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Scanning tunneling microscopy is used to study the surface structural and electronic properties
of cleaved single crystals of Bi,sSr7CaCuzOs+s. Images with atomic resolution reveal atomic
chains with sinusoidal modulations running along the perovskite cell axis with a periodicity of nine
to ten unit cells. These atomic chains stack along the b direction with a translational vector of
one unit, resulting in an incommensurate periodicity of about 4.75 units along the a direction. In
contrast to other reports, no evidence of “missing Bi-atom rows” is found. Spectroscopic studies
show zero density of states at the Fermi level, implying that the surface Bi-O layer is nonmetallic.

The structural and electronic properties of high-
temperature superconductors are currently under inten-
sive investigation. Among the family of BiSrCaCuO com-
pounds, the two layered materials with the nominal cation
ratio of Bi:2 Sr:2 Ca:1 Cu:2 [referred to as the 2:2:1:2
compound, or Bi-Sr-Ca-Cu-O (n=2)] have attracted
much attention. The primary reason for this relative
popularity is the availability of large single crystals and
the stability of the cleaved surface in vacuum.

In terms of the structural properties, most of the
research on this compound concentrates on understanding
the nature of the incommensurate superstructure, namely
the existence of a long periodicity along one axis, which is
often referred to as the a direction, equivalent to 4.75
times that of the fundamental tetragonal unit cell. Stud-
ies using transmission electron microscopy' have revealed
certain qualitative features, such as the existence of in-
plane and out-of-plane (relative to the a-b plane) lattice
displacement. Furthermore, x-ray-diffraction analysis?
has been used to deduce the modulation amplitude and
periodicity. Previous analysis methods revealed only the
bulk-averaged properties; it is therefore important to elu-
cidate the real-space atomic nature of the incommensu-
rate structure which is feasible with the scanning tunnel-
ing microscopy (STM). Up to now there has been only
one STM analysis with atomic resolution shown by Kirk
et al.> In their work, a strong conclusion was drawn: A
missing row of Bi atoms occurs either every nine or ten
atomic sites, accounting for the incommensurate periodi-
city of the superstructure. However, as we report here, we
do not find evidence for such missing atom rows.

In terms of electronic: properties, photoemission spec-
troscopy (PES) and inverse photoemission spectroscopy
(IPES) have been used to probe the filled and empty den-
sity of states. Although certain features have been as-
signed, much remains unknown. For instance, the states
near the Fermi level observed in the PES (Ref. 4) and
IPES (Ref. 5) have been identified as primarily oxygen p
states. The question of whether these states originate
from the Cu-O planes or other planes such as the Bi-O
planes remains unanswered. Such questions are difficult
to address using PES and IPES, since these techniques
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average over about one unit cell perpendicular to the sur-
face. On the other hand, the high surface sensitivity of
the STM can be used to address these critical questions.

It is the purpose of this paper to simultaneously investi-
gate the nature of the surface structural and electronic
properties using STM. Structurally, we find that the sur-
face atoms form atomic chains with sinusoidal modula-
tions running along the perovskite cell axis with a periodi-
city of nine to ten unit cells. These atomic chains stack
along the b direction with a translational vector of exactly
one unit, resulting in an incommensurate periodicity of
about 4.75 along the a direction. However, we do not find
evidence for the missing Bi atom rows as proposed by Kirk
et al.® Electronically, our results show qualitative agree-
ment with those reported using PES and IPES; however,
we find very small density of states at the Fermi level, im-
plying that the surface BiO layer is not metallic.

The experimental setup for our STM has been de-
scribed pre:viously.6 Single crystals of Bi; sSr;7;CaCu,-
Os+s samples with T, onset of 84 K were cleaved in an ul-
trahigh vacuum chamber with base pressure of
<4x10 7" Torr. Based on symmetry considerations and
other experimental evidence,’ single crystals of 2:2:1:2
compounds are most likely to cleave along the Bi-O plane.
This assumption will be followed throughout our paper.
All the studies were performed at room temperature.
Low-energy electron diffraction (LEED) was performed
either before or after STM studies to examine the surface
orientation. STM images were acquired at a constant
current of 100 pA. Spectroscopic data are taken by inter-
rupting the feedback loop used for the topographic image,
with the tip to sample separation (s) decreased as the
sample bias is reduced in order to establish a large dynam-
ic range (usually 4-6 orders of magnitude). The spectra
are normalized as previously described. ®

Figure 1(a) shows a top view of a typical STM image of
cleaved Bi-Sr-Ca-Cu-O (n=2) surface taken at a sample
bias of 1.75 V. We also indicate the corresponding
perovskite cell axes which are referred to as [010] and
[100], and the fundamental tetragonal cell axes a ([110])
and b ([110]). One can immediately observe atomic
chains running along the [010] direction of the corre-
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FIG. 1. (a) Top view STM image of a cleaved
Bi2.15Sr1.7CaCu20s+5 surface taken at a sample bias of 1.75 V.
The perovskite axes are marked as [100] and [010], and the fun-
damental tetragonal axes a and b are labeled as [110] and
[110], respectively. The surface height is shown with a grey
scale, ranging from 0 (black) to 2.5 A (white). Cross cut A4’ is
along b and cross cuts BB’ and CC' are along the incommensu-
rate direction a. (b) The same STM image compressed along
the [010] direction.

