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We report a Raman study of the=2 andn=3 Bi,_,PhSr,Ca,_,Cu,0,, -+ s high-temperature super-
conducting cuprates. We find that the frequency of ti2)9 A, 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 (Bk,@;, mode in BpSr,Ca, _,Y ,Cl,0g, 5
reported by Kahihanat 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(#g 8,4, 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 cm* peak can be attributed to apical oxygen sites at the boundaries of the supercell induced by the
incommensurate modulation in the BiO layers.

INTRODUCTION effects® An understanding of the effect of Pb on the Raman
modes in(Bi,Ph)-2212 andBi,Ph)-2223 is also important. It

It is important to understand how the phonon modes inwas initially hoped that P53 would substitute onto the Bi
both Bh_PhSrLCaCuyOg, 5 [ (Bi,Pb)-2212] and site, yet there is no evidence of the expected large increase in
Bi, ,Ph.Sr,CaCu0:, 5 [ (Bi,Ph)-2223 change with hole hole concentration. It has been reported that a Pb-induced
concentration. This is because phonon-mediated pairing wa®aman mode near 540 cthmode could be due to a Cu-
successful in accounting for superconductivity before theD-Pb vibratiort
discovery of the high-temperature superconducting cuprates In this paper we report a systematic Raman study of poly-
(HTSO). There now exist a number of theories of HTSC thatcrystalline (Bi,Ph)-2212 and(Bi,Pb)-2223. Raman spectros-
assume a dominant or partial effect of phonon interactionsopy has proved to be a useful characterization tool due to its
where the strength of the phonon interactions possibhability to probe small regions and its nature as a probe of the
changes with hole concentratidn. local atomic configurations through shifts in the phonon

Most of the Raman modes in Bi-2212 have been assignetiequencies:® We concentrate on polycrystalline samples,
but there is controversy surrounding the assignment of theather than single crystals, because it is not yet possible to
655 cm ! peak. This peak has been assigned to a “tetragomake single crystals of the=3 phase of suitable size and
nally forbidden (disorder-inducel¥ > mode. Raman mea- quality. We show below that the Raman(Zp, A1y mode
surements on BSr,Ca_,Y,Cu,0q, s have also found that changes systematically with increasing oxygen concentra-
the change in the frequency of thel;, A;4 mode is too  tion. There has been one study on Bi-2212 where the Raman
great to be explained by internal pressure effdcts, an  spectra from three samples “as prepared,” “annealed in
increase in the Cu-O-Bi bond lengthnd hence it was de- O,,” and “annealed in N” are presented. Unfortunately
duced that this mode is also affected by charge transfee T values were not reported and hence it is impossible to
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determine the hole concentration for the three annealing con
ditions. Furthermore, the authors report a shift in the fre-
quency of this mode by 9.5 cm. We show in our system- 25| i
atic study that the shift in the frequency of this mode is no
more than 3.5 cm'. We also show that the shift in frequency

of this mode can be attributed to the additional oxygen and
that any charge transfer effect is small. We discuss the as
signment of the 655 cit peak, the 540 cm® peak and the
effects of Pb substitution.

-
(5]

EXPERIMENTAL DETAILS

-
(=]

Polycrystalline samples of Bi_,PhSr CaCyOg, 5
were synthesized from a stoichiometric mix of,8i, PbO,
SnNOg),, CaANO3),, and CuO. The reaction was carried out 5
at temperatures between 800 °C and 850 °C and oxygen pa
tial pressures of between 1 and 21%. The exact synthesi
conditions depended on the desired Pb content with highe o
Pb contents requiring lower temperatures and oxygen partia
pressures. X-ray diffractioXRD) measurements indicated
that all samples were single phase to within the detectior Raman Shift (cm™)
limit of the spectrometefi.e., <4% impurity leve).

The Bb ,_,PhSr CaCu;0,0, 5 polycrystalline samples FIG. 1. Plot of the Raman spectra from
were synthesized by successive reactions at 835 °C in 7.5®&21-xPbSn.{CaCyOs, ; polycrystalline samples for Pb contents
0, in N,. Thex=0.6 samples were reacted in 1% i@ N,.  indicated.

