then decrease in the position of the O~2!Sr Raman
mode with increasing Pb content is not obvious. It is diffic
to model this effect as Pb introduces an additional inco
mensurate modulation13 and little is known about the site
that Pb occupies. Pb could conceivably substitute onto
Bi, Sr, or Ca sites, although it is generally assumed to p
marily substitute as Pb21 on the Bi31 site,13 resulting in an
increase in the hole concentration. There is evidence tha
partially substitutes as Pb21 on the Sr21 site @;35% ~Ref.
27!# without changing the hole concentration.4,13 It has also
been suggested that Pb substitutes predominately as Pb41 on
the Ca21 site in Bi2.12xPbxSr1.9Ca2Cu3O101d ~Ref. 28!, how-
ever, this is not supported by a recent infrared study o
Bi1.6Pb0.4Sr2CaCu2O81d single crystal.12

We speculate that the change in the frequency of
O~2!Sr mode with increasing Pb concentration could be d
to a change in the relative distribution of the sites occup
by Pb as well as a decrease in oxygen content with incre
ing Pb concentration. That being said, there are several
sible ways in which this could occur. One simple explanat
is that for low Pb contents Pb substitutes onto the Bi s
with some Bi substituting onto the Sr site. As the Pb21 ionic
radius is greater than that for Bi31,23 this could lead to an
increase in the BiO interlayer distance, a decrease in
Cu-O-Bi bond length and hence an increase in the O~2!Sr
mode frequency. Note that no significant change is expec
from any partial substitution of Pb21 onto Sr21 as Pb21 and
Sr21 have similar ionic radii.23 At high Pb contents, Pb could
partially substitute as Pb41 on the Ca21 site. As the Pb41

ionic radius is less than that of Ca21,23 then this could lead to
a compression of the CuO2 layers, an expansion of the Cu
O-Bi bond length and hence a decrease in the O~2!Sr mode
frequency. Finally, one has to recognize that Pb41 could
preferentially substitute for Bi51 in the perovskite domains in
the BiO layers as might be suggested by the progres
disappearance of the 655 cm21 mode.

A partitioning between sites and a decrease in oxyg
content could also explain the small increase in hole conc
tration with increasing Pb content observed in Fig. 6 wh
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we plot the minimum hole concentration (pmin) against Pb
content~filled circles!. The solid line represents 0.1 holes p
Pb while the dashed line is the ideal of 1 hole per Pb
pected for substitution only on the Bi site. It is possible th
the additional holes introduced by Pb are partially comp
sated for by a decrease in oxygen content similar, but op
site to, the effect observed in Bi2Sr2Ca12zYzCu2O81d ~Ref.
24! and Bi2Sr22zLazCaCuO41d ,29 where additional elec-
trons are partially compensated for by an increase in oxy
content. In the case of Bi2Sr2Ca12zYzCu2O81d it is possible
to show that, after accounting for the 1.8 holes per additio
oxygen atom,24 Y donates20.9 holes per Y,24 close to the
maximum of21 hole per Y. A similar analysis in the case
Pb substitution~assuming that Pb donates 0.9 holes per
atom and ignoring possible partial Pb substitution onto the
or Ca sites! would lead to changes ind of up to20.22 as can
be seen in Fig. 6~open triangles!.

We now consider the Raman spectra for the triple Cu2
layer Bi2.12xPbxSr1.9Ca2Cu3O101d polycrystalline samples
plotted in Fig. 7. It is apparent from Figs. 1 and 7 that the
are clear similarities between the spectra for~Bi,Pb!-2212
and ~Bi,Pb!-2223. Then52 andn53 compounds both dis
play the O~3!Bi A1g and O~2!Sr A1g phonon modes and th
impurity mode near 540 cm21. The impurity mode is more
intense and narrower forx50.4 ~andx50.34! as can be seen
in Fig. 7 where we plot the Raman spectra from the Pb-r
3221 impurity phase~dashed curve!. This may suggest tha
the main impurity phase for thex50.34 andx50.4 samples
is possibly the~Sr,Ca,Pb! impurity phase or even Pb3O4.

15

The x50.15 Raman spectra also displays the 655 cm21

shoulder observed in the low Pb concentration~Bi,Pb!-2212
samples and, similarly, this shoulder is not evident forx
>0.4.

It can be seen in Fig. 8 that the frequency of the api
O~2!Sr mode in~Bi, Pb!-2223 also decreases with increasi
oxygen content. Here we plot the data forx50.34 and hole

FIG. 6. Left vertical axis: Plot of the Bi2.12xPbxSr1.9CaCu2O81d

minimum hole concentrationpmin , against Pb content~filled
circles!. The solid line is a linear fit to the data and the dashed l
is the expected line if each Pb contributed 1 hole to the Cu2

planes. Right vertical axis: Plot of the Bi2.12xPbxSr1.9CaCu2O81d

change in oxygen content required if each Pb contributes 0.9 h
to the CuO2 planes against Pb concentration~open up triangles!.
The dotted curve is a guide to the eye.
-
t
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n

al

b
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e

h

l

concentrations ofp50.178 ~solid curve! and p50.139
~dashed!. It can be seen that the full width half maximum o
the O~2!Sr mode increases with progressive oxygen loadi
The resultant shift in the O~2!Sr mode from all our~Bi,Pb!-
2223 samples is plotted in Fig. 9 forx50.15~open squares!,
x50.34 ~open circles!, x50.4 ~open up triangles!, and x
50.6 ~open diamonds! against hole concentration where, fo
the determination of hole concentration,Tc,max is taken as
109 K. It is clear by comparison with Fig. 3 thatdv/dp is up
to two times greater in the triple CuO2 layer compound than
in the double layer compound. It is not possible to estim
the d values as no studies have been reported whered has
been reliably measured in the triple-layer compound. W
have used the data in Fig. 9 to analyze a~Bi,Pb!-2223 tape
with a nominal Pb content ofy50.34 and a resistive transi

e

es

FIG. 7. Plot of the Raman spectra from
Bi2.12xPbxSr1.9Ca2Cu3O101d polycrystalline samples with Pb con
tents ofx50.15,x50.4, andx50.6. The dashed curve is the Ra
man spectra from the main Pb-rich impurity pha
Bi0.33Pb3.4Sr2.6Ca2.3CuOz .

