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Pb substitution in the Bi 2Sr 2CaCu2O 81d high-Tc superconductor: Cation overdoping

C. Kendziora, S. B. Qadri, and E. Skelton
Naval Research Laboratory, Washington, DC 20375

~Received 27 May 1997!

We study the effects of Pb substitution in single crystals of the high-temperature superconductor
Bi 2Sr2CaCu2O81d . We compare Pb-substituted samples with ‘‘pure’’~unsubstituted! crystals in terms of
structure, cation composition, and the temperature dependences of ac susceptibility and Raman scattering. We
find that Pb21 primarily substitutes for Bi31, leading directly to aTc reduction characteristic of overdoped
samples. We also observe structural changes related to the superlattice modulation alongb*. Raman scattering
studies indicate that some Pb atoms go to Sr sites. Low-temperature electronic Raman scattering shows further
evidence for cation overdoping by comparison with oxygen annealed pure Bi2Sr2CaCu2O81d .
@S0163-1829~97!03246-3#
as
s
-

Th
er
as

re
in

-
e
in
ce
e
s-

ob

2

-

in

r-

tio
th
th
P
pu

to-

l Pb

e
xide
e of
as
ble,
m
ally

car-
ree

ed
ere
rtial
able

um
V
ick
the

ed
he
istic
tion

le
stals
tions

ies
the
ly-
Among the most interesting and potentially instructive
pects of the high-temperature superconducting cuprate
their high sensitivity ofTc to doping level. Recent experi
ments in the underdoped superconductor regime~whereTc
increases with increased carrier concentration! have yielded
great insight into the unique properties of the cuprates.
overdoped regime may prove equally critical to our und
standing of the mechanism of superconductivity in this cl
of materials.

In the particular superconductor Bi2Sr2CaCu2O81d
~Bi2212!, with a maximumTc of '90 K, both cation sub-
stitution and postannealing in low oxygen partial pressu
offer access to the entire underdoped regime with only m
mal changes to the crystal structure. The substitution of Y31

or rare-earth elements1 at the Ca21 site provides a mecha
nism to lower the carrier concentration throughout the und
doped regime and into the antiferromagnetic insulat
phase. Similarly, annealing as-grown crystals in a redu
oxygen atmosphere can place them down the doping curv
far as the insulator range.2 In contrast, the means for acces
ing the overdoped region have not proven as effective
Bi2212 as they have in Tl2Ba2CuO61d ~Tl2201! ~Ref. 3! or
La22xSrxCuO41d ~La214!,4 where the ‘‘normal metal
phase’’ can be observed.

Annealing Bi2212 in high-pressure oxygen has been
served to lowerTc to ;50 K on theoverdopedside.2 In
terms of the superconducting energy gap, this degree
overdoping is enough to observe symmetry-independentD
peaks in the electronic Raman continuum5,6 ~perhaps indica-
tive of an isotropic order parameter! and a pronounced re
duction in the size of the gap relative toTc ~2D/k BTc ' 5!.
However, it is not far enough to approach the weak-coupl
BCS limit ~2D/k BTc 5 3.52!, as is seen in Tl2201.5,7 The
primary cationic substitution that leads to a larger hole ca
rier concentration in Bi2212 is the exchange of Pb21 for
Bi 31 in the weakly bonded BiO2 layers.8–11In this work, we
study the effects of such a substitution on the composi
and structure of the Pb-doped crystals. We also study
temperature dependences of ac susceptibility and
polarization-dependent Raman scattering spectrum for
doped crystals and compare these with properties of the
Bi2212 compound.
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I. GROWTH AND PREPARATION

Each of the crystal growth preparations used identical s
ichiometric ratios ~@Bi#1@Pb#:@Sr#:@Ca#:@Cu#52:2:1:2! of
cations. The Pb substituted samples each had a nomina
content @@Pb#/~@Pb#1@Bi#!# of 20%, corresponding to
Bi 1.6Pb0.4 in the customary formula units. Each of th
batches were grown by heating the premixed unreacted o
and carbonate powders to 1000 °C and cooling at the rat
1.5 °C/hour to 700 °C, at which point the crucible w
quenched to room temperature. Upon breaking the cruci
shiny micaceous flakes with typical dimensions of a few m
on a side and tens of microns in thickness were mechanic
cleaved from the surrounding solid flux.

