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Scanning tunneling spectroscopy (STS) and microscopy (STM) have been used to elucidate the low-
energy electronic states and structure of the BiO layer in high-pressure oxygen-annealed
Bi,Sr,CaCu,0s 5 single crystals. Our STS measurements demonstrate that oxygen doping increases the
BiO layer density of states (DOS) near the Fermi level. Atomic resolution images indicate, however, that
the BiO layer may not become metallic. These results provide a picture of the electronic changes in the
BiO layer due to oxygen doping and elucidate the relationshop between variations in the BiO layer DOS

and T..

It is now recognized that the development of a viable
description of high-temperature superconductivity in the
copper oxide materials requires a detailed understanding
of the normal state and how it evolves with doping.'~!?
It is generally agreed that doping these materials with
holes destroys the antiferromagnetic insulating state and
yields a “metallic” state; however, the detailed nature of
this metallic state remains controversial.'~*!! One of the
principle techniques that has been used to probe the
normal-state electronic properties of the copper oxide su-
perconductors is photoemission spectroscopy (PES).*
PES studies of Bi,Sr,CaCu,04,5 have provided impor-
tant data addressing the band-structure and supercon-
ducting energy gap of this system.*!° In addition, Shen
et al. have recently used PES to provide evidence for a
chemical potential shift with oxygen doping; these results
suggest that a conventional one-electron picture may be
applicable to Bi,Sr,CaCu,04,5.'' It is important to
recognize, however, that in these complex layered materi-
als it is often difficult to distinguish which states contrib-
ute to the PES signal at the Fermi level (Ef); that is, the
BiO and CuO, planes may contribute in
Bi,Sr,CaCu,04, 5 and the CuO, planes and CuO chains
can contribute in YBa,Cu;0,_;.

To further advance our understanding of the low-
energy excitations in these materials and the response of
these excitations to doping it is essential to deconvolute
the contributions from the distinct structural com-
ponents. For Bi,Sr,CaCu,Og, 5, scanning tunneling mi-
croscopy (STM) is uniquely suited to this task, since it
can directly probe the surface BiO layer electronic states
with little contribution from the underlying CuO, planes.
Studies of this system to date have shown that the BiO
surfaces of as-grown crystals are semiconducting and that
Pb doping in the BiO layer does not perturb the electron-
ic states near the Fermi level.!*~!¢ An important problem
that has not ©been adequately addressed for
Bi,Sr,CaCu,04, 5 is to understand how the electronic
states evolve with oxygen doping, since doping formally
introduces holes into this system. Here we report STM
and scanning tunneling spectroscopy (STS) studies of
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Bi,Sr,CaCu,0q , 5 single crystals that have been doped by
high-pressure oxygen annealing. Recent PES studies of
Bi,Sr,CaCu,04 ;5 crystals doped in a similar way have
shown that the density of states (DOS) at Ep increase
with increasing 8.!° To explain this increase in the DOS
it was suggested that oxygen doping transformed the BiO
structural element into a metallic layer. Our STS studies
also show that the DOS near E increases with §; howev-
er, atomic resolution images indicate that the BiO layer
may not become metallic.

Single crystals of Bi,Sr,CaCu,0y,5 were grown from
CuO-rich melts as described previously.'® The crystals
obtained directly from the melts (“‘as-grown’) were an-
nealed in a high-pressure bomb at 540°C. Here we con-
centrate on measurements made using as-grown crystals
and ones annealed in 12 atm of O, (“oxygen-annealed”).
The values of 8 were determined by thermogravimetric
analysis;!” there was an increase A8 of 0.33 for this
oxygen-annealing procedure. X-ray diffraction measure-
ments showed no evidence for phase decomposition in
the oxygen-annealed samples. The transition tempera-
tures of the two types of crystals were determined mag-
netically and found to be 83—-85 K and 89 K for the as-
grown and oxygen-annealed samples, respectively. These
changes in T, were observed on a number of independent
crystal batches and are reproducible. The STM and STS
measurements were made using home-built and commer-
cial microscopes operated in an argon-filled glove box
([0,]=[H,0]=1 ppm). Reproducible and stable mea-
surements were obtained from samples cleaved in situ.
Current (I) versus voltage (V) curves were acquired by in-
terrupting the feedback loop and then ramping the
sample-tip bias voltage while digitally storing I (¥). The
I-V data shown in the figures represent an average of
four-individual curves.