The reaction times were typically 100 h. Note that both the

n=2 andn=3HTSC were synthesised with 2.1 Bi and 1.9 elsewhere for all except the wire samples.

Sr rather than the nominal 2.0 Bi and 2.0 Sr to account for Raman measurements were made at room temperature us-
the partial substitution of Bi onto the Sr sfi&XRD measure-  ing a backscattering geometry and the514.5nm line of
ments indicated that only the=0.6 samples contained de- an Ar ion laser. The power incident on the sample w5
tectable quantities of the main lead-rich impurity phasemW and the laser beam was focussed using a cylindrical lens
(Bi,Pb).s 1Sk y2Cap.y3CUO, which we refer to by the to minimize possible thermal damage. The incident light was
nominal indices 3221. Because the fraction of this impurityvertically polarized while the scattered light was observed
can change with subsequent oxygen annealing, sometim&§thout polarizers. However, as the verticdl) polarized
appearing in samples of lower Pb content, we also charactelight is preferentially detected by the double monochrometer
ized this phase using scanning electron microscopy anand CCD detectofa factor of~3 over the horizontal polar-
XRD. Using EDX analysis we determined a typical compo-ization), then the primary detection V. Thec-axis aligned
sition of BigsdPbs 4SSk (Ca sCUO,. This composition was Superconducting wire samples were mounted with the long
then synthesized by reacting at 790 °C in flowing oxygen. axis perpendicular to the incident polarization to observe

A sample of Bj Ph, ,SK CaCuyOg.. 5 Was cut into halves ~ scattering from the @)s; A, Raman mode.
and one half of the sample was annealed@ while the
other half was annealed ifO at 800 °C for 6 h and four RESULTS AND ANALYSIS
repeat cycles. At the end of the final anneal the samples were
cooled to 360 °C over 30 min and annealed at 360 °C for 24 We present in Fig. 1 typical spectra from polycrystalline
h. Both samples were then co-annealed in a sealed evacuateaimples of(Bi,Pb)-2212 with x=0, x=0.2, x=0.4, andx
quartz ampoule for 18 h at 400 °C in order to equalize their=0.6 all at similar hole concentrations. By comparison with
oxygen content and doping state without mixing isotopes omprevious studies we attribute the290, ~465, and~630
the CuQ planes. cm ! peaks to @l)¢, Big, OQ)gi Aig, and Q2)g Aqq

Bi, 1 4PhSH {CaCuO;,_ 5 wire samples were supplied vibrations®!° The Q1), O(2), and Q3) sites refer to the
by the American Superconductor Corporation. The sampleexygen sites in the Cu SrO, and BiO layers, respectively.
were embedded in resin and polished to expose the supeFhe ~630 cm ! peak observed in the=0 andx=0.2 spec-
conducting cores. tra also contains a high frequency shoulder which can be

