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characterized by tunneling microscopy
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Scanning tunneling microscopy has been used to characterize the electronic and structural
effects of oxygen doping in Bi,Sr,CaCu;O, materials. Bias-voltage-dependent images of oxygen-
deficient nonsuperconducting crystals show that reversible oxygen loss leads to nonperiodic varia-
tions in the electronic states near the Fermi level (300 mV). Variations in the electronic states
near the Fermi level are not observed, however, in images of superconducting samples. In addi-
tion, high-resolution images of the BiO layer of oxygen-deficient samples do not exhibit vacancies
or strongly perturbed sites, but rather appear similar to images of the BiO layer of superconduct-
ing crystals. These data indicate that suppression of T, in Bi;Sr,CaCu,Ox may not be due to ox-

ygen loss from the BiO layer.

It is widely recognized that oxygen doping plays a key
role in determining the properties of copper oxide super-
conductors.' ~® For example, the results from many stud-
ies have established that variations in oxygen concentra-
tion change the average carrier concentration and thereby
T.. More striking are recent observations suggesting that
subtle oxygen rearrangements can lead to superconduc-
tivity and enhanced fractions of superconducting material
even when the average oxygen stoichiometry remains con-
stant.>”® To understand these and other important
effects it is essential to characterize variations in the mi-
crostructure and the local electronic structure associated
with oxygen doping. Determination of the local structure
including oxygen-atom positions by diffraction techniques
is inherently difficult due to crystal disorder and the small
scattering cross section of oxygen.””® Recent neutron-
diffraction studies have, however, provided insight into
important oxygen positional variations in YBa;Cu3zO7—4
as a function of x and time.>*

In the Bi;Sr;CaCu,0O, materials the variation of T,
with oxygen stoichiometry has been investigated by sev-
eral groups.’ !> Studies of single-crystal materials have
shown that T, can be suppressed by annealing in low-
oxygen partial pressures.’ ~!! To date, changes in the mi-
crostructure associated with such oxygen doping have not
been addressed. Neutron- and x-ray-diffraction studies of
the parent compound have suggested that extra oxygen is
incorporated into the BiO layer of this material,”® and it
has been assumed’ ~%!27 !5 that variations in the oxygen
stoichiometry responsible for changes in T, occur in this
layer. Spatial variations in the electronic properties due
to oxygen doping, which may be especially important in
these short-coherence-length materials,® have not yet been
characterized in either Bi,Sr;CaCu,0, or YBa;Cu307—.

Herein we apply a different approach, scanning tunnel-
ing microscopy (STM), to characterize the local electron-
ic and structural effects of oxygen doping in Bi,Sr-
CaCu,0, crystals. Bias-voltage-dependent STM images
of the BiO layer of oxygen-deficient nonsuperconducting
crystals show that oxygen loss leads to spatial variations in
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the electronic states near the Fermi level which are not
observed in images of the superconducting (7. =85 K)
samples. These variations in the electronic states can be
removed by annealing the oxygen-deficient samples in air;
this latter anneal yields materials that are superconduct-
ing with 7. = 85 K. In addition, atomic resolution images
of the BiO layer structure are similar for both the oxygen
deficient and superconducting samples, and thus these
data indicate that the observed changes in 7, may not be
due to oxygen loss from the BiO layer. Although we have
been unable to characterize structural variations due to
oxygen loss, these results demonstrate that the local elec-
tronic effects of oxygen doping can be mapped out by
STM.

Single crystals of Bi,Sr,CaCu,0, were grown from
CuO-rich melts.'®'® Oxygen was removed from as-grown
superconducting crystals (T, = 85 K) by vacuum anneal-
ing (P=10"3 Torr) at 400°C. We find that these condi-
tions yield systematic decreases in T, as a function of an-
nealing time. 10 Typically, T, decreases to = 50 K after 3
h and the samples become nonsuperconducting after 30 h,
as shown in Fig. 1. Resistivity measurements made on the
nonsuperconducting crystals demonstrate that these ma-
terials are semiconducting down to 4.2 K. The suppres-
sion of superconductivity through vacuum annealing is
also reversible; that is, annealing nonsuperconducting
crystals in air at 400°C for > 8 h yields 7. =85-K super-
conducting material (Fig. 1). Thermogravimetric analy-
ses of our crystals show that these changes in 7. (85 K to
semiconductor) are related to a reversible 2.5-3.0%
change in the oxygen concentration.

