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Scanning tunneling microscopy (STM} is becoming an increasing-
Iy important tool for materials research because STM can provide
direct, real-space information about the local structure and elec-
tronic properties of complex solids. In this chapter, we illustrate
new and important information obtained from STM studies of
copper oxide superconductors with high critical temperatures. As
a prelude to the experimental results, the basic theoretical con-
cepts needed to understand and interpret the STM experiment are
discussed. Then, STM investigations of the normal and supercon-
ducting states of Bi,Sr,CaCu,0O, solids are reviewed. STM mea-
surements were used to elucidate the nature of structural disorder
in the BiO layer and the corresponding changes in the electronic
states as a function of oxygen doping. In addition, studies of the
superconducting state were used to illuminate the superconducting
energy gap of BiSr,CaCu,O4 and other low-temperature phe-
nomena. :
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UNDERSTANDING THE ELECTRONIC AND STRUCTURAL PROPER-
TIES of materials from the knowledge of atomic- and molecular-level pro-
perties is a focus of current research efforts in solid-state chemistry. This
understanding is essential to the materials sciences because it will lead the
way to the rational design and preparation of new solids with predictable
properties. Two new approaches that have begun to provide key atomic-
level structural and electronic information are scanning tunneling micros-
copy (STM) and scanning tunneling spectroscopy (STS) (I-7). STM and
STS can be used to directly image the atomic structures and electronic
properties of the interfaces of conductors and semiconductors.

As a surface-sensitive technique, STM provides experimental infor-
mation that may be of questionable value when used to provide insight
into the bulk properties of materials. The surfaces of low-dimensional
solids such as the transition metal dichalcogenides and the copper oxide
superconductors often terminate with bulk structure and bonding. In
these cases, STM was shown to provide key insight into the structure and
electronic properties of the bulk (7—17).

The focus of this chapter is the applications of STM and STS to the
elucidation of the complex structural and electronic properties of the
copper oxide superconductor Bi,Sr,CaCu,Oy (18, 19). First, the basic ex-
perimental and theoretical concepts of STM will be reviewed. The
remainder of the chapter will then concentrate on several experimental
studies of the Bi,Sr,CaCu,O, system, including (1) the atomic-level na-
ture of structural disorder in the BiO layer of BiSr,CaCu,O, and the
low-energy electronic states associated with this structure, (2) the structur-
al and electronic consequences of oxygen doping of Bi,Sr,CaCu,O,, and
(3) low-temperature STS studies of the Bi,Sr,CaCu,O; superconducting

energy gap.

An Introduction to STM and Tunneling

In this section, we briefly review the instrumentation and theoretical con-
cepts that are essential for understanding the STM studies that will be dis-
cussed. More detailed reviews can be found elsewhere (4, 20—22). A typi-
cal tunneling microscope is illustrated schematically in Figure 1. The
underlying basis for the operation of the microscope is electron tunneling
between a sharp metal tip and a conducting sample. When the tip and
sample are sufficiently close, their wave functions can overlap. If a bias
voltage, V, is then applied to the sample, a tunneling current, 7, will flow
between the sample and tip.

Electrons will tunnel from filled electronic states in the tip to empty
states in the sample when V is positive; conversely, electrons will tunnel
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Figure 1. Schematic illustration of a tunneling microscope. The inset is a
one-dimensional representation of tunneling between a metallic sample and
tip, where s is the tip—sample separation, V is the applied voltage, Efis the
Fermi energy, and ¢ is the average work function.
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from filled sample states to empty tip states when V is negative (Figure 1).
The tunneling current that flows when V is applied varies exponentially
with the tip—sample separation. For a typical work function of 4 eV, I de-
creases 10-fold for a 1-A increase in separation. The actual decay rate
can, however, vary significantly with the barrier properties. The strong ex-
ponential dependence of the tunneling current on distance enables STM
to achieve high vertical resolution. An atomic resolution map of the sur-
face can then be generated by rastering the tip over the sample with
angstrom-level control by using piezoceramic positioners. Experimental
images are typically acquired in the constant-current mode in which a
feedback loop controls the vertical position of the tip above the sample so
that I is equal to a reference current (I ;) at all coordinates on the sur-
face. Therefore, features in constant-current-mode images correspond to
vertical displacements of the piezoceramic positioner needed to maintain a
constant tunneling current.