The oxygen content was altered by annealing the samplddentified as the~655 cm ! peak observed ix=0 single
at different temperatures and oxygen partial pressures fokrystals®
lowed by quenching into liquid nitrogen. A sintered pellet  There is some dispute as to the origin of 655 ¢mpeak.
was sectioned for each Pb concentration and each sectidhhas been assigned to a “tetragonally forbiddeisorder-
was subject to different annealing conditions. Zero-field-induced” mode,® excess oxygen in the BiO layets the
cooled temperature-dependent susceptibility data was olBi,Sr,CuGQ; phase or, more recently, to the effect of the in-
tained using a vibrating sample magnetometer at an appliecommensurate modulation in the BiO lay&tsThe assign-
field of 0.3 mT. The room temperature thermopower,ment of this peak to excess oxygen in the BiO layers is
S(300K), data was obtained using a technique describethconsistent with polarization-dependent studies which indi-
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cate that both the 630 and 655 chpeaks arise from apical
oxygen(i.e., Cu-O-Bj vibrations along the axis® Further-
more, the assignment of the 655 chpeak to a “tetrago-
nally forbidden (disorder-induced mode is inconsistent
with the rapid disappearance of this peak with increasing Pb
substitution as can be seen in Fig. 1. We note that the rapid
disappearance of the 655 chpeak with increasing Pb con-
centration is consistent with a Raman study on a
Bi; gPhy 185 odCa 11CW0s.. 5 single crystdt*®and a recent
grazing incidence infrared reflectivity study of a
Bi; Pl .SKL,CaCyOg, 5 single crystal? The “tetragonally
forbidden (disorder-induced explanation is unlikely be-
cause the othorhombicity is known to increase with increas-
ing Pb content, yet the 655 crhpeak intensity, relative to
that of the~630 cm ! peak, is decreasing at the same tithe.
Furthermore, the relative intensity of the 655 chpeak is
not significantly affected by the substitution of Y onto the Ca a
site or La onto the Sr site, which would seem to exclude
disorder effects:'*We detect no intergrowths of Br,CuQ;
in our Pb-free samples, which is inconsistent with the 655
cm™ ! peak arising from BiSr,CuGQ; intergrowths. Also, Ra- , . ‘
man studies on B5rL,Ca, _,Y,Cw0q, 5 (Ref. 3 show that 300 400 500 600 700
the frequency of both tthQO and 655 crf_wl p.eaks dg— Raman Shift (cm”)
crease together and by similar amounts with increasing Y
concentration. Therefore, the most satisfactory explanation is FIG. 2. Plot of Raman spectra from ayBiPb; ,St, (Ca ;CuQ,
that the 655 cm' peak arises from apical oxygen sites at thepolycrystalline sample&), a Bi, Phy, ,S1, CaCuyOg., 5 Sample an-
boundaries of the supercéfl.The supercell arises from the nealed in*®O (dashed curveor *%O (solid curvé at 800 °C for 6 h
incommensurate modulation of the BiO layers in which theand four cyclegb) and the samé®O (dashed curveand*¥0 (solid
BiO layers alternate between rocksalt and pseudo-perovskigirve samples coannealed in a sealed evacuated ampoule at a
packing with a mean period of 4.@6vherea is thea-axis  lower temperature of 400 °C for 18 ().
length® The assignment of this mode is consistent with a
recent calculation of the relative integrated intensities of thevhere we plot Raman spectra from samples of
~630 and~655 cm ! infrared peaks based on every fifth Bi, oPhy,Sr CaCyQOg. 5 that have beent®0 or 80 ex-
apical oxygen site having a different oscillator strenjth. changed. In Fig. @) we plot the Raman spectra from a
The experimental integrated intensities of thé630 and  Bi; )Pk ,SK CaCyOg, 5 Sample1®0 exchanged at 800 °C
