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Structural and Electronic Role of Lead in
(PbBi),Sr,CaCu,0g Superconductors by STM

X1aN L1ANG WU, ZHE ZHANG, YUE L1 WANG, CHARLES M. LIEBER*

The structural and electronic effects of lead substitution in the high-temperature
superconducting materials Pb,Bi,_,Sr,CaCu,03 have been characterized by scanning
tunneling microscopy (STM) and scanning tunneling spectroscopy (STS). Large-area
STM images of the Bi(Pb)—O layers show that lead substitution distorts and disor-
ders the one-dimensional superlattice found in these materials. Atomic-resolution
images indicate that extra oxygen atoms are present in the Bi(Pb)—O layers. STS data
show that the electronic structure of the Bi(Pb)—O layers is insensitive to lead
substitution within +0.5 electron volt of the Fermi level; however, a systematic
decrease in the density of states is observed at =1 electron volt above the Fermi level.
Because the superconducting transition temperatures are independent of x(Pb) (x <
0.7), these microscopic STM and STS data suggest that the lead-induced electronic and
structural changes in the Bi(Pb)—O layer do not perturb the electronic states critical to
forming the superconducting state in this system.

UBSTITUTION OF METALS IN THE RE-

cently discovered high-temperature

superconductors has been used exten-
sively both to probe factors that determine
superconductivity and to prepare new mate-
rials (1). A case in point is Pb substitution
in the Bi—O layers of Bi-Sr-Ca-Cu oxide
materials (Fig. 1). Since Sunshine and
co-workers first reported that the substitu-
tion of Pb enhances the superconducting
onset temperature from 85 to 107 K in
multiphase ceramic samples (2), numerous
investigations of this chemical modification
have been reported (3-13). In polycrystal-
line (PbBi),Sr,Ca,—1Cu,0,,+4 materials,
Pb substitution has been found to favor
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the formation of the 110 K, n = 3 (2223)
phase versus the 85 K, n = 2 (2212) phase
(8, 9). In addition, diffraction studies have
shown that the prominent one-dimensional
incommensurate superstructure observed in
Bi,Sr,CaCu,Og changes upon substitution
of Pb, although the details of these changes
appear to be sample-dependent (3-7).
Hence, it is not yet known how Pb substitu-
tion affects the intrinsic superconducting
properties of these materials.

To probe directly the structural and elec-
tronic effects of Pb substitution, we studied
high-quality, single-crystal Pb,Bi,_,Sr,Ca-
CuyOg (x =0, 0.3, or 0.7) materials by
scanning tunneling microscopy (STM) and
scanning tunneling spectroscopy (STS).
STM and STS are ideal techniques for char-
acterizing the structural and electronic ef-
fects of Pb substitution because Pb primarily
replaces Bi in the Bi—O layers (10, 11) and

| [BiPb)SrCaCug)

Fig. 1. Schematic view of Pb,Bi,_,Sr,CaCu,Og
showing the Bi(Pb)—O double layer and the
surface STM geometry in these experiments. The
bulk structure consists of a repeating sequence of
Bi(Pb)-O, Sr-O, Cu-0, Ca, Cu-0O, Sr—O, and
Bi(Pb)-O layers as described by Sunshine et al.
@)

the Pb,Bi,_,Sr,CaCu,Og crystals can be
cleaved to expose a Bi(Pb)-O layer at the
surface (Fig. 1).