Spectroscopy data obtained on cleaved as-grown and
oxygen-annealed Bi,Sr,CaCu,Og, 5 crystals are shown in
Fig. 1. As discussed previously, these crystals cleave
preferentially along the weakly interacting BiO/BiO dou-
ble layers to yield a stable, unreconstructed BiO surface
that is ideal for surface sensitive investigations.*10-13-16
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Current versus tip-sample separation measurements veri-
fy that there is a well-defined tunneling barrier in these
experiments [Fig. 1(b)], and thus it is possible to interpret
the I-V data in a straightforward manner.”® In Figs.
1(c)-1(f) we plot the I and (V /I)dI /dV versus V data ob-
tained on the as-grown and oxygen-annealed samples,
where (V/I)dI /dV is proportional to the local DOS at
the surface.!® A feedback stabilized junction resistance of
10° Q was used to set the relative tip-sample separation
in these spectroscopy measurements. This junction resis-
tance corresponds to a relatively large tip-sample separa-
tion, and thus the results should be representative of the
BiO-layer DOS without a contribution from the CuO,
state,15:16,20

A key result that is immediately evident upon compar-
ison of the data is the distinctly different I-V behavior
near E for the as-grown and oxygen-annealed samples.
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FIG. 1. (a) Schematic view of the experimental geometry for
the STS studies. (b) Current vs tip-sample separation measured
for a typical as-grown sample. The tip was moved directly to
the surface after opening the feedback loop; the stabilized tun-
neling resistance was 10° Q. The inset shows a plot of In(I) vs
distance. The apparent work function determined from these
data is 2.6 eV. Typical I-V data obtained on as-grown (c) and
oxygen-annealed (d) samples. The feedback stabilized tunneling
resistance, 10° ), was the same for both experiments. Normal-
ized conductivity curves, (¥ /I)dI /dV, corresponding to the as-
grown (e) and oxygen-annealed (f) samples.
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The as-grown crystals exhibit a low current within +200
mV of E and relatively sharp increases in I beyond these
points, while the oxygen-annealed samples show a
smooth increase in I for all V. Since the tip-sample sepa-
ration is similar in both experiments, it is unlikely that
this difference is due to a distance scaling effect. Indeed,
the normalized conductivity (V/I)dI/dV shows that
there is a 330-meV gap in BiO-layer DOS for the as-
grown sample, but no obvious gap for the annealed sam-
ple. The gap in the DOS observed for the as-grown crys-
tals is similar to results reported in several independent
studies and shows that this layer is semiconducting.!*!
The absence of a gap in the oxygen-annealed samples is
significant and suggests that oxygen doping introduces
states into the BiO layer near E.. One explanation for
these results is that oxygen doping introduces impurity
states, which obscure an intrinsic gap in the BiO-layer
DOS. Alternatively, oxygen doping may cause the BiO
band to shift and cross E; in this case the BiO layer will
be metallic.?! STS measurements only provide a relative
measure of the DOS, and therefore it is difficult to distin-
guish between these two hypotheses without additional
experiments. Qualitatively, we note that the conductance
dI /dV appears to be lower than that of the metallic TIO
layer of T1,Ba,Ca,Cu;0,, crystals (see below).??

STM imaging of the BiO-layer atomic structure pro-
vides additional information that can resolve these issues.
We find that it is easier to form stable tunneling junctions
at low bias voltages with the oxygen-annealed samples;
this observation is consistent with the increase in BiO-
layer DOS. Atomic resolution images of the as-grown
and oxygen-annealed samples show, however, virtually
identical surface structure (Fig. 2). The lattice for both
samples has a period of 3.8+0.2 A that corresponds to
either the Bi-Bi or O-O lattice sites. The corrugations
detected in these images are also similar to previous stud-
jes.!>1516 1n addition, similar atomic resolution images
have been recorded using bias voltages between 500
mV. The observation of alternate lattice sites for a range
of bias conditions indicates that the BiO layer is semicon-
ducting in both as-grown and oxygen-annealed crystals.
A recent STM study of the related system
T1,Ba,Ca,Cu;0,, has shown that it is possible to image
simultaneously both T1 and O sites when the surface is
metallic;?? it is thus unlikely that the present results are
due to an instrumental limitation. We suggest that the
BiO-layer DOS near Ej increases with oxygen annealing,
but that this layer remains semiconducting.?