~655 cm ! relative to the~630 cmi ! infrared and Raman and a Bj JPhy ,SK CaCuyOg. 5 sample 20 exchanged at
peaks are 4.6 and 4.7, respectively, et 0, being close to 800 °C for 6 h per exchange cycle and four repeat cycles. It
the predicted value of around*4The rapid disappearance of is important to note that the samples were oxygen isotope
the ~655 cm ! peak with increasing Pb concentration can beexchanged at one atmosphere to promote the main Pb-rich
explained by an increase in the supercell ler{gti45 times impurity phase. It can be seen that in tH®© exchanged
greater forx=0.19 (Ref. 13]. sample the @B)g;, ~540 cm * and Q2)s, peaks all move to
Another peak at ~540 cm! is visible in the lower frequency consistent with 82980 exchange. This is
Bi, 1_4PhSr LCaCyOg, s Raman spectra for high Pb con- close to the estimate of 90% derived from the mass change.
centrations. This peak is not seen in single crystals when As noted earlier, these samples were then co-annealed in a
=0 but it is seen in one study whex>0* It has been sealed evacuated ampoule at a lower temperature of 400 °C
suggested that this peak could be due to an intrinsic moddor 18 h. It can be seen by comparing the Raman spectra in
however, it is more likely that it is due to a Pb-rich impurity Figs. 2b) and Zc) that the effect of the coanneal is to shift
phase. We show in Fig.(8) that the Raman spectra from the both the @3)g; and Q2)s, peaks consistent with 41980
main Pb-rich 3221 impurity phase also have a peak near 54@xchange on these two oxygen sites. However, the co-anneal
cm L. Similar Raman spectra have also been obtained frorhas no effect on the position of the540 cri® peak. This
Raman measurements on the Pb-rich 3221 phases by Wudicates that this mode does not arise from thig)g) or the
et alX® where the intensity and widths of the four main peaksO(3)g; sites in Bi Pk, ,Sr; CaCuyOg. 5. It is unlikely that
change with relative Pb and Bi ratios. It is important to notethe ~540 cnmi ! peak arises from a @), mode because this
that the Pb-rich 3221 impurity Raman cross section is muclnode is seen at a much lower energy in®}CaCyOg. 5
greater than that for Bi_,PhSr ¢CaCyOg, 5 and hence (~290 cni* for By, and~410 cni ' for A;g).* The simplest
the relative intensity of the~540 cm® peak in the explanation is that the-540 cm* peak arises from the im-
Bi, 1 «PhSr LCaCyOg, s Raman spectra plotted in Fig. 1 purity phase in which the oxygen diffusion kinetics are much
would indicate an impurity fraction of less than 2% which is slower than in the BiO and SrO layers of the superconduct-
less than the fraction that can be detected by XR{2%). ing phase.
Further evidence that the540 cm ! peak arises from a We find that the apical @)s, mode for(Bi,Ph)-2212 sys-
Pb-rich impurity phase can be seen in Figéh)2and 2Zc)  tematically decreases in frequency as samples are progres-
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FIG. 3. Plot of the frequency of the Bj_,PbSr, CaCuyOg; s
O(2)s, mode against hole concentration for Pb contentsef0
(solid circleg, x=0.2 (solid diamonds x= 0.4 (solid up triangles
andx= 0.6 (solid down triangles The curves are guides to the eye.
The dashed curve is the maximum frequency reported by Chen
et aI.(Re_f. _D for the “annealed in W’ sample and the dotted curve x=0 (solid circle, x= 0.2 (solid diamondl, andx= 0.4 (solid
is the minimum frequency reported by Chenal. for the "an- 5 triangles. The limit on any possible correlation is less
nealed in Q” sample. Inset: Plot of the Bi;_,Ph.Sr; LaCuy0Og, 5 than 5 cm® over the doping range.