An understanding of the response of the tunneling current to the
barrier properties, applied voltage, and so on, is essential to the interpre-
tation of such STM data; insight into these problems can be obtained from
theoretical analyses of the tunneling problem (23—28). As first discussed
by Tersoff and Hamann (23, 24), an expression for I can be derived readily
by assuming unperturbed sample and tip wave functions and then by using
perturbation theory. In the limit of small bias voltage and low tempera-
ture, this treatment yields

I = Qr/R)eV Y | My |%6E, — EQ§E; — Ey) )

where M, is the tunneling matrix element between wave functions on the
tip, 1pt, and sample, ¢S; V is the bias voltage; 7 is Planck’s constant; § is the
delta function; and E, E,, and E; are the sample, tip, and Fermi energies,
respectively. As shown by Bardeen (29), the tunneling matrix can be writ-
ten

My = (B%)2m) [($*Vih — ¢,V *)dS 3]

where m is the mass of the electron; V is the differential operator; and the
integral corresponds to a surface, S, within the barrier region between the
sample and tip. To evaluate M, in a way that the resulting expression for
I can be compared quantitatively to STM images in general (i.e., not for
one specific choice of sample and tip) requires several approximations.
Tersoff and Hamann (23, 24) showed that by assuming the tip forms a
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locally spherical potential well with only s-wave functions, I could be ex-
pressed as

I o« ¥ | 90o) | %8(Es ~ Ep) ©))

where r, is the center of curvature of the tip. By definition, the summa-
tionis the local density of sample electronic states, p(ro,E), at the center
of curvature of the tip

pCoE) = 33 | (o) | 26E; — Ey) @

and thus, constant-current images correspond to contours of constant den-
sity of sample electronic states.

In view of the simplicity of this result, the effect of the approxima-
tions made in deriving equation 4 are considered. Treatment of the tip as
a spherical potential is reasonable because in almost all cases the experi-
mental tip shape is unknown, although it probably terminates in a cluster
of atoms; that is, the tip is approximately spherical. The s-wave function
approximation for the tip is more significant because it leads to a cancella-
tion in equation 2 such that I depends only on the square of the sample
wave function, Recently, Tersoff (27) examined more general descriptions
of the tip and found that for metals, constant-current images still
correspond to contours of constant density of sample electronic states.
STM images of semiconductor surfaces at low ¥ could, however, deviate
significantly from this simple picture because only a small pocket of the
surface Brillouin zone contributes to the tunneling. This deviation is lim-
ited, however, to the lowest Fourier component of the image, and the
model of the s-wave function tip may still be used in many cases to inter-
pret images. :

In contrast, Chen (28) suggested that the s-wave function approxima-
tion is unable to explain the resolution obtained in many experiments and
that the tip function should be taken as a p, or d,, dangling-bond state.
Using this tip model, Chen was able to consistently explain atomic resolu-
tion images of close-packed metal surfaces. Although these results indi-
cate that significant progress has been made in understanding the role of
the tip, future development of these theoretical models is important so
that experimental data can be quantitatively interpreted.

In the foregoing discussion, we showed that for reasonable approxi-
mations, constant-current STM images correspond to contours of constant
local density of sample electronic states. We now examine the tunneling
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current expression further to determine the explicit dependence of I on
tip—sample separation and V. First, if we account for the exponential de-
cay of the sample and tip wave functions into the tunneling gap, we can
rewrite equation 3 as

I'oc 35,19 | exp[-26(R + $)I6(E, — Ey) ©)

where R is the radius of the tip, and s is the tip—sample separation. The
decay parameter, x, can be written as

& = [(2mé/h?) + k2] (6)

where ¢ is the average work function, and k is the parallel wave vector
component of ¥ (30). For tunneling between planar, free-electron, metal
electrodes at small bias (i.e., V << ¢), equation 5 can be written as

I & (V/s) exp(~2s) ¥

with k = 1.025V¢ (30). If we consider only the dominant exponential
part of equation 7, we can express the work function as

¢ = 0.952(d InI/ds)? ®)

Equation 8 indicates that the work function can be determined by measur-
ing the distance dependence of the tunneling current; however, the deriva-
tion of equation 8 does not consider modifications of the barrier due to
the close proximity of the two electrodes (ie., the STM tip and sample).
Lang (31) demonstrated that the slow decay of the exchange correlation
potential causes the apparent work function to be less than the true sam-
ple work function for electrode separations appropriate to the STM exper-
iment. Hence, the barrier height measured by STM is generally smaller
than the sample work function.