Subsequent postanneals of individual crystals were
ried out at temperatures ranging from 450 to 550 °C in th
different ways. Ambient atmosphere anneals were perform
with open air circulation. Low-pressure oxygen anneals w
conducted in sealed quartz tubes at various oxygen pa
pressures. Oxygen anneals were carried out in cells cap
of withstanding pressures in excess of 0.2 GPa.

II. COMPOSITION

Figure 1 shows the energy dispersive x-ray spectr
~EDX! of Bi2212 single crystals measured with 25 Ke
electrons in a scanning electron microscope. The th
dashed curve represents data from a pure sample, while
thin solid line plots the EDX spectrum of a Pb-substitut
crystal under identical conditions. As is clearly shown in t
figure, the displayed energy range contains character
fluorescence x rays for each of the cations. The substitu
of Pb is readily discerned by observing the intensity of theL
lines in the range of 10–14 KeV~inset!. Attempts to measure
the oxygen concentrations with EDX proved irreproducib
and are therefore not discussed. Instead, each of the cry
studied had been postannealed under the same condi
~500 °C in air atmosphere!, in the hope of achieving unifor-
mity in oxygen content.

A detailed analysis of the characteristic x-ray intensit
for several crystals from different growth batches yields
cation compositions shown in Table I. The numerical ana
14 717
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14 718 56C. KENDZIORA, S. B. QADRI, AND E. SKELTON
sis technique employed integrates the x-ray peaks and
counts for matrixing effects of the presence of one elem
on the observed concentration of another. It relies on the
of a standard, chosen here to be a pure Bi2212 crystal.
resulting values may have systematic deviations due to
uncertainty of the standard, but are useful for direct comp
sons of the crystals studied. For straightforward comparis
the compositions of each sample are normalized to@Cu#52,
where@ # denotes the concentration of a given element. T
observation that the sum of the other cations remains fa
constant from sample to sample is an indication of con
tency in the Cu concentration.

Several results of the compositional analysis become
dent upon inspection of the data in Table I. First, since th
is uncrystallized material remaining in the crucible, the co
centrations measured in each crystal do not neccesarily
respond to the nominal values. Nonetheless, we note
@Pb#1@Bi# is roughly constant across all samples, sugges

FIG. 1. The energy dispersive x-ray~EDX! spectrum of Bi2212
single crystals measured with 25 KeV electrons. The solid cu
represents data from a pure~Pb-free! sample, while the dashed lin
plots the EDX spectrum of a Pb-substituted crystal under ident
conditions.~Inset! The substitution of Pb is readily discerned b
observing the intensity of theL lines in the range of 10–14 KeV.
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that Pb does go primarily to the Bi site. Second,Tc of the Pb
crystals decreases relative to the pure samples, presum
due to overdoping.

However, the direct correlation of Pb content withTc may
be obscured by variability in the Sr/Ca ratio. In their study
Sr/Ca ratio in Bi2212, Sekineet al.12 observed that exces
Ca on the Sr site reducesTc for samples with low oxygen
content, while retaining a similar lowTc for those with high
oxygen content. This raises the question of the degree
which the effects observed in our samples are due to
substitution or the observed shift in Sr/Ca ratio. Because
possible to raise theTc of Pb substituted samples with sim
lar Sr/Ca ratio to ours as high as 90 K with an anneal in A10

the results of Sekineet al. ~indicating the annealing insens
tivity of Tc upon Ca substitution at the Sr cite! indicate that
the drop inTc is due to overdoping associated with Pb su
stitution.

III. STRUCTURE

The a-b plane structure of the sample was studied w
high-resolution transmission electron microscopy~TEM!.
Single crystals were cleaved until transparently th
(t'1000 Å! and mounted on copper TEM grids. Electro
of 300 keV were used to generate images of the surfac
well as ~001! diffraction patterns. The spot size of the ele
tron beam was on the order of 1mm.