Single-crystal samples with the nominal
composition Pb,Bi,_,Sr,CaCu,Og (x = 0,
0.3, or 0.7) were grown from melts rich in
CuO. Briefly, a homogeneous mixture of
PbO, Bi,O3, SrCO;, CaCOs;, and CuO
powders was heated at 980°C for 10 hours,
cooled at 2°C per hour to 800°C, and then
furnace-cooled to room temperature. Bulk
and surface analyses demonstrated that Pb
was incorporated into these crystals at close
to the Pb/Bi stoichiometry of the melts,
although the Sr and Ca concentrations were
slightly deficient with respect to the ideal
2212 formula. Single-crystal x-ray diffrac-
tion studies further showed that the crystal
structures of the x(Pb) = 0 to 0.7 materials
are the same (14); these data are in agree-
ment with the results of earlier reports (4, 8,
9). The values of the superconducting tran-
sition temperature T, (zero resistance) de-
termined from dc resistivity measurements
on at least five crystals are (T, = 1 SD)
85+ 4, 88 + 3, and 85 + 2 K for the x =
0, 0.3, and 0.7 compositions, respectively.
The sharp transitions observed for our mate-
rials [AT(90 to 10%) =3 to 4 K] are
indicative of high-quality materials. Further-
more, magnetic measurements (Meissner ef-
fect) demonstrate that the x(Pb) = 0, 0.3,
and 0.7 crystals have similar bulk supercon-
ducting fractions. These structural, electri-
cal, and magnetic data indicate that our
crystals have reproducible macroscopic
properties and hence are ideal for high-
resolution STM studies.

All of the STM and STS studies of the
Pb,Bi,_,Sr,CaCu,Og materials were per-
formed in an Ar-filled glove box equipped
with a purification system that reduced the
concentrations of H,O and O, to below 1
ppm. The glove box environment,
PO, =~ 1072 torr, was used to reduce the
possibility of O, loss from the surface of the
materials that may occur in ultrahigh vacu-
um (12, 15), at PO, = 107'° to 10" torr.
The modified tunneling microscopes used in
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this study (Nanoscope, Digital Instruments,
Inc., Santa Barbara, California) have been
described (13, 16). Reproducible images and
spectroscopic measurements were obtained
from in situ cleaved samples; the Bi(Pb)-O
layers produced by cleaving (Fig. 1) were
stable for at least 3 hours. Images were
acquired in the constant current mode on at
least six independent crystals for each Pb
concentration with sample versus tip bias
voltages (absolute values) between 1150 and
450 mV| and tunneling currents between
0.3 and 1.5 nA. The tips used in all of the
experiments were a Pt-Ir alloy (80% Pt,
20% Ir). For these conditions the images
were stable and reproducible from sample to
sample at a fixed Pb concentration. We
made STS measurements by averaging 20 to
40 tunneling current versus bias voltage
(I-V') curves at selected surface sites.

A series of 450 by 450 A? gray-scale
images of the Bi(Pb)—O layer recorded from
x(Pb) = 0, 0.3, and 0.7 crystals are shown
in Fig. 2. Images of the x(Pb) = 0 and 0.3
samples exhibit a one-dimensional super-
structure, whereas images of the x(Pb) =
0.7 samples do not show a regular super-
structure. The average period of the super-
structure for the x(Pb) = 0 material deter-
mined from the analysis of 44 images was
24.6 A; in terms of the tetragonal cell axes

(Fig. 2) the incommensurate superstructure
period was 4.6 a (a =~ 5.4 A). This average
period is in agreement with the results of
recent diffraction (5, 6, 17, 18) and ultrahigh
vacuum (UHV) STM (19, 20) studies. Al-
though several models have been proposed
to explain this one-dimensional superstruc-
ture (5, 6, 19, 21), it appears that the model
most consistent with experimental data in-
volves the insertion of an extra O into the
Bi—O layer every nine to ten Bi sites (6, 21);
the extra O causes the Bi—O layer to expand
and buckle. This model suggests that the
superstructure period should vary in real
space. Careful analysis of the STM images
for x(Pb) = 0 samples demonstrates that the
superstructure period is not a regular sinu-
soidal modulation. The period varies (1
SD) from 22.5 to 26.7 A, and the distribu-
tion of periods about the average is broad
and non-Gaussian. It is unlikely that these
results are due to an analysis error because
measurements of the charge density wave
period in TaSe; (which has a known sinusoi-
dal superstructure) yield a tight Gaussian
distribution about the average wavelength.
The average period of the superstructure
in the x(Pb) = 0.3 samples, 32.1 A, is sig-
nificantly larger than that observed in the
unsubstituted samples and is consistent with
diffraction studies of similar materials (3-7).
On the basis of formal valence consider-
ations (that is, Pb*" versus Bi*"), an in-
crease in the period is expected because
fewer extra O atoms will be incorporated
into the Bi(Pb)—O layers. Our real-space
STM images of x(Pb) = 0.3 samples also
show several new features. In general, the
superstructure is less regular than in the