0O(2)s; mode against Pb content for a hole concentration near 0.175. We show below that the systematic change in the apical

. - . oxygen mode frequency for progressively oxygen loaded

sively annealed in higher oxygen partial pressures or de-Biylg,b)_2212 can ge attr);butedptogthe add?;ionglgoxygen in

creasing temperature. This can be seen in Fig. 3 where . .

plot the frequency of this mode against hole concentratiorg € BiO layers a}nd that any charge tran;fer gffept is small. It
is important to first note that the correlation in Fig. 3 cannot

for x=0 (filled circles, x=0.2 (filled diamond$, x=0.4 . . .
(filled up triangles, andx=0.6 (filled down triangles The be attributed to small changes in the unit cell volume. We
find that for Bi-2212 the difference in unit cell volume be-

hole concentration was determined from fhevalues using )
the empirical reIationTc~Tc,ma{1—82.6(p—0.16)2] (Ref. tween the most underdoped and most overdoped Bi-2212

17) where T, =95 K and the thermopower correlatidh. sample is—0.3%. The e.ffect of volume comprgs;ion on the
We plot the frequency against hole concentration because tH&(2)sr mode can be estimated from the mode @isen pa-
hole concentration is easily estimated fréfg while 5is ~ rameter,y;, defined asy;= —d[In(w)J/d[In(v)], wherew is
difficult to measure. Furthermore, changessiare small and the phonon frequency and is the volume. Usingy;=0.43
there is little agreement in the literature éwalues even for  (Ref. 22 we find that the decrease in the unit cell volume for
similar T, values'®~?! As mentioned earlier, we are aware of Bi, 1Sr CaCyOg, 5 should lead to the mode frequency in-
only one other study where Raman spectra have been rereasing by 0.9 cm' rather than the experimentally-
ported for Bi-2212 with different oxygen conterftddow-  observed decrease of 3.5 chWe note that this decrease in
ever, this study reported Raman spectra for only three arfrequency could be accounted for by a small increase in the
nealing conditions described as “as prepared.” “annealed inCu-O-Bi bond length of only-1.3%.
0O,,”" and “annealed in N.” The lack of T, data means that To show that the changes in the apical§3, mode fre-
it is impossible to accurately determine the hole concentraguency with progressive oxygen loading can be accounted
tions. Furthermore the shift in the apicalZ), mode for the for by the increasing oxygen content rather than charge
most oxygenated sample reported by Chenal. is transfer effects, we compare our results with a study on
anomalous. This is apparent in Fig. 3 where we show the Bi,Sr,Ca _,Y,Cu,0g. s by Kakihanaet al® It was previ-
maximum (dashed ling and minimum(dotted frequencies ously found that the frequency of the apica(2l}, mode
reported by Chert al. The data of Chert al. would seem  decreases with increasing Y concentratidrhis change was
to suggest a maximum hole concentration in excess of 0.24ttributed to an internal pressure effect as well as a charge
This is inconsistent with previous studies. Furthermore, wdransfer effect. The internal pressure interpretation for
estimate from the reported annealing conditids80 °C in  Bi,Sr,Ca, _,Y,Cu,0q. s may be understood by the fact that
oxygen at 1 barthat p~0.19. This estimate is consistent Y3 has a smaller ionic radius than €£0.112 nm for C&"
with p~0.197 estimated from another annealing sttfijn ~ compared with 0.1019 nm for % (Ref. 23] leading to a
our systematic study we find that the shift in the frequency otcontraction of the Cu@interlayer distance. However, the
this mode is no more that 3.5 ¢thcompared with a shift of concomitant increase in oxygen content with increasing Y
9.5 cm ! reported by Cheet al. content* was not included in the analyses. This is important
It can be seen in Fig. 4 that there is no evidence for @ecause the oxygen content increasesiy38 whenz in-
change in the frequency of the(8g; mode with increasing creases from 0 to 1. This can be compared with the estimated
oxygen content within experimental errors. Here we plot thancrease in oxygen content 6f0.12 (from a study by Shi-
frequency of the @8)g; mode against hole concentration for moyamaet al?®) as the hole concentration in Bi-2212 in-