Figure 2 is an image of thea-b plane surface of a Pb
substituted Bi2212 crystal. The magnification factor for t
film was 500 000X. The directions ofa andb are shown in
the figure. Dark fringes attributed to the superlattice mod
lation in b are visible running along thea-axis direction.
Measurements of the small squares, each representing a
cell, yield approximate values for thea andb lattice param-
eters (a'b' 5.4 Å! which agree with previous results8,10,11

within the experimental uncertainty. The lighter~right! por-
tion of the figure represents an area off the edge of the c
tal. At the sample edge, an amorphous~presumably carbon-
aceous! region is observed, most likely due to a residue
the glues and solvents used in the preparation process.

Figure 3 shows an~001! diffraction pattern measured
from an area adjacent to that in Fig. 2. The overall patter
similar to that seen in pure Bi2212~Refs. 1,10! with several
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TABLE I. The results of EDX compositional and x-ray structural analysis of pure and Pb-subst
Bi2212 single crystals. Pb 1 and Pb 2 refer to the different Pb-substituted batches.A andB refer to different
crystals from the same growth batch.

Sample Tc(K) a @Bi# @Pb# @Sr# @Ca# @Cu# b %Pbc Sr/Ca a ~Å! b ~Å! c ~Å!

Standard 84 2 0 2 1 2 0 2
Pure #2 84 2.05 0 1.99 0.94 2 0 2.12 5.410 5.412 30.9

Pb 1A 80 1.85 0.19 1.90 1.17 2 9.3 1.62 5.401 5.410 30.7
Pb 1B 80 1.82 0.19 1.96 1.18 2 9.5 1.66

Pb 2A 75 1.84 0.17 1.94 1.06 2 8.5 1.83 5.386 5.419 30.8
Pb 2B 75 1.84 0.15 1.89 1.07 2 7.5 1.77

aTc when annealed in air at 500 °C.
bEach sample normalized to@Cu# 5 2.
c%Pb is defined as@@Pb#/~@Pb#1@Bi#!#3100.
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56 14 719Pb SUBSTITUTION IN THE Bi2Sr2CaCu2O81d . . .
new features of interest apparently unique to the
substituted structure. Primarily, the superlattice modulat
~right arrow! is observed alongb* , corresponding to a wave
length of 6.8b, in general agreement with earlier results f
samples with similar Pb concentrations.8,11 This is consider-
ably longer than the superlattice length in pure Bi22

FIG. 2. A high-resolution TEM image of thea-b plane surface
of a Pb-substituted Bi2212 crystal.

FIG. 3. An ~001! TEM diffraction pattern from a thin Pb-
substituted Bi2212 single crystal.
-
n

~4.7b), a relaxation which suggests a better lattice match
between the stacked BiO2 and CuO2 layers. However, a
second faint superlattice spot~top left arrow! can be ob-
served at each (n,n10.22,0!, wheren is every even integer
This indicates that there is some remnant of the ‘‘pur
modulation, even at this level of Pb substitution.8 Upon close
inspection of the high-resolution image~Fig. 2!, the dark
fringes along thea direction do not maintain an equidistan
spacing. Instead, they appear to toggle back and forth, a
sual manifestation of the local variations in the superlatt
modulation.

The in-plane structure remains quite asymmetric and th
is no evidence for an orthorhombic-to-tetragonal structu
phase transition with Pb substitution. More precise meas
ments of thea and b lattice constants from magnified dif
fraction images further indicate orthorhombicity wit
a55.46~1! Å while b55.52~1! Å. Although these values
may be systematically large due to an uncertainty in the
age magnification, they are useful for comparison and foll
the trends observed with the more accurate x-ray diffract
technique.

It is interesting to note that each well resolved diffracti
spot in Fig. 3 appears as a doublet upon close inspec
with the angle between components roughly correspond
to the ~3,1,0! direction. We do not observe the streaking
superlattice spots evident in earlier studies,9,10 possibly due
to a somewhat lower Pb content in our crystals.

