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Figure 5. 1deal CTR profile and fits to experimental data (@, annealed
electrode; O, after electrochemical oxidation) employing contributions
from both types of roughening.

surface, there were also some discrepancies. However, it is also
clear that the fit was greatly improved over that for the model
where the only contribution to the roughness arose from displaced
atoms still occupying lattice positions. Especially notable was the
fact that, in this case, the downward curvature in the data was
reproduced (Figure 4c).

Finally, we attempted fits to the data using a weighted com-
bination of both models of roughness, and the rsults are presented
in Figure 5. For the annealed surface the roughness can be
described as being due entirely to displaced atoms occupying lattice
positions. From the fits to the data, we obtain a value for the
roughness of 3.3 £ 0.3 A. On the other hand, for the electro-
chemically oxidized electrode we find significant contributions
from both types of roughness. From the fits to the data we obtain
values of 3.35 £ 0.34 and 2.05 = 0.35 A for roughness due to
displaced atoms occupying lattice positions and randomly displaced
atoms, respectively.

These measurements suggest that although the surface, as
prepared, has some roughness, it is essentially due to displaced
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atoms occupying lattice positions so that the surface is relatively
well ordered. Exposure of the electrode to an electrolyte solution
and the application of the rest potential did not affect the in-
terfacial structure. Similarly, the reductive desorption of the iodine
adlayer (at —1.0 V) did not alter the surface structure.

On the other hand, the effects of applying a potential of +1.0
V for 15 min were dramatic. The surface becomes significantly
rougher, and in addition, there is a significant degree of roughness
due to randomly displaced atoms. It is interesting to note, however,
that the roughness due to displaced atoms occupying lattice
positions was not significantly changed. This suggests that as the
outermost layers of the surface are amorphized by the electro-
chemical treatment, atoms from the region proximal to the surface
are displaced so as to maintain essentially the same degree of
fractional occupancy in these layers. This might suggest a
roughening mechanism where as the outermost layers amorphize,
the subsequent layers largely retain the structural features of the
original surface. Thus, the net effect of the electrochemical
roughening is to, in essence, cover the surface with a largely
amorphous layer of Pt atoms.

We are continuing our studies on the use of the CTR technique
to study electrochemically induced roughening in the presence
of other strongly chemisorbed species.

Conclusions

We have demonstrated the applicability of the CTR technique
to study electrochemically induced roughening of an iodine-pre-
treated Pt(111) electrode. We find that the annealed surface is
best described as one where surface atoms have been displaced
but still occupy lattice positions whereas electrooxidative rough-
ening gives rise to a largely amorphous surface layer.
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Scanning tunneling microscopy (STM) has been used to characterize the surface structure of cleaved single crystals of
Bi, ,Sr, 4Cu0O, and Bi, ;Sr; CugoFeo 0, Images of Bi,. ZSr 1 SCuO exhibit a one-dimensional superstructure with a modulation
period of 25.1 £ 0.3 K The atomic structure in these images is ordered and shows no evidence of local distortions due to
Sr2* substitution and/or extra oxygen in the BiO layer. Substitution of Fe in the CuO layer of this material caused substantial
changes in the superstructure and the BiO layer atomic structure. The superstructure period in Bi, ,Sr, sCugoFeg 0, determined
from the analysis of STM images and two-dimensional Fourier transform power spectra, 22.8 £ 1.0 X. was smaller and
less regular than that observed for Bi, ;Sr) gCuO, samples. In addition, the atomic structure of the Fe-substituted material
exhibited significant disorder. These results are discussed in terms of lattice mismatch and bonding between the BiO and

the Cu(Fe)O layers of this material.

Introduction

The bismuth-based copper oxide superconductors,
Bi,Sr,Ca,.;Cu,0,,44 (n = 1-3), comprise a structurally and
chemically rich class of materials that exhibit a wide range of
superconducting properties (Figure 1).!2 One unique feature of

® Author to whom correspondence should be addressed.

these bismuth-based materials that distinguishes them from other
copper oxide superconductors is a strong, one-dimensional
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Figure 1. Model structure of the n = 1 compound Bi,Sr,CuO,. The ¢
axis is oriented vertical with respect to the page. The arrow indicates
the preferential cleavage plane between the weakly interacting (separa-
tion = 3.1-3.3 A) BiO/BiO double layers.