Fig. 2. Unfiltered STM images of (A) Bi,Sr,Ca-
Clleg, (B) Pb0_3Bi,'7Sr2CaCu208, and (C)
Pby ;Bi; 3Sr,CaCu,Og samples recorded with ra-
tios of bias voltage to tunneling current of 250
mV to 0.6 nA, 330 mV to 0.3 nA, and 400 mV to
0.8 nA, respectively. Several large distortions
along a that result in the merger of two super-
structure modulations are marked in (B). The
white bar corresponds to 50 A.

x(Pb) = 0 materials as evidenced by the
random wavelike displacements along a. The
distorted superstructure Aperiod varies (*1
SD) from 25.1 to 39.1 A, which is a 10 A
greater variation than observed for the
x(Pb) = 0 samples. In addition, two indi-
vidual superstructure modulations will often
distort sufficiently along a so as to merge
(Fig. 2B). The distortions of the superlattice
are most likely due to the random substitu-
tion of Pb for Bi in the Bi(Pb)—O planes and
the associated differences in Pb—O versus
Bi-O bonding. Significantly, the superlat-
tice distortions imaged directly by STM
account for the origin of the decrease in the
superlattice “correlation length” determined
by diffraction (3).

Convincing support for our suggestion
that random Pb substitution distorts the
superlattice is found in images of the
x(Pb) = 0.7 materials (Fig. 2C). The super-

Fig. 3. Atomic-resolution images of x(Pb) = 0
(A) and x(Pb) = 0.3 (B) samples recorded with
ratios of bias voltage to tunneling current of 250
mV to 0.6 nA and 450 mV to 0.3 nA, respective-
ly. The images have been filtered with a spatial
cutoff of 1.9 A. The tetragonal surface structure is
distorted in several areas. Extra atomic sites
(marked with arrows) in the 15 by 15 A2 insets in
(A) and (B) indicate that the distortions can be
caused by the insertion of an additional atom into
the lattice. The white bar represents 10 A.
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structure in these images is not periodic at
all but rather exhibits near-random disorder
as expected for the high level of Pb in the
Bi(Pb)~-O layers. This highly disordered su-
perstructure is also observed in images of
x(Pb) = 0.7 crystals grown at slower and
faster cooling rates (1° to 10°C per hour)
and crystals grown from melts rich in Bi;O3
and PbO rather than CuO. We believe
therefore that this disorder is representative
of the intrinsic structure of the heavily sub-
stituted materials.