sponding perovskite cell. These chains have a lateral
sinusoidal modulation which can be most clearly seen in
Fig. 1(b) in which the image is compressed along [010].
The period of the modulation is about nine or ten unit
cells and the modulation amplitude is measured as rough-
ly 0.8+0.2 A from side to side. Furthermore, these
atomic chains stack along the b direction (i.e., the [110]
direction) with a translational periodicity of exactly one
unit.

Since the modulation period along the [010] direction
has a component of 1/+/2 along [110], and the atomic dis-
tance along [010] is v/2 times that along [110], the modu-
lation periodicity of nine or ten units along [010] corre-
sponds to a periodicity along a of 4.5 or 5 units. If one as-
sumes that atoms are misplaced from their undistorted po-
sitions only along the a direction, then one has compres-
sive and expansive atomic displacements along a and the
displacement amplitude is 1.4 times the amplitude of the
lateral displacement along the perovskite cell. On the oth-
er hand, there could be atomic displacement both along
the a (compressive and expansive) and b (lateral) direc-
tions. In this case the displacement amplitude along a will
be smaller than 1.4 times the lateral displacement ampli-
tude along the perovskite axis. Based on the detailed
analysis presented below, we find that the atomic rows
along a mostly contain compressive and expansive dis-
placements with very little lateral displacement.

In Fig. 2 we show the atomic corrugations along b and
along the incommensurate direction a. Figure 2(a) corre-
sponds to the corrugation along b marked as A4’ in Fig.
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FIG. 2. Atomic corrugations along (a) AA4’, (b) BB’', and (c)
CC' cuts shown in Fig. 1. The equally spaced lines are marked
in the figures. The maxima of the corrugations along BB' and
CC' are also indicated on the top of each figure by using solid
circles and open circles, respectively. (d) shows the atomic dis-
placement along a for the atomic rows BB' and CC'. The first
harmonic fit with the periodicity of 4.75 units is also shown.

1. Figures 2(b) and 2(c) show the corrugations of the two
inequivalent neighboring atomic rows along a which are
marked as BB' and CC' in Fig. 1. Equally spaced vertical
lines are also drawn in these figures. As one can see from
Fig. 2(a), the atomic spacing along the b direction is
indeed a constant. Along BB' and CC’, one can find that
the maxima deviate from the equally spaced lines with
sometimes positive and sometimes negative deviations, re-
sulting in compressive and expansive regions. Figure 2(d)
shows the deviations from the equally spaced lines for
BB'-type cuts (represented by solid circles) and the CC'-
type cuts (open circles). The best-fit first harmonic with
the periodicity of 4.75 units is also shown. The amplitude
for the compressive and expansive modulation can be es-
timated from Fig. 2(d) as 1.1 £0.3 A from compression
to expansion, which is very close to 1.4 times the lateral
modulation amplitude (0.8 0.2 A) along the perovskite
axis. Thus we conclude that the atomic rows along a
mostly contain the compressive and expansive displace-
ments. The result of very small lateral displacement for
atomic rows along a is consistent with the Bi-O in the bulk
reported by Gao et al.2 The displacement amplitude of
1.1 A in our work is very similar to that reported by Kirk
et al.;3 however, it is 40% larger than that reported by
Gao et al.? using x-ray analysis for the Bi-O layer in the
bulk. The vertical (out-of-plane) displacement in our im-
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ages is only about 0.2-0.3 A, which is similar to that of
Gao et al.? and very different from that of Kirk et al.?
However, this value can vary greatly depending on the
sample bias. Thus, one cannot infer the vertical displace-
ment from images taken with a limited sample bias range.

Kirk et al.® interpreted their STM images of 2:2:1:2
compounds in terms of missing atoms every nine or ten
atomic sites. As one can see in Figs. 2(b) and 2(c), along
both the BB' and CC' cuts, we do not find “missing” cor-
rugation maxima. Similarly, the cuts along the perovskite
axis do not show evidence of missing atoms. Kirk et al.’
have indicated that some of their images do not show the
missing atoms, and attributed this to a multiple-tip effect.
Of course, we cannot rule out the possibility of a
multiple-tip effect existing in our measurement. However,
even in the image from which Kirk et al.® claim to see
missing Bi-atom rows, one has at least a 50% probability
of finding atoms in those “missing atom rows.” Moreover,
in their atomic resolution image the sample was biased at
0.15 or 1.2 V, thus only states near the Fermi level con-
tributed to the tunneling current. As suggested by the
IPES work of Drube et al.,> these states are primarily ox-
ygen p states. Therefore, the image shown in their work is
likely to represent the oxygen atoms. Based on the above
discussions, the existence of the missing Bi-atom row
should at least be considered as an open question.