structural modulation.’* Early diffraction studies showed that
this modulation involves displacements of the Bi, Sr, and Cu metal
atoms from their ideal positions in the crystal lattice;* however,
the underlying origin of this modulation and the precise oxygen
displacements associated with the superstructure remain ambig-
uous. Resolution of the key details of this structural modulation
have been hampered in part by the incommensurate nature of the
superstructure. Recent diffraction studies employing four-di-
mensional superspace groups have led to an improved refinement
of the modulated structure in Bi,Sr,CaCu,0g, although the
positions of the atomic sites in the BiO layer remain somewhat
uncertain.®® The difficulties associated with characterizing the
microscopic structure in these materials are further exacerbated
for metal-doped systems since metal substitution can occur at
different sites (with varying degrees of site selectivity) and can
change the oxygen content.

An alternative approach that has been used to address the
structure and electronic properties of the BiO layer in Bi,Sr,-
CaCu,0y is scanning tunneling microscopy (STM).** STM
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is ideally suited to characterize the modulation for several reasons.
First, the high resolution of STM is not degraded by incom-
mensurate superstructures and disorder since it is a real-space
technique. In addition, it is well-established that crystals of
Bi,Sr,Ca,_,Cu,0,,,, cleave preferentially between the weakly
interacting BiQ/BiO double layers (Figure 1) to expose a BiO
surface layer that is structurally and compositionally similar to
the bulk.®!"1216  For example, the average BiO surface structure
determined by STM and low-energy electron diffraction and the
BiO layer structure determined from bulk measurements are the
same. In addition, it is now established that the surface and bulk
superconducting properties determined by photoemission'® and
infrared'” spectroscopies, respectively, are similar. Thus, high-
resolution surface experiments on these materials can provide
information important to understanding their bulk properties.

To date, STM studies of the n = 2 system, Bi,Sr,CaCu,0,,
have elucidated details of the atomic structure and electronic states
of the BiO layer in this material>'* Other questions, including
the origin of the one-dimensional superstructure, remain unan-
swered. In this report we describe the first atomic resolution STM
study of the n = 1 material, Bi,Sr,CuQO,. This compound is
particularly attractive for continued investigations since (1) the
structure is less complex than the n = 2 or n = 3 materials,'s"2
(2) small changes in the Bi:Sr ratio affect a transition from an
insulating to superconducting phase,"**?* and (3) the electronic
states near the Fermi level have been proposed to differ from the
n = 2 material.”® Hence, it is expected that STM studies of
Bi,Sr,CuO, could provide new insight into the incommensurate
modulation in the Bi,Sr,Ca, ,Cu,0,,,, system and also serve as
an important comparison with previous studies of the n = 2
material.

Experimental Methods

Single crystals of Bi,Sr,Cu,_,Fe, 0, (0 < x < 0.1) were grown
from CuO-rich melts. Briefly, a homogeneous mixture of high-
purity (>99.99%) Bi,0,, SrCO,, CuO, and Fe,0, powders were
melted at 980 °C, cooled at 3 °C/h to 800 °C, and then furnace
cooled to room temperature. Single crystals were removed me-
chanically from the solidified melt'> and were subsequently an-
nealed in oxygen at 450 °C for 1 week to relieve extrinsic strain
in the lattice. X-ray diffraction measurements (001 lines) were
used to select single-phase 2201 crystals. The stoichiometry of
the metals in the single crystals was determined with an accuracy
of 0.6% by inductively coupled plasma emission spectroscopy
(ICPES). In addition, all samples were characterized by magnetic
susceptibility and four-probe resistivity measurements prior to the
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Figure 2. Plots of resistance versus temperature for Bi,,Sr, sCuO, (¥)
and Bi; ,Sr) sCugoFey,0, (V) determined on single crystal samples.

STM experiments to ensure the quality of the single crystal
materials.