Several of the single crystals were further studied by
ray diffraction on a four-circle goniometer to measure thea,
b, and c lattice parameters. The numerical results are
cluded in Table I. Several trends emerge when the
substituted samples are compared with pure Bi2212 crys
First, thec-axis lattice parameter decreases considerably
analogy with oxygen overdoping.2 We further observe tha
for the two crystals with similar Pb content, thec axis is
significantly shorter in the crystal with lower Sr/Ca ratio,
good agreement with the results of Sekineet al.12 Thea-axis
value, which is nearly equal to theb-axis value in pure
Bi2212, decreases upon Pb substitution. This is in agreem
with results from Pb substitution in Bi2201 crystals as well13

Although the symmetry of the Pb substituted Bi2212 cry
tals clearly remained orthorhombic, x-ray diffraction me
surements provided evidence fora-b plane twinning, which
is generally not observed in the pure material. Evidence
twinning was not seen with TEM, presumably due to t
smaller spot size. The x-ray-beam diameter is of the orde
1 mm, or three orders of magnitude larger than the elect
beam. This would indicate that any twin grains are larg
than the micron spot size of the electron beam but can
smaller than the millimeter-size x-ray beam.

In Fig. 4, we plot the x-ray scattering intensity as a fun
tion of 2u along the nominal (h00) axis of a Bi2212 crysta
with 8.5% Pb substitution~as measured by EDX!. The strong
reflection at 2u ' 33° is split into two peaks of roughly
equal intensities, indicating the presence of both~200! and
~020! reflections characteristic of a twinned crystal. The e
perimental angular resolution is smaller than the widths
the data points in Fig. 4, indicating that the peak widths
intrinsically due to a lack of long-range order~presumably in
local Pb content!. Simultaneous fits of these two peaks ind
catea andb axis lattice parameters that are in good agr
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14 720 56C. KENDZIORA, S. B. QADRI, AND E. SKELTON
ment with other crystals. Further evidence for twinning h
also been observed on this particular sample as is sh
below in the section on Raman scattering. Our results c
firm the observations of earlier research9,16 on similarly pre-
pared samples.

IV. SUSCEPTIBILITY

ac susceptibility was used as a contactless probe of
superconducting properties of Pb-substituted Bi2212 sin
crystals. The results of ac susceptibility for a Pb-substitu
Bi2212 crystal with different oxygen contents are plotted
Fig. 5. Such crystals exhibit a lowerTc than pure versions, a
expected by doping arguments. Despite the effects of Pb
stitution, the crystals appear to be underdoped when gro

FIG. 4. The x-ray scattering intensity as a function of 2u along
the nominal (h00) axis of a Bi2212 crystal with 8.5% P
substitution~as measured by EDX!. The strong scattering at 2u
' 33° is split into two peaks of roughly equal intensities, indicati
the presence of both~200! and ~020! reflections characteristic of a
twinned crystal.

FIG. 5. ac susceptibility for a Pb-substituted Bi2212 crystal a
anneals in various atmospheres.
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as evidenced by the transition temperatures well below w
it is possible to achieve with oxygen anneals, even in oxyg
pressures.0.2GPa.Tc increases with an anneal in air, pre
sumably as oxygen is intercalated. The fact thatTc remains
lower in Pb-substituted samples~80 K for batch 1, 75 K for
batch 2! than that for similarly annealed pure Bi2212~84 K!
indicates that they are cationically overdoped. Pure Bi22
~Ref. 14! grown by a self-flux technique similar to that use
for the Pb-substituted samples, also grows underdoped,
can be tuned to a maximumTc of 90 K with an anneal in a
partial pressure of oxygen less than ambient. Fournieret al.10

demonstrated the same maximumTc by Ar annealing Pb-
substituted Bi2212 with a similar cation compostion.

Further suggesting that the Pb-substituted crystals
overdoped is their behavior under high-pressure oxygen
neal. Anneals in high-pressure oxygen14 do not moveTc
down as far as they do in pure material. There are sev
possible reasons for this. The first may be that the cry
resists further oxygen intercalation for structural reaso
Among the possible causes for such behavior could be
thec-axis lattice parameter has decreased to the point wh
the ~normally weakly coupled! BiO 2 layers have become
more strongly bound, thereby closing the pathways for d
fusion. Earlier work on pure Bi2212 has clearly demo
strated a significant depreciation inc parameter with oxygen
uptake.2 The c-axis data listed in Table I and elsewhere11

show an analogous decrease inc upon Pb substitution in
support of this possibility. In a related way, the substituti
of Pb to the Bi site may fill the interstitial oxygen site
preventing intercalation. The relaxation of the superlatt
modulation may further exert a concomitant impact on
interstitial sites.