In addition, we consider tunneling simultaneously from two distinct
layers in a solid, such as the BiO and CuO layers of BiZSrZCaCuzos. If
we assume that the work functions of layers 1 and 2 are the same, then the
ratio of the tunneling currents, I,/T,, from these layers is

I/I; = exp [—1.025\/$(s2 _ sl)] )
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Figure 2. Structural view of Bi,Sr,CaCu,Oy4 highlighting the quasi-two-
dimensional nature of this solid. Crystals cleave preferentially between the
Bi—O double layers in the structure (a—b plane); the Cu—O planes
correspond to the bases of the square-pyramid polyhedra and are separated
by Ca?* ions. The metals are gray and the oxygen ions are white The c-
axis is vertical with respect to the page in this model.



19. ZHANG & LIEBER  STM of Superconductors with High T, 487

The average structure of Bi,Sr,CaCu,Og obtained from diffraction
studies is quite straightforward, although in reality these materials exhibit
a wide range of structural complexities that are not yet well-characterized.
For example, BiZSrZCaCuZO8 shows considerable ‘disorder in the BiO
layer’s atomic structure, oxygen nonstoichiometry, and substitution of met-
als between the idealized layers shown in Figure 2 (33—40). The detailed
nature of such local disorder is intrinsically difficult to address by conven-
tional diffraction techniques, as are the electronic consequences of these
structural variations. A complete picture of the microscopic properties of
these materials is, however, almost certainly necessary to understand high-
temperature superconductivity, because the structural disorder has a di-
mensionality similar to the superconducting-pair coherence length. To char-
acterize the structure and low-energy electronic states of Bi,Sr,CaCu,O; in
detail, we have been using STM, and in the next section we summarize the
status of our work on this system.

The BiO Layer of Bi;Sr,CaCuyQOg. The crystallographic sepa-
ration between adjacent BiO layers in Bi,Sr,CaCu, Oy is quite large, >3
A, and as such provides a natural cleavage plane in crystals of this solid
(36, 37). Because covalent bonds are not broken when crystals are cleaved
between the weakly interacting BiO layers, the BiO surface layer does not
reconstruct; therefore, the STM experiment probes properties similar to
those found in the bulk (41, 42).

A large-area, gray-scale image of this freshly cleaved BiO layer of
Bi,Sr,CaCu,Og (critical temperature, T, = 85 K) crystal is shown in Fig-
ure 3. This image exhibits a one-dimensional superstructure with an aver-
age modulation of 27 A along the g-axis. Images acquired simultaneously
with positive (empty sample electronic states) and negative (filled sample
states) bias voltages show the same features. These bias, voltage-
dependent images demonstrate that the observed superstructure approxi-
mates the variation in the total DOS; hence, we can conclude that this
modulation is a structural feature. Bulk X-ray and electron diffraction
studies (36—40) show a similar modulation and support this conclusion.
The following models were proposed to explain the origin of this unique
structural modulation in Bi,Sr,CaCu,O,: (1) lattice mismatch between
the BiO and CuO layers, (2) extra oxygen substituted into the BiO layer
that causes it to periodically buckle, and (3) periodic Cu or Sr substitution
for Bi in the BiO layer (36—40). At least three problems intrinsic to these
materials have hampered diffraction-based efforts to elucidate the origin
of this structure. First, the superstructure period is incommensurate with

- respect to the lattice; second, the BiO layer has considerable disorder; and
third, the X-ray and electron-scattering cross sections for oxygen are signi-
ficantly smaller than those for Bi. ‘
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Figure 3. Image measuring 1000 x 1000 A? of Bi,SryCaCu,Og recorded
with a bias voltage of 690 mV and a tunneling current of 0.8 nA.