FIG. 4. Plot of the frequency of the Bj ,PhSr CaCyOg, 5
O(3)g; mode against hole concentration for=0 (solid circle), x
=0.2 (solid diamong, andx= 0.4 (solid up triangles
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values for BjSrCa_,Y,Cu,0g, s were estimated from
60}  Togo . ] studies by Kakihanat al® and Groenet al,* respectively.
% So The additional oxygen could be affecting thé2@3, mode by
b causing a contraction of the weakly coupled BiO layers and
] an expansion of the Cu-O-Bi bond length. This interpretation
is supported by evidence that additional oxygen is incorpo-
60 015 020 025 030 035 040 rated into the BiO layers in the boundary between the
5 pseudo-perovskite and rocksalt phaSesvhile there is no
systematic neutron diffraction data where the Cu-O-Bi bond
length is reported as a function of oxygen content, we be-
lieve that there is no reason to state that the shift in frequency
cso ] of the O(2)s, mode is anomalous.
It can be seen in Fig. 3 that Pb substitution has a signifi-
cant effect on the frequency of the(Z);, Raman mode as
a | well as the minimum hole concentration obtained for a con-
. ‘ stant low-pressure anneal. The effect of Pb substitution is
0.10 0.15 0.20 more apparent in the inset to Fig. 3 where we plot the fre-
Hole Concentration guency of the @)s, Raman mode against Pb content where
the oxygen stoichiometry is controlled to give a constant
hole concentration near 0.175. The origin of the initial in-
crease and then decrease in the position of ttB{Raman
mode with increasing Pb content is not obvious. It is difficult
to model this effect as Pb introduces an additional incom-
mensurate modulatidh and little is known about the sites
that Pb occupies. Pb could conceivably substitute onto the
Bi, Sr, or Ca sites, although it is generally assumed to pri-
creases from the most underdoped to the most overdopadarily substitute as Pb on the Bf" site!® resulting in an
sample plotted in Fig. 3. increase in the hole concentration. There is evidence that Pb
If charge transfer effects were significant then it would bepartially substitutes as Pb on the Sf' site [~35% (Ref.
expected that the frequency of thg2@, mode should de- 27)] without changing the hole concentratidtt It has also
crease with increasing hole concentration for both Bi-221Zeen suggested that Pb substitutes predominatelydsdpb
and BiSr,Ca _,Y,Cu,0q. 5. However, it is apparent in the C&" site in Bi,1_Ph,Sr CaCuO;0,: 5 (Ref. 28, how-
Fig. 5(a) that this is not the case. Here we plot the data fromever, this is not supported by a recent infrared study on a
Fig. 3 (open circles as well as the BBr,Ca _,Y,Cu,05, 5  Bi; Phy,SCaCuyOg. 5 single crystaf?
data of Kakihanaet al. (filled up triangled). The additional We speculate that the change in the frequency of the
anomalous frequency shift reported by Kakihataal. and  O(2)s, mode with increasing Pb concentration could be due
attributed to charge transfer effects can be seen by removing a change in the relative distribution of the sites occupied
the effect of the contraction of the Cy@yers caused by the by Pb as well as a decrease in oxygen content with increas-
substitution of ¥* for C&*. We estimate the effect of the ing Pb concentration. That being said, there are several pos-
different ionic radii in the same manner as Kakihatal.  sible ways in which this could occur. One simple explanation
where the shift in the @), mode was compared with the is that for low Pb contents Pb substitutes onto the Bi sites
shift in the Gy, Ay mode inRB&,Cu;0,.° It was found that  with some Bi substituting onto the Sr site. As the?Pionic
the frequency of the g A;; mode decreases from 514 to radius is greater than that for Bi,23 this could lead to an
501 cm! when the rare earth atom is changed from Ndincrease in the BiO interlayer distance, a decrease in the
(ionic radii of 0.1109 nm to Tm (ionic radii of 0.0994 Cu-O-Bi bond length and hence an increase in th@)§
nm).>>? Thus, we estimate that the contribution to the mode frequency. Note that no significant change is expected
change in the frequency of the (®s, mode in from any partial substitution of Bb onto SF* as PB* and
Bi,Sr,Ca _,Y,Cu,05. 5 by the different ionic radii of ¥* Sr* have similar ionic radif3 At high Pb contents, Pb could
for C&* to be~14z. However, even after the removal of the partially substitute as Pb on the C&" site. As the P
ionic nuclei size effect, it is apparent in Fig(ab (solid ionic radius is less than that of €323 then this could lead to
circles that the shift in the frequency of the(®)s, mode can  a compression of the CyQayers, an expansion of the Cu-
not be consistently accounted for by charge transfer effect®-Bi bond length and hence a decrease in tl2)§ mode
in Bi-2212 and BjSr,Ca _,Y,Cu,0q., 5. frequency. Finally, one has to recognize that"Plzould
It is clear in Fig. 8b), after the removal of ionic radii preferentially substitute for Bf in the perovskite domains in
effects in BpSr,Ca,_,Y ,Cw,0g. 5, that the frequency of the the BiO layers as might be suggested by the progressive
0O(2)s, mode in Bi-2212 and BBr,Ca _,Y,Cu,0g, 5 is cor-  disappearance of the 655 cinmode.
related with the oxygen content. Thé values for A partitioning between sites and a decrease in oxygen
Bi,Sr,CaCyOg, s were estimated from a study by Shi- content could also explain the small increase in hole concen-
moyamaet al?® and the frequency of the(@)s, mode ands  tration with increasing Pb content observed in Fig. 6 where

625} s

g
Do), (cm™)

630 & °° o

625 ®

-1
®op), (cm)

FIG. 5. Plot of the frequency of the BjSr; LaCyOg, 5 (Open
circles and BipSr,Ca _,Y,Cu,0q. 5 (solid up triangles (Refs. 3,
19, 20, 24 O(2)g, mode against hole concentrati¢a) or oxygen
content § (b). Also included is the frequency of the
Bi,Sr,Ca _,Y,Cw0g, s O(2)g, mode after removal of the effects
due to the compression of the Cu@yers by different C& and
Y3* ionic radii (solid circles as described in the text.
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FIG. 6. Left vertical axis: Plot of the Bi,_,Ph,Sr; LaCuyOg, 5 FIG. 7. Plot ~ of the Raman spectra _ from