The STM measurements were made with a modified com-
mercial instrument (Nanoscope, Digital Instruments, Inc., Santa
Barbara, CA) operated in an argon-filled glovebox equipped with
a purification system that reduced the concentrations of H,O and
0O, toca. 1 ppm.2® Reproducible and stable (>8 h) STM images
of the BiO layer were obtained for samples cleaved in situ.
Previously, STM studies of Bi,Sr,CaCu,Oq carried out in this
glovebox and in ultrahigh vacuum have shown that the same BiO
surface structure is observed under both conditions. It is thus
apparent that the relatively inert BiO surface is not contaminated
in the glovebox environment. Images were acquired in the con-
stant-current mode using Pt-Ir alloy (80%—20%) tips that were
mechanically sharpened in the glovebox. Other experimental
details have been described elsewhere.'®'2

Results

Bulk Analyses. ICPES studies of x = 0 and x = 0.1 crystals
showed that the metal ion stoichiometry was Bi, ,Sr, gCuO, and
Bi, ,Sr, sCugoFeg,0,, respectively. These results indicate that Fe
substitutes primarily for Cu as expected on the basis of previous
studies.”’ In addition, these data show that our crystals contain
an excess of Bi and are deficient in Sr on the basis of the ideal
2201 formulation; however, the Bi/Sr deviation from the 2:2
stoichiometry is the same in both undoped and doped samples.
X-ray diffraction patterns of the undoped and samples could
be indexed using the orthorhombic cell of the 2201 phase.’

Representative resistance versus temperature curves obtained
on single crystal Bi,,Sr, 3O, and Bi,;Sr, sCugFeq,0, samples
are shown in Figure 2. The pure material exhibits weef: metallic
behavior down to 5 K with no evidence for a superconducting
transition. This result is in agreement with that reported by
Fleming et al.* The oxygen-annealed Bi,,Sr, 3Cuy4Feq,0, also
shows weak metallic behavior from 300 to 50 K but undergoes
a metal-insulator transition at 50 K; i.e., the resistivity increases
below 50 K. Notably, the bulk conductivity at room temperature
where the STM measurements were made is metallic for both
samples.

STM Investigations. The STM studies were carried out on
undoped and doped single crystals that had been characterized
as described above. Single crystals of these materials are well-
known to cleave preferentially along the weakly interacting
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W.; Giroud, M.; Greene, L. H.; LePage, V.; McKinnon, W. R.; Tselepis, E.;
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Figure 3. (A) 200 X 200 A2 gray scale STM image of Bi,,Sr, sCuO,
recorded with a bias voltage of 145 mV and a tunneling current of 0.65
nA. The orthorhombic axes, @ and b, are marked with arrows. (B, C)
High-resolution cross sectional views along the a and b directions, re-
spectively. The cross sections were taken along the white lines in the
STM image (A). The lattice spacing is regular along a but exhibits
compressive and expansive displacements along b.

BiO/BiO double layers (Figure 1) to yield a BiO surface that is
structurally and compositionally similar to the bulk.*>'S A typical
gray scale image of the BiO layer of a cleaved Bi, ,Sr, ;CuO, single
crystal is shown in Figure 3. The image was acquired in the
constant-current mode with a bias voltage of 145 mV. The tet-
ragonal atomic lattice and one-dimensional superstructure are
resolved simultaneously in Figure 3. The average lattice spacing
of the atomic structure determined from several high-quality
images is 3.8 + 0.2 A. This lattice spacing is consistent with the
average Bi-Bi or O—O distances in the Bi-O layers determined
by X-ray crystallography**?” and is similar to previous data
obtained on Bi,Sr,CaCu,0y4 crystals.

Figure 3 also exhibits a prominent one-dimensional super-
structure along the b direction of the orthorhombic cell. We find
that the superstructure modulation in the annealed Bi, ,Sr, gCuO,
crystals is more regular than reported previously in studies of
Bi,Sr,CaCu,04.>'? The average modulation period determined
from several images is 25.1 & 0.3 A. This period, which is in
agreement with the average modulation determined by diffrac-
tion,” is incommensurate with the underlying lattice. Despite
the incommensurate nature of the superstructure, it is straight-
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forward to determine the modulated atomic positions by examining
cross sections along the @ and b axes (Figure 3B,C). The atomic
rows along the a direction show almost no lateral displacements;
however, significant lateral displacements, 0.6 % 0.3 A, are ob-
served along b. These displacements reflect the compression and
expansion of the BiO layer atomic structure. Similar features
have also been reported recently for the related system
Bile’zCﬂCUzoy. 1