V. RAMAN SCATTERING

The phonons present in the Raman scattering spect
have been identified as the motion of particular atoms wit
the Bi2212 structure.15 Thus, for the Pb-substituted crystal
we can compare the frequencies of these modes with thos
the pure Bi2212 in order to discern the local effects of P
Figure 6 plots theT5300 K Raman scattering spectra
both Pb-substituted and pure Bi2212 single crystals. T
spectra were measured with a triple spectrometer~at a reso-
lution of 3 cm21) and collected by a nitrogen cooled charg
coupled device array. Thel 5 514 nm line of an Ar1 laser
was used for excitation. For each measurement, the sam
were aligned so that both the incident and scattered l
were polarized along thea axis of the crystal, defined a
Z(XX) Z̄ geometry, hereafter denoted byXX. The laser spot
was focussed to a line, with typical dimensions of rough
0.530.05 mm, indicating that a considerably larger sam
area is being probed than is the case for TEM or EDX.
this length scale, it was possible in some samples to
evidence of twinning, observed as an insensitivity of the p
larized Raman spectrum to crystal rotation about thec axis.
An example is shown in Fig. 7~b!. The measured phono
spectra resemble a mix ofXX and YY polarizations, inde-
pendent of crystal orientation. Our result confirms simi
observations of twinning made in Pb-substituted Bi2212.9,16

The results of fits to the centers of each phonon peak
shown in Fig. 6. The most pronounced effect of Pb subst
tion is on the sharp mode at 118 cm21 in the pure crystal,
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56 14 721Pb SUBSTITUTION IN THE Bi2Sr2CaCu2O81d . . .
which softens to 109 cm21. The identification of this mode
remains controversial. Some researchers have identified
the A1g out-of-plane motion of the Bi atom,15 while others
have suggested that it is more likely to be the A1g out-of-
plane motion of the Sr atom.13,16 The softening of this mode
with Pb substitution has been used to argue for the latter
suggesting that some of the Pb is substituting at the Sr s

Roughly speaking, the frequency of a phonon is given
vph}Ak/m, wherem is the mass of the vibrating atom andk
the local ‘‘spring constant.’’ Such a spring constant is p
portional to the strength of local bonds, and inversely p
portional to the distance from neighboring atoms in the

FIG. 6. TheT5300 K Raman-scattering spectra of both P

substituted and pure Bi2212 single crystals inZ(XX) Z̄ polarization.

FIG. 7. The low-temperature Raman-scattering intensity of t
different Pb-substituted Bi2212 crystals. Spectra are presente
both XX ~A 1g) and XY ~B1g) polarizations~symmetries!. Solid
lines represent the normal state (T5100 K!; dashed lines plot the
superconducting state spectra (T530 K!.
as
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tice. Thus, for a phonon to ‘‘soften’’~go down in frequency!,
as the 118 cm21 mode does, eitherk must decrease orm
must increase. It has been argued13,16 that since Pb and B
have similar masses, substituting Pb on the Bi site will ha
a negligible effect onvph, and that therefore some of the P
must be substituting for the much lighter Sr atoms. Furt
support for this argument is based on the fact that the lat
spacing~as indicated by the x-ray data in Table I! is decreas-
ing with Pb substitution, along both thea andc directions,
making a decrease ink unlikely. Furthermore, Regiet al.17

observed that Pb substitution precipitated an additional co
lent bonding between adjacent BiO2 layers. This further in-
dicates that the primary effect of Pb substitution on the p
non frequency of a Bi mode should be an increase
‘‘stiffening.’’ Therefore, the softening of the 118 cm21

mode suggests an association with the Sr site and is ind
tive of at least a partial substitution of Pb for Sr.

Because the motion of the A1g vibrations is primarily out
of the a-b plane, the increased coupling related to a sho
crystalc-axis parameter should lead to stiffening for most
these phonons. However, it should be noted that most of
other A1g phonons~all of those in Fig. 6! show little or no
effect of Pb substitution. Possible exceptions include
c-axis vibration of the O atom in the SrO2 layers, which
softens from 465 to 460 cm21 ~consistent with Pb substitu
tion for Sr!, and thea-axis vibration of the O atom in the
BiO 2 layer, which also softens from 292 to 290 cm21 upon
substitution of Pb. However, the behavior of the 292 cm21

peak is highly sensitive to the alignment of the polariz
light along thea axis, which may not be precise in the PbA1
spectrum. In particular, the increased strengths of the mo
at 41, 182, and 292 cm21 are likely due to leakage from th
YY polarization.