minimum hole concentratiorp,,;,, against Pb contentfiled  Bi2.1-xPBSn¢C&CUO10, 5 polycrystalline samples with Pb con-
circles. The solid line is a linear fit to the data and the dashed linef€nts 0fx=0.15,x=0.4, andx=0.6. The dashed curve is the Ra-
is the expected line if each Pb contributed 1 hole to the Luo™Man spectra  from the main  Pb-rich impurity phase
planes. Right vertical axis: Plot of the Bi ,PhSH aCyOg, s  BioaPRaSkeCa LU0,
change in oxygen content required if each Pb contributes 0.9 holes
to the CuQ plane_s against Pb concentratiéspen up triangles  concentrations ofp=0.178 (solid curvé and p=0.139
The dotted curve is a guide to the eye. (dashedl It can be seen that the full width half maximum of
the O(2)s, mode increases with progressive oxygen loading.
we plot the minimum hole concentratiom ;) against Pb  The resultant shift in the @)s, mode from all our(Bi,Pb)-
content(filled circles. The solid line represents 0.1 holes per 2223 samples is plotted in Fig. 9 far=0.15(open squares
Pb while the dashed line is the ideal of 1 hole per Pb exx=0 34 (open circley x=0.4 (open up trianglés and X
pected for substitution only on the Bi site. It is possible that_— 0.6 (open diamondsagainst hole concentration where, for
the additional holes introduced by Pb are partially compenihe determination of hole concentration, sy is taken as
sgted for by a decrease in oxygen content similar, but opporgg K it is clear by comparison with Fig. étrm'.)/dp is up
site to, the effect observed in &ir,Ca ,Y,Cl,0s: 5 (Ref. {4 two times greater in the triple Cy@ayer compound than

. 29 oy e
24) and BbSK,_,La,CaCuQ, ;,*° where additional elec- i, the double layer compound. It is not possible to estimate
trons are partially compensated for by an increase in 0Xygethe 5 values as no studies have been reported wisdnas
content. In the case of B$r,Ca ,Y,COg, s itis possible  peen reliably measured in the triple-layer compound. We
to show that, after accounting for the 1.8 holes per additiona}qye used the data in Fig. 9 to analyzéBaPh)-2223 tape

4 4
oxygen aton," Y donates—0.9 holes per ¥’ close to the it a nominal Pb content of=0.34 and a resistive transi-
maximum of—1 hole per Y. A similar analysis in the case of

Pb substitutionlassuming that Pb donates 0.9 holes per Pb
atom and ignoring possible partial Pb substitution onto the Sr
or Ca sitegwould lead to changes ifiof up to —0.22 as can
be seen in Fig. &open triangles

We now consider the Raman spectra for the triple €uO
layer Bb ; «PhSr CaCus0,9, s polycrystalline samples
plotted in Fig. 7. It is apparent from Figs. 1 and 7 that there
are clear similarities between the spectra Bi,Pb)-2212
and (Bi,Pb)-2223. Then=2 andn=3 compounds both dis-
play the G3)g A and Q2)s, A;g phonon modes and the
impurity mode near 540 cit. The impurity mode is more
intense and narrower for=0.4 (andx=0.34) as can be seen
in Fig. 7 where we plot the Raman spectra from the Pb-rich
3221 impurity phasédashed curje This may suggest that
the main impurity phase for the=0.34 andx=0.4 samples 0
is possibly the(Sr,Ca,Pb impurity phase or even R9,.*° - . .
The x=0.15 Raman spectra also displays the 655 tm 500 600 700
shoulder observed in the low Pb concentratiBnPh)-2212 Raman Shift (am-1)
samples and, similarly, this shoulder is not evident %or
=0.4. FIG. 8. Plot of the Raman spectra from a

It can be seen in Fig. 8 that the frequency of the apicabi, , ,PhSr (CaCu,054. 5 polycrystalline sample withx=0.34
O(2)s, mode in(Bi, Pb)-2223 also decreases with increasingand hole concentrations @f=0.139 (dashed curvyeandp=0.178
oxygen content. Here we plot the data for 0.34 and hole (solid curve.