Our STM measurements were made with a modified
commercial instrument (Nanoscope, Digital Instruments,
Inc.) operated in an argon-filled glove box equipped with a
purification system that reduced the concentrations of
H,0 and O; below 1 ppm.'” Reproducible and stable
(=6 h) STM measurements were obtained for samples
cleaved in situ. As discussed previously, single crystals of
the quasi-two-dimensional superconductor Bi,Sr,CaCu;-
O, cleave preferentially along the weakly interacting
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0.05 BiO/BiO double layers to yield a BiO surface that is
structurally similar to the bulk.'®!%!° Photoemission2*2!
ST ‘Mwm’ R L and high-resolution electron energy loss?? studi f
z gy loss“* studies o
| e eI $ cleaved Bi;Sr,CaCu,0, surfaces have also detected an en-
ergy gap below the bulk 7, which indicates that the sur-
face region is superconducting. It is thus reasonable to as-
& sume that surface-sensitive experiments such as STM
el I R I I 75 have bearing on understanding superconductivity in Biy-
R I Sr,CaCu,0,. In addition, direct studies of the BiO layer
by STM are especially attractive since extra oxygen in
-0.25 ; + ; t this layer has been proposed to affect the carrier concen-
0 25 S0 & 100 125 tration and to cause the one-dimensional superstructure in

T(K) this material. 7»%12715.23.24
Gray-scale images of the BiO layer for 7, =85-K ma-
terials and nonsuperconducting Bi,Sr,CaCu,0, crystals
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FIG. 1. Magnetization vs temperature data for T.=85-K

(®), T.=~60-K (0), and nonsuperconducting (A) samples N )
recorded using a superconducting quantum interference device are shown in Fig. 2. These data are typical of the > 50

magnetometer (MPMS, Quantum Design); the samples were  'Mages obtai.ned on at least ten mdep@ndent Samples'an‘d
cooled in a field of 5 Oe from 298 K. The T. = 60-K sample thus we believe they are representative of the intrinsic
was prepared by annealing at 400°C in vacuum for 2.5 h and properties of the oxygen-doped materials. The images of
the nonsuperconducting sample was prepared by annealing in the T, =85-K materials and the high bias-voltage (V)
vacuum for 30 h. Reannealing the nonsuperconducting sample images of nonsuperconducting crystals both exhibit the
at 400°C in air for 9 h restores the superconducting properties ~ one-dimensional superstructure characteristic of Bi,Sr,-
as shown (A). CaCu,0, superconductors’?>»2* [Figs. 2(a) and 2(b)]

FIG. 2. Grey-scale STM images of (a) T.=85-K, (b),(c) nonsuperconducting, and (d) reannealed superconducting samples
recorded with bias voltages (tunneling currents) of 200 (0.6), 900 (1.5), 150 (1.5), and 150 mV (2.0 nA), respectively. The a,b
tetragonal cell axes are shown in (a); the b axis marked in (b) and (c) highlights the same superstructure maxima in both images.
Two small arrows in (a)-(d) mark adjacent maxima of the superstructure modulation which are separated by = 25 A. Two of the ir-
regular electronic features detected at low ¥} in the nonsuperconducting samples are highlighted by additional arrows in (c). Mag-
netic measurements made on the nonsuperconducting samples after imaging showed that these materials remained nonsuperconduct-
ing for our experimental conditions. Images (a) and (d) are 500x500 A2, and (b) and (c) are 450x450 A2,
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with nearly the same period: 24.9 1.5 and 26 +1 A, re-
spectively. The small increase in average superstructure
period for the nonsuperconducting samples is consistent
with models suggesting that extra oxygen in the BiO layer
causes this structural modulation.”#23~2% The uncertain-
ty in our data is too large, however, to determine con-
clusively whether this increase is due to the oxygen re-
moved from these crystals.

Significant changes in the images of the nonsupercon-
ducting materials are observed with variations in Vj.
Specifically, while the image of the nonsuperconducting
material recorded with ¥, =900 mV exhibits a similar su-
perstructure as T.=85-K samples, an image acquired
with ¥, =150 mV exhibits new nonperiodic features in
addition to a contribution from the superstructure [Fig.
2(c)]; the apparent vertical corrugation of the nonperiodic
features is ~ 5 times larger than the superstructure ampli-
tude and dominates the low ¥}, image. The images of the
oxygen-deficient samples, Figs. 2(b) and 2(c), were
recorded simultaneously by switching ¥V, between 900 and
150 mV on alternate scan lines, and thus these images
correspond to same area of the surface. Analysis of these
data shows that the observed superstructure has the same
spatial location in both the high and the low ¥}, images as
is expected for a true structural feature. Extensive imag-
ing studies also show that the STM topographs exhibit the
new nonperiodic features between — 300 and +500 mV,
but for ¥V < —500 and ¥V}, > 700 mV only the regular su-
perstructure characteristic of the T.=85-K material is
observed. These significant Vj-dependent changes ob-
served in images of the nonsuperconducting materials are
reversible. Nonsuperconducting samples annealed at
400°C in air for = 8 h, which incorporates the oxygen re-
moved by vacuum annealing, are superconducting (T,
=85 K, Fig. 1), and images of these reannealed samples
[Fig. 2(d)] are similar to images of as grown T,=85-K
crystals [Fig. 2(a)l.