FIG. 8. Plot of the Raman spectra from
Bi2.12xPbxSr1.9Ca2Cu3O101d polycrystalline sample withx50.34
and hole concentrations ofp50.139 ~dashed curve! and p50.178
~solid curve!.
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tion at 107 K. The position of the O~2!Sr Raman mode is
plotted on Fig. 9 by the solid circle which can be seen to
on thex50.34 andx50.4 curves consistent with the nom
nal Pb content.

The triple-layer compounds also display similar chang
in the O~2!Sr mode with increasing Pb concentration as c
be seen in the inset to Fig. 9 where we plot the O~2!Sr mode
frequency against Pb content~filled circles! for a hole con-
centration near 0.164. Unlike the double layer compoun
there is no significant change with Pb content in the m
mum hole concentration obtained for the same low-press
anneals. This is apparent in the inset to Fig. 9 where we
plot pmin against Pb content~open squares!. The differences
in pmin and the hole concentration range between then52
andn53 compounds could be due to the different hole co
centration distributions in the CuO2 planes. NMR studies
have shown that the holes are evenly distributed in the
CuO2 planes for then52 compound while the middle CuO2
plane in the n53 compound is significantly hole
deficient.30,31

It is clear in Fig. 10~a! that, as in the case of the two-laye
compound, the frequency of the O~3!Bi mode in~Bi,Pb!-2223
does not show a systematic variation with increasing oxy
concentration. Here we plot the Raman shift of this mo
against hole concentration forx50.34 ~open circles!, x
50.40 ~open up triangles!, and x50.60 ~open diamonds!.
The large experimental uncertainties might conceal
trends but possible changes in the position of this mode
evidently less than 6 cm21. As mentioned earlier, the impu
rity mode in then53 samples is significantly narrower tha
in the n52 samples and hence it is possible to investig
the changes in the position of this peak with increasing o
gen or increasing Pb content. However, we show in F
10~b! that, for bothx50.34~open circles! andx50.40~open

FIG. 9. Plot of the O~2!Sr mode frequency for
Bi2.12xPbxSr1.9Ca2Cu3O101d against hole concentration for Pb co
tents of x50.15 ~open squares!, x50.34 ~open circles!, x50.4
~open up triangles!, and x50.6 ~open diamonds!. The lines are
linear best fits to the data. Also shown is the O~2!Sr mode frequency
for a Bi2.12xPbxSr1.9Ca2Cu3O101d superconducting wire~solid
circle!. Inset: Left vertical axis: Plot of the O~2!Sr mode frequency
for Bi2.12xPbxSr1.9Ca2Cu3O101d against Pb content for a hole con
centration near 0.164~filled circles!. Right vertical axis: plot of the
Bi22xPbxSr2Ca2Cu3O101d minimum hole concentrationpmin against
Pb content~open squares!.
ll
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up triangles!, there is no systematic change in the position
this peak with either oxygen or Pb content.

CONCLUSION

In conclusion, we find that the O~2!Sr mode Raman mode
in ceramic samples of then52 and n53 phases of the
Bi2.12xPbxSr1.9Can21CunO412n superconductor systemat
cally decreases with increasing hole concentration. This
crease is caused by additional oxygen in the weakly coup
BiO layers and any charge transfer effects are negligible.
also show that, contrary to previous reports by Kakiha
et al., charge transfer effects are negligible
Bi2Sr2Ca12zYzCu2O81d and that approximately one half o
the measured shift in the frequency of the O~2!Sr mode can
be attributed to oxygen compensation. We speculate tha
correlation with increasing oxygen content arises from ad
tional oxygen in the weakly coupled BiO layers leading to
expansion of the Cu-O-Bi bond length. We find that our d
are consistent with the recent interpretation of the;655
cm21 mode in terms of a Cu-O-Bi vibration at the boundari
of the supercell. It is also clear that the;540 cm21 peak is
due to an impurity phase rather than a Cu-O-Pb mode.
effect of Pb on the position of the Cu-O-Bi Raman mod
while being systematic, cannot yet be conclusively e
plained. We speculate that it may arise from a partitioning
Pb between the Bi, Sr, and Ca sites that changes with
creasing Pb concentration and the additional holes in
duced by Pb being compensated for by a decrease in oxy
content.

ACKNOWLEDGMENTS

We thank American Superconductor Corporation for th
support and for tape samples. We acknowledge funding fr
the New Zealand FRST, The Royal Society of New Zeala
the United Kingdom EPSRC, and the Alexander von Hu
boldt Foundation.

FIG. 10. Plot of the O~2!Bi mode frequency for
Bi2.12xPbxSr1.9Ca2Cu3O101d against hole concentration for Pb con
tents ofx50.34 ~open circles!, x50.40 ~open up triangles!, andx
50.6 ~open diamonds! ~a! and plot of the 3221 impurity peak fre
quency against hole concentration for Pb contents ofx50.34~open
circles! andx50.40 ~open up triangles!.
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