We have also recorded atomic-resolution
images of the x(Pb) = 0 to 0.7 materials to
probe the origin of the Pb-induced varia-
tions in the superstructure (Fig. 3). High-
resolution images of these materials record-
ed with bias voltages 1150 to 450 mV| are
surprisingly similar. The average lattice peri-
ods for the x(Pb) = 0, 0.3, and 0.7 samples
(3.7x0.1, 3.8+0.3, 3.7 0.2, respec-
tively) are the same within experimental
error, although individual atomic distances
may vary significantly (see below). These
atomic distances are consistent with both
the average O-O and the average Bi—Bi
distances determined by crystallography (2).
However, we attribute the structure to an
image of the O sites in the Bi(Pb)—O layer
because (i) inverse photoemission studies of
the unsubstituted material indicate that the
electronic states near the Fermi level (that is,
the states that are imaged in our low-bias
STM measurements) are predominantly O
2p-m states (22), and (ii) it is likely that the
electronic differences between Pb and Bi
would be detected if we were imaging the
states associated with these sites. Although
our data cannot be used to map out the
metal sites in the lattice, they do provide
strong support for the proposal (6, 21, 23)
that extra O is inserted into the Bi(Pb)-O
layers. The insets in Fig. 3 highlight two
areas where the tetragonal lattice structure is
distorted by the addition of an extra atomic
site (24). Notably, the site-site separation in
the distorted regions, ~2.4 A, is close to the
predicted O—O separation (6, 21, 23). These
distorted regions are observed reproducibly
in high-quality atomic-resolution images, al-
though at present the images are too small
to permit quantification of the number of
extra atoms per superlattice modulation.
The failure to observe this structure in earli-
er UHV STM studies (19, 20) may be due to
the loss of O from the surface in vacuum
(12, 17).

Lastly, we have been able to characterize
systematic changes in the electronic struc-
ture of the Bi(Pb)—O layer as a function of
x(Pb) by STS. Typical plots of the normal-
ized conductivity, (V/I)dI/dV, versus sam-
ple-tip bias voltage are shown in Fig. 4. The
data for the x(Pb) = 0 material are similar
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Fig. 4. Plots of the normalized conductivity ver-
sus sample voltage for x(Pb) =0 (A) and
x(Pb) = 0.7 (B) materials. The voltage corre-
sponds to the energy relative to the Fermi level
(V= 0).

to those reported in earlier UHV STM
studies (20). As discussed elsewhere (25),
(V/D)dI/dV is proportional to the local den-
sity of states (DOS) at the sample surface,
and thus these curves provide a direct record
of the electronic structure of the Bi(Pb)-O
layer. Between —0.6 and 0.4 eV the
x(Pb) = 0 to 0.7 materials exhibit a partial
gap in the DOS, which suggests that the
Bi(Pb)-O layers are weakly metallic (13).
The similarity of the DOS in this regime is
consistent with the similar atomic structure
observed in images recorded between 10.15
and 0.45 VI and with the suggestion (20,
22) that O 2p states dominate the electronic
structure near the Fermi level. There is,
however, a pronounced decrease in the den-
sity of empty electronic states at +1 eV for
the x(Pb) = 0.7 versus x(Pb) = 0 samples
(26). Recent inverse photoemission experi-
ments (22) and theoretical calculations (27)
indicate that this decrease in the unfilled
states may be due to a decrease in the density
of Bi 6p states as Bi is replaced by Pb or to
changes in the O 2p DOS (a result of
differences in the O—Pb versus O—Bi interac-
tion). These spectroscopic differences are
reproducibly observed with different sam-
ples in our experiments. In contrast, the STS
data obtained between 0 and —2.5 V indi-
cate that the filled states are not affected
significantly by Pb substitution.

These spectroscopic results have several
important implications. First, the clear dif-

ferences in the empty states at =1 eV as
x(Pb) increases indicate that it may be possi-
ble to determine the location of the Pb
versus Bi sites in the lattice by acquiring
images simultaneously at a low bias voltage
and near 1 V. Second and perhaps most
important, because T, is independent of
x(Pb) (x=0.7), it is apparent that the
changes in the Bi(Pb)-O layer DOS near 1
eV are sufficiently removed from the Fermi
level that they do not interact with the
electronic states critical in determining su-
perconductivity in this system. Hence, it is
interesting to speculate whether or not the
Bi(Pb)—O layers are necessary other than as
a structural building block. Substitution of
metals (M) that perturb the electronic states
of the Bi(M)—O layer closer to the Fermi
level should test this idea.
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Explosive Deep Water Basalt in the