We now turn to our spectroscopic studies. Figure 3
shows four typical spectra taken at different parts of the
surface. There exist similarities and differences among
these spectra. Generally, one finds much higher state den-
sity below —2 eV and above +2 eV than those in be-
tween, in other words, there is a gap region between —2
and +2 eV. Within this gap, various structures can be
observed. The most consistent features are a peak at
about 1.2 eV below the Fermi level, and a peak at between
1 and 1.5 eV above the Fermi level. Besides these two
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FIG. 3. Normalized conductivity vs voltage acquired at
different parts of the cleaved Bis 5Sr; 7CaCu2Os+5 surface. The

sample voltage corresponds to the energy of an electronic state
relative to the surface Fermi level.

features, in Fig. 3(a), one can also observe two peaks at
about —0.6 and +0.4 eV. However, these two features
are either completely missing [in Fig. 3(b)] or just barely
observed. In all these spectra we always find zero conduc-
tivity at the Fermi level. Considering that the tunneling
current in these measurements has spanned 5-6 orders of
magnitude, it is very likely that the surface density of
states indeed equals zero at the Fermi level.’

Variation of spectral features observed near the Fermi
level in the spectra could possibly result from the varying
electronic structure within the surface unit cell. General-
ly, our spectra were obtained with blunt tips, thus repre-
senting an average over a few atomic sites. The structural
variation in the large supercell may still give rise to
changes in the spectral properties, and sample inhomo-
geneities may also contribute to the observed variation. A
more complete interpretation of the spectra requires de-
tailed spatially resolved results.

It is very tempting to compare our spectroscopic results
with the spectra obtained using PES and IPES, which are
shown in Fig. 4. The IPES data shown here is after Drube
et al.,’ and the PES data shown here is after Takahashi et
al.* We also choose our spectrum in Fig. 3(a) which
shows most of the features to be compared with the PES
and/or IPES results. For the unoccupied states, we find
that there exist some consistent features between the
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FIG. 4. Comparison of the STM spectrum and the spectra
obtained by using PES (Ref. 4) and IPES (Ref. 5).
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STM and IPES results. They both have a local minimum
in the density of states (DOS) at about +2 eV, and very
fast rising DOS above +2 eV. The DOS between 2 eV
and the Fermi level also show qualitative agreement, ex-
cept at the Fermi level. The states between 2 eV and the
Fermi level have been identified by Drube et al. as the ox-
ygen p states by investigating the resonant behavior of this
feature. For the peak at 3 eV, based on the consistency
with our STM result, it is suggested here as a Bi-related
feature.

We now discuss the occupied states. Like the STM re-
sult, the PES spectra show a density of states which is low
between the Fermi level and about —1.5 eV, and which
then increases rapidly below — 1.5 eV; however, the ener-
gy positions of features in the STM and PES spectra do
not agree well. Furthermore, the PES spectrum shown in
Fig. 4 is taken with a photon energy of 18 eV which
enhances the emission of oxygen 2p states. If we use the
PES spectrum taken using photon energy of 74 eV, the
agreement between the STM and PES is worse. We want
to remind readers here that the IPES and PES probe a
depth of about 20 A, thus representing more of the DOS
averaged over the whole unit cell, while the STM result
represents only the DOS of the surface Bi-O layer. Due
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to the complexity of the layered structures, in principle,
one does not expect agreement between the STM and
IPES and/or PES. The most important difference ob-
served is the lack of density of states at the Fermi level in
STM studies, implying a nonmetallic behavior of the sur-
face Bi-O layer. Exact identification of other features dis-
cussed above will require further investigation.

In conclusion, we have used STM to study the surface
structural and electronic properties of cleaved single crys-
tals of Bi, sSr;7CaCu;0s5+5; compounds. Atomic images
reveal atomic chains with sinusoidal modulation running
along the perovskite cell axis. Detailed analysis shows
that the atomic displacements along the incommensurate
direction are primarily compressive and expansive. In our
study we do not find evidence of the missing Bi-atom rows
as reported by Kirk et al.?> Spectroscopy studies show that
the surface Bi-O layer is most likely nonmetallic.
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also thank T. Takahashi and F. J. Himpsel for allowing us
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FIG. 1. (a) Top view STM image of a cleaved
Biz.15Sr1.7CaCu20s+5 surface taken at a sample bias of 1.75 V.
The perovskite axes are marked as [100] and [010], and the fun-
damental tetragonal axes a and b are labeled as [170] and
[110], respectively. The surface height is shown with a grey
scale, ranging from 0 (black) to 2.5 A (white). Cross cut A4’ is
along b and cross cuts BB' and CC' are along the incommensu-
rate direction a. (b) The same STM image compressed along
the [010] direction.