These V),-dependent data provide significant insight
into the local effects of oxygen loss in the nonsupercon-
ducting materials. First, the observation of the super-
structure in the same spatial location at both low and high
V, [Figs. 2(b) and 2(c)] is strong evidence that the ob-
served superstructure corresponds to a structural modula-
tion in the BiO layer and not to an electronic effect.?®
However, the fact that the irregular features in images of
the nonsuperconducting samples are observed only at low
V) indicates that these features are due to variations in
the electronic states near the Fermi level. These irregular
electronic features are not observed in images of T, =85-
K samples at low or high ¥}, and thus we conclude that
these features reflect variations in the electronic structure
due to oxygen loss. It is apparent from this work that
STM can be used to assess spatial variations in the elec-
tronic properties of Bi,Sr,CaCu,0O, due to oxygen doping.
Importantly, these variations occur on the same scale
(20-30 A) as the coherence length, and thus they would
be expected to affect pairing in intermediate doped crys-
tals. The large-area V,-dependent images (e.g., Fig. 2)
cannot be used, however, to determine the structural sites
from which oxygen is removed.

Previous studies have suggested that oxygen doping in

FIG. 3. 40x40 A? perspective view images of (a) supercon-
ducting and (b) nonsuperconducting crystals recorded with bias
voltages (tunneling currents) of 200 (1.0) and 275 mV (1.2
nA), respectively. The atomic lattice in both images is tetrago-
nal with an average spacing of 3.8 A between the lattice sites.

Bi;Sr,CaCu,0; occurs through loss or gain of oxygen in
the BiO layers.>'27!%23 Since the BiO layer is directly
imaged in the STM experiment we have recorded atomic-
resolution images to investigate the structural details of
oxygen loss from our samples. Images of oxygen deficient
nonsuperconducting and 7, = 85-K crystals exhibit simi-
lar atomic structure (Fig. 3). The images of the BiO layer
of the oxygen-deficient crystals do not exhibit vacancies or
strongly perturbed sites. Our thermogravimetric analysis
results indicate that we should have observed an ~2% lev-
el of defects if all of the oxygen was removed from the
BiO layers. This suggests that oxygen is not removed
from the BiO layer since 2% defects are detectable (but
not observed) with our STM. It is uncertain, however,
whether the atomic structure (period=~3.8 A) corre-
sponds to the Bi or oxygen lattice sites, %' 71%27 and thus
we are unable to conclude from this data that oxygen is
not lost from the BiO layer. For example, if the Bi sites
are imaged, then variations in oxygen content of the BiO
layer (accommodated by changes in Bi coordination®) will
not yield localized structural defects but will vary the den-
sity of electronic states. Alternatively, it is possible that
oxygen is lost from the SrO or CuO layers. To distinguish
these possibilities in the future will require images that
simultaneously resolve both Bi and O lattice sites.
Regardless of the sites from which oxygen is lost, these
studies do demonstrate that Vj-dependent STM imaging
can be used to characterize spatial variations in the elec-



RAPID COMMUNICATIONS

8732

tronic states due to oxygen doping. We believe that our
results are especially important since these electronic vari-
ations occur on the same length scale as the coherence of
the superconducting pairs. In the future there are a num-
ber of critical issues that should be addressed. For exam-
ple, it will be important to assess how the spatial varia-
tions in the normal-state electronic properties correlate
with variations in the superconducting energy gap, and to
determine whether the random electronic features ob-
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served in intermediate doped crystals order with annealing
time. Such studies should significantly further our under-
standing of the relationship between oxygen doping, local
electronic structure, and superconductivity in this system.
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FIG. 2. Grey-scale STM images of (a) T.=85-K, (b),(c) nonsuperconducting, and (d) reannealed superconducting samples
recorded with bias voltages (tunneling currents) of 200 (0.6), 900 (1.5), 150 (1.5), and 150 mV (2.0 nA), respectively. The a,b
tetragonal cell axes are shown in (a); the b axis marked in (b) and (c) highlights the same superstructure maxima in both images.
Two small arrows in (a)-(d) mark adjacent maxima of the superstructure modulation which are separated by = 25 A. Two of the ir-
regular electronic features detected at low ¥} in the nonsuperconducting samples are highlighted by additional arrows in (¢). Mag-
netic measurements made on the nonsuperconducting samples after imaging showed that these materials remained nonsuperconduct-
ing for our experimental conditions. Images (a) and (d) are 500%500 A2, and (b) and (c) are 450x450 A2,



FIG. 3. 40x40 A? perspective view images of (a) supercon-
ducting and (b) nonsuperconducting crystals recorded with bias
voltages (tunneling currents) of 200 (1.0) and 275 mV (1.2
nA), respectively. The atomic lattice in both images is tetrago-
nal with an average spacing of 3.8 A between the lattice sites.