A previous PES study of Bi,Sr,CaCu,04, 5 suggested
that the BiO layer becomes metallic with oxygen anneal-
ing.'® Since the PES sampling depth includes both CuO,
and BiO layers it is possible that the Fermi-level crossing
detected along I'-M is due to a modification of the CuO,
band and not the BiO band. It is also possible that the
different conclusions obtained by STM and PES are due
to intrinsic differences in the crystals, since the same oxy-
gen annealing procedure increased the 7, of our samples
to 89 K and decreased the T, of the crystals studied by
PES to 79 K. To further test this idea we have investigat-
ed Bi,Sr,CaCu,0y crystals annealed at higher O, pres-
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FIG. 2. 100X100 A’ STM images recorded on (a) as-grown,
(b) 12-atm oxygen-annealed and (c) 150-atm oxygen-annealed
Bi,Sr,CaCu,05. 5 cleaved single crystal. The tetragonal lattice
spacing in the three images is 3.8 A. The images were recorded
using bias voltages and tunneling currents of (a) 300 mV and 0.9
nA, (b) 250 mV and 1.8 nA, and (c) 310 mV and 1.6 nA.

sures (50-150 atm). We find that T, decreases with in-
creasing pressure (P > 12 atom); however, STM studies of
these crystals indicate that the BiO layer is still semicon-
ducting [Fig. 2(c)]. We suggest that the BiO layer
remains intrinsically semiconducting with oxygen anneal-
ing, although the BiO-layer DOS at E does increase due
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to the introduction of impurity states within the gap.

It is also important to consider the mechanism of oxy-
gen doping in the Bi,Sr,CaCu,0g, 5 system. From ther-
mogravimetric analysis we know that the increase in
DOS near E; can be associated with incorporation of
=~0.3 oxygen/Bi,Sr,CaCu,0; unit. If this oxygen were
incorporated into the BiO layer, we would expect to
detect it in our images either directly as extra lattice sites
or indirectly as locally distorted structure. Comparisons
of the images of as-grown and oxygen-annealed samples
do not exhibit evidence for such structural defects (Fig.
2). These results suggest (but do not prove) that oxygen
is not incorporated directly into the BiO layer of the an-
nealed samples. We believe that another explanation
consistent with our structural and electronic data is that
oxygen is incorporated into vacancy or interstitial sites in
the SrO layers. This oxygen would only cause subtle
changes in the BiO-layer structure and DOS, as observed
in our experiments. It is also interesting that the in-
creases in BiO-layer DOS determined by STS with in-
creasing oxygen-annealing pressure (and 8) do not corre-
late well with the observed changes in T,. These changes
in T, do correlate with the number of holes in the CuO,
layers.?* Hence, the BiO layer appears to play a limited
role in determining superconductivity for this heavily
doped regime.

In conclusion, STS and STM have been used to eluci-
date the low-energy electronic states and structure of
the BiO layer in high-pressure oxygen-annealed
Bi,Sr,CaCu,0g, 5 single crystals. Our STS measurements
directly demonstrate that oxygen doping increases the
BiO-layer DOS near Ep. Atomic resolution images indi-
cate, however, that the BiO layer may not become metal-
lic. These studies also show that the changes in the BiO-
layer DOS are not correlated with observed variations of
T, for this heavily doped regime. In a more general
sense, our studies show how STM can be used to provide
a layer-specific measure of the DOS in these complex ma-
terials and when combined with PES lead to a deeper un-
derstanding of the normal-state electronic structure and
how it is perturbed with doping.
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FIG. 1. (a) Schematic view of the experimental geometry for
the STS studies. (b) Current vs tip-sample separation measured
for a typical as-grown sample. The tip was moved directly to
the surface after opening the feedback loop; the stabilized tun-
neling resistance was 10° . The inset shows a plot of In(I) vs
distance. The apparent work function determined from these
data is 2.6 eV. Typical I-V data obtained on as-grown (c) and
oxygen-annealed (d) samples. The feedback stabilized tunneling
resistance, 10° (), was the same for both experiments. Normal-
ized conductivity curves, (V /I)dI /dV, corresponding to the as-
grown (e) and oxygen-annealed (f) samples.



FIG. 2. 100X100 A’ STM images recorded on (a) as-grown,
(b) 12-atm oxygen-annealed and (c) 150-atm oxygen-annealed
Bi,Sr,CaCu,04. 5 cleaved single crystal. The tetragonal lattice
spacing in the three images is 3.8 A. The images were recorded
using bias voltages and tunneling currents of (a) 300 mV and 0.9
nA, (b) 250 mV and 1.8 nA, and (c) 310 mV and 1.6 nA.