STM is not limited by these problems and can, therefore, provide
unique insight into the origin and effects of this modulation (41—45). For
example, analyses of real-space STM images such as Figure 3 show that
the superstructure period is not a sinusoidal modulation. The period
varies from 22 to 27 A, and the distribution of periods about the average
is broad and non-Gaussian (42). These results strongly indicate that the
superstructure is not due to simply BiO—CuO lattice mismatch (which
would yield a sinusoidal modulation), but must have some substitutional
component that causes local fluctuations in the superstructure period.
Further evidence for the importance of substitution in determining the
properties of the superstructure will be discussed in the context of our
studies of oxygen doping in this system.

The large area images clearly indicate that substitution must play a
role in the one-dimensional superstructure. In principle, atomically re-
solved images of the BiO lattice sites should resolve, in detail, the substi-
tutional contribution to the modulation. A typical high-resolution image
is shown in Figure 4. The atomic structure in this image has tetragonal
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Figure 4. Atomic resolution image measuring 50 x 50 A of Bi,SryCaCu,Oq
recorded with a bias voltage of 300 mV and a tunneling current of 1.4 nA.

symmetry with a period of 3.8 A. This distance is consistent with both the
average Bi—Bi and O—O distances determined by crystallography; that is,
alternate atomic sites, either Bi or O, are imaged by STM. Because only
one site is imaged by STM, these data cannot be used to unambiguously
define the complete atomic structure associated with the superstructure
modulation. The atomic resolution images do show, however, that signifi-
cant positional disorder can exist in the BiO layer, and we believe this
disorder reflects inhomogeneous substitution in the BiO layer. The atom-
ic-scale disorder can be reduced by careful crystal-growth procedures.

The observation of alternate atomic sites indicates that the DOS are
peaked over only one of the lattice sites, and hence, that the BiO layer
may be semiconducting. STS is used to directly characterize the electronic
character of the BiO layer. For finite bias-voltage spectroscopic measure-
ments, our interpretation of the STS data is based on eqs 10 and 11. Ap-
plying this analysis [i.e., that (V/I)dI/dV « LDOS)] requires that the tun-
neling barrier, ¢, be greater than the bias voltage.
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Tunneling Barrier Height. To determine the magnitude of ¢,
we characterized the dependence of I on tip—sample separation and on V.
From the section “An Introduction to STM and Tunneling”, we know that
in the limit of free electron metals and small bias voltage, I o exp(—2xs),
where x = 1.025V/$. Hence, ¢ can be determined by measuring the dis-
tance dependence of the tunneling current. Figure 5 shows a typical I—s -
curve measured on Bi,Sr,CaCu,O, taken at room temperature. The inset
is In (I)—s relationship. Analysis of these data yields a tunneling barrier
of 2.6 eV; thus, the STS measurement should be confined between +1.5 V
for a meaningful interpretation.

Distance-Dependent Electronic States in Bi,Sr,CaCu,Og.
To directly characterize the electronic character of the BiO layer, tunnel-

Tunneling Current (nA)

AS(A)

Figure 5. Current versus tip—sample separation measured for a typical as-
grown sample. The tip was moved toward the surface after opening the
feedback loop; the stabilized tunneling resistance was 10° Q. The inset

shows a plot of In(1) versus distance. The apparent work function deter-
mined from these data is 2.6 eV.
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ing spectroscopic measurements were performed (42—45). In contrast to
other electronic spectroscopic methods, STM can provide a direct measure
of the BiO layer electronic states and not a convolution of both BiO and
CuO, layers. Such data are essential to the development of models of the
electronic structure for this system. Current and normalized conductivity
versus sample bias voltage curves obtained with a feedback-stabilized tun-
neling resistance of 10° Q are shown in Figure 6. An important feature
exhibited by these spectroscopic data is the apparent gap in the DOS at
the Fermi level (Ey). Such data are reproducible on as-grown crystals (T
= 85 K) and indicate that the BiO layer is semiconducting in these ma-
terials. In contrast, band-structure calculations using the full-potential,
linearized, augmented, plane wave method suggested that the BiO layer is
metallic (46), although these calculations do not consider the superstruc-
ture and other structural disorder present in the BiO layer. Interestingly,
recent tight-binding calculations indicate that distortions in the BiO layer
raise the energy of the Bi-derived band above E; and drive the layer to a
semiconducting state (47).