Several other differences between the pure and
substituted spectra are noticeable. The shift of the 118 cm21

mode to 109 cm21 allows the Cuc-axisA1g vibration at 130
cm21 to be fully resolved inXX polarization, but its fre-
quency has not shifted measureably from that in the p
crystal. Finally, the small mode at 662 cm21, which has
been identified as associated with the excess oxygen in
BiO 2 layers,15,18 has virtually disappeared upon Pb substi
tion. This confirms an earlier observation,16 and suggests tha
cation substitution at the Bi site relaxes the local conditio
which made this mode Raman allowed. The disappearanc
this mode may also be taken as evidence that the interca
oxygen content is reduced with Pb substitution.

The low-temperature Raman spectra of two different P
substituted samples are presented in Fig. 7. The super
ducting transition temperatures for each crystal are show
the figure. Spectra are presented in bothXX (A1g) and XY
(B1g) polarizations ~symmetries!. Due to constraints on
sample heating, the laser power is lower than that use
Fig. 6. The spectral resolution is set at 9 cm21 in both po-
larizations. The raw intensities have not been scaled by
thermal Bose factor.

Solid lines represent data taken in the normal state, w
the dashed lines plot the superconducting state spectra
each sample and polarization. In each case the effect of
perconductivity is a depletion of scattering intensities at l
frequencies accompanied by a peak in the range of
cm21. Such behavior has been attributed to the opening
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14 722 56C. KENDZIORA, S. B. QADRI, AND E. SKELTON
superconducting energy gap at 2D in the electronic con-
tinuum belowTc . The observation of 2D peaks at different
energies in different polarizations has been interpreted
terms of an anisotropic order parameter in the cuprate19

The energies of the peaks are a sensitive function of dop
level in Bi2212 with varying oxygen concentration.5,6 In the
highly overdoped regime~T c , 70 K!, the peaks coalesc
and move together toward lower energies. The P
substituted crystals in Fig. 7 are still in the ‘‘optimal’’ dop
ing regime ~but slightly overdoped! where theXY peak
drops sharply with doping, while theXX peak remains rela
tively fixed.

This phenomenon is evident in a comparison of Figs. 7~a!
and 7~b!. At 30 K, the XY spectrum of the sample with
Tc580 K @Fig. 7~a!# crosses the 100 K spectrum at rough
300 cm21 and peaks at 440 cm21. By comparision, the crys
tal with Tc575 K @Fig. 7~b!# shows the 30 KXY data cross-
ing the 100 K spectrum at 260 cm21 and peaking at 400
cm21. Thus theXY peak energy decreases more than
change inTc ~440/400 cm21.80/75 K!, while theXX peak
energy remains fixed at roughly 350 cm21. Comparing the
Raman spectra of these crystals with respect to pure sam
postannealed in oxygen6 places them on the overdoped si
of the maximumTc , providing further indication of the dop
ing properties of Pb21 in Bi2212.
, L
ys

ica

ev

,

.

Re

X

in
.
g

-

e

les

VI. CONCLUSIONS

Pb-substituted Bi2Sr2CaCu2O81d crystals have been
grown and characterized using compositional, structu
magnetic, and optical techniques. The present results dem
strate that the sum of@Bi#1@Pb# concentrations remain
fairly constant, indicating that Pb primarily substitutes f
Bi. However, the softening of the 118 cm21 A1g Raman-
active phonon mode with substitution suggests that so
fraction of the Pb also goes to Sr lattice sites. Overall,
basic orthorhombic crystal structure is preserved, but the
perlattice modulation alongb increases with Pb substitution
Both x-ray diffraction and Raman scattering show eviden
of a-b plane twinning in some samples. Thea andc lattice
parameters decrease measurably with Pb substitution,
viding a possible explanation for the relative difficulty
intercalating excess oxygen. Finally, the low-temperat
Raman spectra reveal superconducting gap features wh
when compared with pure samples annealed in various o
gen atmospheres, indicate that Pb substitution leads to ca
overdoping.
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