In contrast to the above Bi, ,Sr, ;CuO, data, images obtained
on Bi, er, 3010 oFeg,0, single crystals exhibit significant structural
disorder (Figure 4). The average in-plane period of the BiO layer
atomic structure, 3.8 £ 0.3 A, is unchanged compared to that of
the undoped material. The atomic structure does show random
variations in the out-of-plane (z) corrugation. This disorder may
be due to either electronic or structural effects but nevertheless
can be associated with the substitution of Fe for Cu in these
crystals. In addition, the superstructure detected in images of
Bi, ,Sr; §CuyoFe, O, is not well-ordered, although on average it
is still one-dimensional. The one-dimensional character of the
superstructure is clearly apparent in two-dimensional Fourier
transform (2DFT) power spectrum of this image (Figure 4B). The
average modulation periods calculated directly from the image,
22.8 + 1.0 A, or using the 2DFT, 23 A, are essentially the same.
This average period is shorter than that observed in the pure
material and is incommensurate with the underlying lattice. The
average result determined from the 2DFT is also in agreement
with electron diffraction measurements made on the Fe-doped
samples (Figure 4C). The superlattice peaks observed in the
diffraction patterns of the Fe-doped crystals are, however, sig-
nificantly weaker than those observed in diffraction patterns for
the pure materials.
Discussion

The structural modulation of the Bi-based superconductors has
been the focus of numerous diffraction-based investigations.?®
Several factors have been proposed to explain the structure
modulation, including (1) partial substitution of Sr for Bi in the
BiO layers, (2) insertion of extra oxygen in the BiO layers, and
(3) lattice mismatch between the CuO and BiO layers.*#27-3! [t
is expected that substitution of Sr2* (r = 1.32 A) for Bi3* (r =
1.17 A) or incorporation of extra oxygen into the BiO layer would
cause disorder in the atomic lattice. We have not, however,
observed significant disorder in our images of the BiO surface of
annealed Bi, Sr, sCuO, crystals. Since Sr?* or oxygen substitution
would be expected to create disorder in the atomic lattice, these
data indicate that substitution of Sr?* for Bi** or the insertion
of extra oxygen in the BiO layer may not cause the one-dimen-
sional modulation. Data reported in other studies also support
this suggestion. First, we have shown previously that oxygen
removal from B128r3Ca0120 has little effect on the period of the
superstructure.'* In addltlon, a very recent high-temperature
X-ray diffraction study of Bi,Sr,CuO, has also shown that the
superstructure period does not change with oxygen content.>? We
thus believe that the dominant factor causing the modulation in
the bismuth-based superconductors is the mismatch between CuO
and BiO lattices. Substitution in the BiO layer (e.g. metals or
oxygen) may, however, still perturb this structural modulation.

The importance of the interaction between the CuO and BiO
layers in determining the superstructure is clearly seen in our data
for the Fe-substituted materials. The images of
Biz_zsl'LscuqlgFeqlloy (e.g., Figure 4A) exhibit signiﬁcant disorder
in the BiO layer superstructure which can be associated with the
incorporation of iron into the solid. Since our analyses show that
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Figure 4. (A) 200 X 200 A2 STM image of Bi, ,Sr) 3Cuy4Fey 0, re-
corded with a bias voltage of 61 mV and a tunneling current of 0.61 nA.
(B) 2DFT power spectra corresponding to the image in (A). The atomic
lattice and superstructure vectors are marked as Gy and q, respectively.
(C) [001] electron diffraction pattern acquired on a Bi,,Sr gCuqqFey,0,
sample. The large arrow highlights the (020) diffraction peak (along b*),
and the small arrows mark superlattice reflections.
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Fe substitutes primarily in the CuO layers, it is apparent that the
interaction between the CuO and BiO layers must determine in
part the superstructure. We suggest that the Cu apical oxygen
which directly links the CuO and BiO layers (Figure 1) probably
drives the disorder in the superstructure as a consequence of the
difference in the Fe~O-Bi versus Cu~0O-Bi bonding. The sig-
nificance of the CuO and BiO lattice mismatch has also been
discussed in previous diffraction investigations where it was
suggested that the superstructure could be eliminated by sub-
stitution of the larger Pb?* (r = 1.33 A) cation for Bi** (r = 1.17
A) in the BiO layer. In these studies no modulation was detected
in diffraction data obtained on Pb-substituted Bi,Sr,CuO, and
BiPbSr,MO, (M = Mn, Fe, Co) materials.”*** Comparison of
the STM and electron diffraction data for the Fe-doped system
indicates that this conclusion may not be correct. We find that
the superlattice peaks do become weaker with Fe substitution (as
with Pb doping); however, the STM data demonstrate that this
is due to increased disorder in the superlattice which reduces and
ultimately eliminates the long-range coherence needed to observe
diffraction.® STM can thus provide unique insight into the
microstructure of these materials.