One striking phenomenon in this study is that the measured DOS
change with the tip—sample separation (after correction for distance-
dependent factors). In preliminary work, we found that STS measure-
ments made at tip—sample separations closer than those used to record
Figure 6 showed a finite DOS at E; (44). More systematic measurements
made in our group (44) and elsewhere (45) confirm this report (Figure 7).
Specifically, when the tip is moved ~2 A closer to the sample, the data
show that the conductivity equals zero only at the origin. These results

(V/1)d1/dv

1 ! " )
-1000 0 1000

Bias Voltage (mV)

- Figure 6. Plot of the normalized conductance versus sample bias voltage
for Bi,Sr,CaCu,Og sample. The voltage corresponds to the energy relative
to Ef vV = 0).
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Figure 7. Conductance versus voltage curves recorded at two different
tip—sample separations. The solid line was recorded with a tunneling resis-
tance of 10° 0, whereas the dashed line was measured with a tunneling
resistance of 10° Q.

demonstrate that for small tip—sample separations, no apparent gap in the
DOS exists; that is, the BiO layer appears weakly metallic. One explana-
tion that we (44) suggested for these observations is that the metallic
states correspond to a tunneling contribution from the CuO layer that
is 4.5 A below the surface. Alternatively, the surface wave function may
have an unusually short decay length (because k is >0). From the value
of the apparent work function (2.6 V) obtained from the section “An In-
troduction to STM and Tunneling”, the decay length is not unusually
short; therefore, we believe that this alternative hypothesis is unlikely.

Electronic and Structural Effects of Oxygen Doping. Oxy-
gen doping plays a widely recognized, key role in determining the proper-
ties of copper oxide superconductors (48—50). For example, results from
many studies established that variations in oxygen concentration (i.e., in
Bi,Sr,CaCu,Og4, , Where & corresponds to a small change in oxygen
stoichiometry) change the average carrier concentration and, thereby, T.
Recent observations (50) also suggest that subtle oxygen rearrangements
can lead to superconductivity and enhanced fractions of superconducting
material even when the average oxygen stoichiometry remains constant.
The physical properties depend not only on the absolute amount of oxy-
gen, but also on the detailed arrangement of oxygen in the lattice. To
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understand these and other important effects, variations in the microstruc-
ture and local electronic structure associated with oxygen doping must be
characterized. Determination of the local structure, including oxygen po-
sitions by diffraction techniques, is inherently difficult because of crystal
disorder and the small, scattering cross section of oxygen. In addition,
spatial variations in the electronic properties due to oxygen doping will be
especially important in determining superconductivity in short-coherence-
length materials such as Bi,Sr,CaCu,Og_ ., Where § is the change in oxy-
gen concentration caused by doping. )

To address this important problem, we used STM to characterize the
local structural and electronic changes that occur in vacuum-annealed
Bi,Sr,CaCu,Oq , , crystals (51). Oxygen was removed from as-grown su-
perconducting crystals (7, = 85 K) by vacuum annealing (pressure, P, =
1073 torr or 133 mPa) at 400 °C. We found that these conditions yield
systematic decreases in T, as a function of annealing time. The suppres-
sion of superconductivity through vacuum annealing is also reversible; that
is, annealing nonsuperconducting crystals in air at 400 °C for more than 8
h yields T, ~ 85 K superconducting material. Thermogravimetric analyses
of our crystals show that these changes in T, correspond to a reversible,
2.5-3.0% change in the oxygen concentration. ‘

STM images recorded on nonsuperconducting samples from which
~3% oxygen was removed are shown in Figure 8. These images were
recorded at 900 and 150 mV by switching the bias voltage on alternate
scan lines; therefore, the two images are recorded in an identical spatial
location on the sample surface. The image recorded at high V’ exhibits the
one-dimensional superstructure characteristic of Bi,Sr,CaCu,Og. Notably,
the superstructure period is unchanged in oxygen-deficient, nonsupercon-
ducting samples compared with Bi,Sr,CaCu,O - These Tesults indicate
that oxygen removed from the samples either doés not come from the BiO
layer or that oxygen loss from this layer has little effect on the superstruc-
ture. To address the structural location of oxygen loss more directly, we
compared atomic resolution images of the BiO layer of nonsuperconduct-
ing and superconducting crystals (Figure 9) (51). Notably, images of the
BiO layer of the oxygen-deficient crystals do not exhibit vacancies; there-
fore, oxygen might be lost from the SrO or CuO, layers. More studies are
needed to resolve this important issue.