Sumisu Backarc Rift

J. GiLL, P. TOrRSSANDER, H. LAPIERRE, R. TAYLOR, K. KAIHO,
M. Kovama, M. KUSARABE, J. AITCHISON, S. C1sowsKl, K. DADEY,
K. Fujioka, A. Kraus, M. LoveLL, K. MARSAGLIA, P. PEZARD,

B. TavLoR, K. TAzAKI

Eruption of 1-million-year-old tholeiitic basalt >1800 meters below sea level (>18
megapascals) in a backarc rift behind the Bonin arc produced a scoriaceous breccia
similar in some respects to that formed during subaerial eruptions. Explosion of the
magma is thought to have produced frothy agglutinate which welded either on the sea
floor or in a submarine eruption column. The resulting 135-meter-thick pyroclastic
deposit has paleomagnetic inclinations that are random at a scale of <2.5 meters. High
magmatic water content, which is about 1.3 percent by weight after vesiculation,

contributed to the explosivity.
EEP WATER EXPLOSIVE VOLCAN-
ism is an unwitnessed phenome-

D non that frequently is appealed to

as an explanation of marine volcaniclastic
rocks (1). Unlike subaerial volcanoes, sub-
marine ones vent to pressure greater than
atmospheric and erupt into a medium that
has higher density, heat capacity, and con-
ductivity than air. Consequently, higher
magmatic gas contents are necessary for
internally driven explosions, exsolved gas
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differs in composition, clasts quench faster,
and eruption dynamics differ. This contrast
also applies to volcanism into denser atmos-
pheres on other planetary bodies such as
Venus.

Before magma explodes it vesiculates.
Tholeiitic basalt lavas with more than 10%
vesicles by volume generally erupt in water

shallower than 500 to 800 m below sea level
(mbsl) and outgas mostly CO, (2). More
highly vesicular tholeiite lavas associated
with deep water sediments are most com-
mon in backarc basins (3). Submarine pyro-
clastic rocks are also common in the geolog-
ic record but most are sufficiently old that
their geologic setting at the time of eruption
is uncertain and their volcanologically diag-
nostic characteristics have degraded. There
is disagreement whether the responsible ex-
plosions occurred in deep water (1) and
were internally or externally driven. Explosi-
vity due to exsolution of magmatic gas is
thought to require gas/melt ratios of about 3
(4), whereas externally driven steam explosi-
vity merely requires vigorous dynamic con-
tact between magma and water (5). The
maximum pressure for either kind of explo-
sivity is unknown, but has been thought to
be 10 to 30 MPa (6). In this report we
describe a late Pleistocene scoriaceous tho-
leiitic basalt breccia that apparently erupted
explosively at >1800 mbs] (18 MPa) during
the initial rifting stage of a.backarc basin.
Eruption resulted in thorough fragmenta-
tion of the magma into frothy shards that
then welded into agglutinate in the eruption
column or on the sea floor. Consequently,
all the traits described below that conven-
tionally are associated with subaerial erup-
tion—high vesicularity, explosivity, hot de-
position, and thin cooling units—also can
form at moderate pressure, for example, in
deep water.

The breccia was discovered at Site 791 of

M
v/
</ Sumisu Jima
S H31°20'
[South Sumisu
Caldera
) //4 e S | P,
N L\“s@ / ﬂ@;\v\\/? Q} 788
\/_A/ v&\ I = \ \&
4'\\}‘ Minami Sumisu Ny
® Basin \\
e \
35°N %, o
H ) - H30°40'
Fig. 1. Location map. sumisubi 5
Sites 788, 790, and 791 o
were drilled during ODP S0 TR
Leg 126. The volcanic arc
extends from Sumisu Jima ,
through Site 788 to Tori Philppine ¢~ Y apoon
Shima. Kita and Minami 1% % A 30°20
Sumisu basins constitute . M:{’;‘:’;;\\"\
the Sumisu Rift, the loca- TA0°E —
tion of which is shown in T T T
the inset. 139°20' 139°40' 140°00' 140°20'

SCIENCE, VOL. 248