Lastly, we consider further the atomic structure of the BiO layer
of BinSrLgCuOy, Biz‘zsrl_scuo_gFeo.loy, and Bile‘zCﬂCUzOs. In
all three materials the average lattice constant observed in the
STM images, 3.8 A, could correspond to the Bi-Bi or O-O
distance. The similarity in the atomic structures suggests that
the surface electronic states near the Fermi level, which are imaged
by the STM, are similar for these three compounds. In contrast,
recent photoemission spectroscopy (PES) data indicate that the
= bands of the Bi—O layer do not cross the Fermi level (i.e., they
are unoccupied) in Bi,Sr,CuQ, but are partially filled in
Bi,Sr,CaCu,0,.* Since it is possible that different crystal
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1991, 43, 8686.
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preparations may also contribute to the electronic character of
the BiO layer, we cannot make a certain conclusion from the PES
data at this point.'®12!6 It will be important in the future to
investigate by STM compositionally similar crystals that have
electronically distinct BiO layers (these could be prepared using
different annealing conditions) to address this point. There are,
however, significant differences in the BiO layer atomic structure
imaged in the pure and Fe-substituted materials. These differences
indicate that either the surface BiO layer structure and/or
electronic states are locally perturbed by the Fe in the underlying
Cu(Fe)O layer or that the STM detects directly electronic states
in the Cu(Fe)O layer. At present, we cannot unambiguously
distinguish between these possibilities, although studies of the
distance dependence of tunneling may resolve this question.!>3

Conclusions

In summary, STM has been used to characterize the surface
structure of cleaved single crystals of Bi,,Sr,sCuQ, and
Bi, ;Sr, 3CuqoFeq 10, with atomic resolution for the first time.
High-quality atomic resolution images of the BiO layer of
Bi, ,Sr, 3Cu0, show an incommensurate superstructure with a
period of 25.1 £ 0.3 A and an average atomic lattice spacing of
3.8 % 0.2 A. The atomic structure in these images is ordered and
shows no evidence for local distortions due to Sr2* substitution
and/or extra oxygen in the BiO layer. The substitution of Cu
with Fe causes distortions in the surface atomic structure and
superstructure. Analyses of real-space images, 2DFT power
spectra, and electron diffraction data show that the superstructure
retains on average its one-dimensional character. The real-space
STM data provide, however, detailed insight into the changes in
the microstructure caused by Fe doping that cannot be detected
by diffraction-based techniques. These data indicate that a
mismatch between the BiO and CuO lattices is probably the
dominant factor causing the one-dimensional modulation, although
other effects may perturb this structure.
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Collection Optics of TIO, Photocatalyst on Hollow Glass Microbeads Floating on Oil

We analyze the optics of sunlight collection in hollow glass microbead attached TiO, particles floating on oil slicks, photoassisting
their dissolution. This technology uses glass microbeads that float on the oil slick. The microbeads are partially coated
with a layer of 3.0-3.3-eV bandgap TiO,, a known catalyst for the photoassisted oxidation of organics. The fraction of the
UV solar irradiance (A = 360 nm) directly and indirectly exciting the TiO, photocatalyst is calculated. It is shown that
a glass microbead collects most of the sunlight, channeling it to the attached photocatalyst particles. Therefore, 30-40%
coverage of the microbeads is optimal for photodissolving oil slicks. Here, the collection optics of the floating, coated microbeads
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is analyzed.
Introduction

Our proposed method developed for solar-assisted oxidation of
oil slicks involves the use of the classical semiconducting photo-
catalyst titanium dioxide. Upon absorption of a photon, an
electron-hole pair is generated in the TiO, microcrystal. The

electron may react with surface-adsorbed oxygen, reducing it to
hydrogen peroxide; the hole oxidizes adsorbed water to OH
radicals and photons; the OH radicals oxidize in turn adsorbed
organic compounds. Titanium dioxide is denser than either oil
or seawater; the density of the anatase phase is 3.8, and that of
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