Images recorded at small ¥ provide important additional information
about the electronic effects of oxygen loss. Specifically, these data exhibit
nonperiodic features in addition to a contribution from the one-dimen-
sional superlattice. Analysis of images acquired over a range of V' show
that the superstructure has the same spatial location irrespective of V and
represents a true structural feature. The fact that the irregular features
are observed only for small V indicates that these features are due to vari-
ations in the electronic states near E. Because the low bias-voltage elec-



494 MATERIALS CHEMISTRY: AN EMERGING DISCIPLINE

Figure 8. Image measuring 450 x 450 A? of nonsuperconducting
Bi,Sry)CaCu,Oy recorded with (4) V = 900 mV and (B) V' = 150 mV.
Adjacent maxima of the superstructure are separated by about 27 A in A
and B. Irregular electronic features are also detected at low bias in B.
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Figure 9. Image measuring 50 x 50 A? of a nonsuperconducting sample
recorded with a bias voltage of 360 mV and a tunneling current of 2 nA.

tronic states are not observed in images of superconducting samples, we
conclude that they reflect spatial variations in the electronic properties
due to oxygen loss. These electronic variations occur on the same scale as
the coherence length (~20 A) and may affect pairing in intermediate T,
crystals.

We also used STM and STS to characterize how the structure and
electronic states evolve when additional oxygen is introduced into the lat-
tice through high-pressure annealing (52). Recent X-ray photoemission
spectroscopy studies of Bi,Sr,CaCu,Oq, , crystals doped in high-oxygen
pressure show that the DOS of E; increase with increasing 6 (53). To ex-
plain this increase in the DOS, the suggestion was made that oxygen dop-
ing transformed the BiO structural element into a metallic layer (53).
However, X-ray photoemission spectroscopy probes several unit cells in
depth; therefore, these observed changes may or may not arise from varia-
tions in the BiO- or CuO,-layer DOS. STM is uniquely suited to eluci-
date the origin of high-pressure doping because it can directly probe the
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-surface BiO-layer electronic states with little contribution from the under-
lying CuO, planes.

Spectroscopic data obtained on as-grown and oxygen-aanealed
Bi,Sr,CaCu, O crystals that were cleaved are shown in Figure 10. A key
result that is immediately evident upon comparison of the data is the dis-
tinctly different IV behavior near E; for the as-grown and oxygen-
annealed samples. The as-grown crystals exhibit a low current within
+200 mV of E; and relatively sharp increases in I beyond these points,
whereas the oxygen-annealed samples show a smooth increase in I for all
V. Because the tip—sample separation is similar in both experiments, this
difference is probably not due to a distance-scaling effect. Indeed, the
normalized conductivity, (V/)dI/dV, shows a 330-mV gap in BiO-layer
DOS for the as-grown sample but no obvious gap for the annealed sample.
The absence of a gap in the oxygen-annealed samples is significant and
suggests that oxygen doping introduces impurity states that obscure an in-
trinsic gap in the BiO-layer DOS. Alternatively, oxygen doping may cause
the BiO band to shift and cross Ef; in this case, the BiO layer will be me-
tallic. STS measurements provide only a relative measure of the DOS;
therefore, these two hypotheses are difficult to distinguish without addi-
tional experiments. Qualitatively, we (54) noted that the conductance,
dI/dV, of the BiO layer appears to be lower than that of the metallic TIO
layer of Tl,Ba,CaCu,Og (T1-2212) crystals.