8

Intensity (arb units)
»
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. FIG. 9. Plot of the ) @)s; mode fre_quency for FIG. 10. Plot of the @)g mode frequency for
Biz1-xPBSn €C8CU010, 5 against hole concentration for Pb con- gj, . ph Sy, (Ca,Cus044, 5 against hole concentration for Pb con-
tents of x=0.15 (open squargs x=0.34 (open circles x=0.4  tents ofx=0.34 (open circle x=0.40 (open up triangles andx
(open up triangles and x=0.6 (open diamonds The lines are  _ g g (open diamonds(a) and plot of the 3221 impurity peak fre-
linear best fits to the data. Also shown is the2ig, mode frequency quency against hole concentration for Pb contents=00.34 (open
for a Bi,; 4PhSr CaCus044, s superconducting wire(solid circles andx=0.40 (open up triangles
circle). Inset: Left vertical axis: Plot of the @)s, mode frequency
for Bi, 1 «PbSr CaCu040, s against Pb content for a hole con-
centration near 0.16dilled circles. Right vertical axis: plot of the
Bi,_,Ph.Sr,CaCu04¢, s minimum hole concentratiop,,, against
Pb contenf{open squargs

up triangle$, there is no systematic change in the position of
this peak with either oxygen or Pb content.

CONCLUSION
tion at 107 K. The position of the @)s, Raman mode is ) )
plotted on Fig. 9 by the solid circle which can be seen to fall N conclusion, we find that the @)s; mode Raman mode
on thex=0.34 andx=0.4 curves consistent with the nomi- N ceramic samples of the=2 andn=3 phases of the
nal Pb content. Bi, 1 «PhSr Ca,_1Cu, 0440, superconductor systemati-

The triple-layer compounds also display similar changesca”y depreases with iangasing hole cqncentration. This de-
in the 0(2)s, mode with increasing Pb concentration as cancréase is caused by additional oxygen in the weakly coupled
be seen in the inset to Fig. 9 where we plot th@)@ mode BiO layers and any charge transfe_r effects are negl|g|bl_e. We
frequency against Pb contefiilled circles for a hole con- @IS0 show that, contrary to previous reports by Kakihana
centration near 0.164. Unlike the double layer compoundsEt @l charge  transfer effects are negligible in
there is no significant change with Pb content in the mini-Bi2S2Ca .Y, Cl:0g 5 and that approximately one half of
mum hole concentration obtained for the same low-pressuri® measured shift in the frequency of th€2f3, mode can
anneals. This is apparent in the inset to Fig. 9 where we alsBe attributed to oxygen compensation. We speculate that the
plot p,, against Pb conterfopen squares The differences cprrelanon W|t_h increasing oxygen content arises frpm addi-
in p,i, and the hole concentration range between e tional oxygen in the WeaKIy coupled BiO Iaygrs leading to an
andn=3 compounds could be due to the different hole con-XPansion of the Cu-O-Bi bond length. We find that our data

centration distributions in the CyQplanes. NMR studies are_lconsist_ent with the recent interpretation of thé55
have shown that the holes are evenly distributed in the tw&™ ~ mode in terms of a Cu-O-Bi vibration at the boundaries

CuO, planes for thev=2 compound while the middle CyO of the supercell. It is also clear that the540 cm ! peak is
plane in the n=3 compound is significantly hole due to an impurity phase rather than a Cu-O-Pb mode. The

deficient30:31 effect of Pb on the position of the Cu-O-Bi Raman mode,
Itis clear in Fig. 1) that, as in the case of the two-layer While being systematic, cannot yet be conclusively ex-

compound, the frequency of the®s; mode in(Bi,Pb)-2223 plained. We speculate that it may arise from a partitioning of

does not show a systematic variation with increasing oxygefr P Petween the Bi, Sr, and Ca sites that changes with in-
concentration. Here we plot the Raman shift of this modeST€aSing Pb concentration and the additional holes intro-

against hole concentration for=0.34 (open circle x duced by Pb being compensated for by a decrease in oxygen

=0.40 (open up triangles and x=0.60 (open diamonds content.

The large experimental uncertainties might conceal any

trends but possible changes in the position of this mode are

evidently less than 6 ciit. As mentioned earlier, the impu- ACKNOWLEDGMENTS
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