STM imaging of the BiO layer’s atomic structure provides additional
information that can resolve these issues. However, atomic resolution im-
ages of the as-grown and oxygen-annealed samples show virtually identical
surface structures (Figure 11). The lattices for both samples have periods
of 3.8 + 0.2 A that correspond to either the Bi—Bi or O—O lattice sites.
The observation of alternate lattice sites for a range of bias conditions in-
dicates that the Bi—O layer is semiconducting in both as-grown and
oxygen-annealed crystals. A recent STM study (54) of the related system
T1-2212 showed that simultaneous imaging of both Tl and O sites is possi-
ble when the surface is metallic; therefore, the present data probably did
not result from an instrumental limitation. Most likely, the BiO-layer DOS
near E. increases with oxygen annealing but the layer remains semiconduc-
ting.

The mechanism of oxygen doping in the Bi,Sr,CaCu,O; system is
also important to consider. If the increase in the DOS were due to oxygen
incorporated into the BiO layer, then we would expect either extra lattice
sites or a locally distorted structure. Comparisons of the images of as-
grown and oxygen-annealed samples do not exhibit evidence for such
structural defects (Figure 11). These results suggest (but do not prove)
that oxygen is not incorporated directly into the BiO layer of the annealed
samples. Another explanation, which is consistent with our structural and
electronic data, is that oxygen is incorporated into Cu~Bi vacancy or inter-
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Figure 10. Typical 1-V data obtained on as-grown (A) and en-
annealed (B) samples. The feedback stabilized tunneling resistance, 10° Q,
was the same for both experiments. Normalized conductance curves,
(VM)dl/dV, corresponding to the as-grown and oxygen-annealed samples
are also shown.
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Figure 11. An STM image measuring 40 x 40 A? recorded on (A) as-
grown and (B) 12-atm, oxygen-annealed Bi,Sr,CaCu,Oy4 cleaved single
crystals. The tetragonal lattice spacing in the two images is 3.8 A. The im-
ages were recorded by using bias voltage and tunneling current, respectively,
of (A) 300 mV and 0.9 nA, and (B) 250 mV and 1.8 nA.
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stitial sites in the SrO layers. This oxygen would cause only subtle
changes in the BiO layer structure and DOS, as observed in our experi-
ments.

Studies of Bi 57,CaCu 0y in the Superconducting State

A detailed picture of the energy gap (2A) and low-energy excitations is
essential to0 understand the mechanism of superconductivity in the copper
oxide materials. The Bardeen—Cooper-—-Schrieffer (BCS) theory of super-
conductivity predicts that a complete gap in the density of electronic states
exists as T approaches zero, and that the magnitude of 2A has the univer-
sal value of 3.53kT, (55). For conventional superconductors, these predic-
tions have agreed well with measurements of the DOS by tunneling spec-
troscopy (56). For the copper oxide materials, however, tunneling spec-
troscopy measurements have led to suggested values of 2A between 0 and
12 kT, although recent studies (57—67) seem to converge toward an ener-
gy scale of 5—8 kT,. Furthermore, large conductances within +A, which
suggest that a true energy gap may not exist, were reported by several
. groups (58, 61—-63). ,

Material inhomogeneities such as oxygen nonstoichiometry probably
have been responsible for many of the apparently conflicting measure-
ments of 2A by tunneling spectroscopy (63, 64, 67). The short coherence
lengths of the copper oxide materials make tunneling measurements espe-
cially susceptible to local variations in the superconducting properties.
Hence, we (67) placed considerable effort on STS measurements of
Bi;Sr,CaCu,Oq , , crystals that were carefully annealed to produce homo-
geneous samples. Our tunneling measurements were made in two distinct
ways with low-temperature STM. First, we studied normal metal—insula-
tor—superconductor (NIS) junctions formed between a Pt-tip and
Bi,Sr,CaCu,Oq , ; superconductor. These junctions provide a direct mea-
sure of 2A. Second, we investigated superconductor—insulator—super-
conductor (SIS) junctions formed between two pieces of Bi,Sr,CaCu,Og
material. These latter junctions provide a direct measure of 4A.

Typical I-V and dI/dV versus V curves obtained by using NIS junc-
tions at 4.2 K are shown in Figure 12. These results are representative of
several hundred data sets obtained on the annealed Bi,Sr,CaCu,Oq, .
crystals. The tunnel—junction resistances in our experiments varied from
107 to 10° ; within this range, similar results were observed. However,
the current exhibits a weak, nonexponential dependence on tip—sample
separation. This weak dependence on tip—sample separation indicates
that the tip touches the sample surface during these experiments. In this
contact geometry, the tunneling measurements average both a—b and ¢
directions (68).
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Figure 12. A and C: Typical 1-V curves obtained on oxygen-annealed
Bi,Sr,CaCu,Oy single crystals at 4.2 K. These NIS junctions were formed
between a Pt—Ir tip and cleaved Bi,Sr,CaCu,Oy crystal surfaces. B and
D: Conductance (dl/dV) versus voltage curves corresponding to the 1-V
data in A and C, respectively. The curves exhibit well-developed gap struc-
ture and linear background conductance for {V| > +A. Conductances at
V = 0in B and D are 8 and 5%, respectively, of G(100).

Qualitatively, the I-} curves exhibit a flat, low-current region about
the Fermi level (E,, V' = 0) and relatively sharp conductance onsets at +25-
mV. These features are characteristic of a conventional superconducting
energy gap. Interestingly, this well-developed gap structure is observed
reproducibly over the surfaces of oxygen-annealed Bi,Sr,CaCu,O;  , sam-
ples. In contrast, we observe a wide range of I-F” behavior on as-grown
BiZSrZCaCuZO8 +¢ Samples; these variations are similar to those found in
other reports (63). Therefore, much of the uncertainty observed in previ-
ous work may be due to oxygen nonstoichiometry. In the following sec-
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tion, we confine our analysis solely to reproducible measurements ob-
tained on oxygen-annealed Bi,Sr,CaCu,Og, . samples.

The conductance, G(V) = dI/dV, versus voltage curves provide essen-
tial insight into the nature of the superconducting gap in these materials
(Figures 12C and 12D). The conductance within the gap is low. For the
NIS junctions, G(0)/G(150) values, where G(150) is representative of the
normal-state conductance, are between 2 and 8%. These values can be
compared with conductances of 30—50% reported previously (59, 62, 63).

We do find, however, large conductances in tunneling measurements
made on the as-grown Bi,Sr,CaCu,Oq_ , crystals. Because extrinsic effects
such as sample inhomogeneity were not accounted for in the previous tun-
neling studies, these previous data are not necessarily indicative of d-wave
pairing or gapless superconductivity. In our carefully annealed samples,
G(V) is very low at V = 0; however, the behavior of G(V) for V' > 0is
also important to consider.

_First, the increase in G(V) within the gap is not proportional to |V].
A linear increase in G(V) would be a clear signature for gapless supercon-
ductivity (60); therefore, our results may argue against this possibility.
Comparing the conductance at ¥ = 0 and V' = A/2 predicted for s-wave
BCS gap with our data, we find that the increase in G(V) at V = A2 is
close to or slightly larger than the increase predicted by a thermally
broadened (4.2 K) BCS-gap expression (see Figures 12C and 12D, respec-
tively). These results indicate close analogy to a conventional BCS-like
gap; however, the divergence at the gap edge differs from conventional
behavior.

_ Similar results were also obtained from SIS junctions; representative
I-V and G(V) curves are shown in Figure 13. The I-V curves exhibit a
flat, low-current region about V' = 0 and pronounced conductance onsets
at approxlmately +50 mV. The near-zero current region about E detect-
ed in the SIS measurements is approximately 2 times larger than in the
NIS data. This observation is consistent with the measurement of 2A and
4A in the NIS and SIS junctions, respectively, and indicates that other ef-
fects such as the Coulomb blockade do not contribute significantly to our
data.

The G(V) curves from the SIS junctions also exhibit low conductance
at E; (~4%). The background conductance within the gap increases more
rapidly than does the background conductance found for the NIS junc-
tions. The increase in conductance could be due to either poor junction
quality or gapless superconductivity. Poor SIS junction quality is probably
the major factor leading to the increase in G(V) within the gap; however,
we do not have sufficient experimental evidence at this time to resolve the
observed differences in the gap excitations for the NIS and SIS junctions.
Regardless of the origin of the excitations observed in the gap of these SIS
junctions, these data confirm the magnitude of 2A for the oxygen-
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Figure 13. A: Representative 1-V curve obtained from an SIS junction
formed between two axygen-annealed Bi,Sr,CaCu,Og crystals at 4.2 K. The
junction geometry averages the ¢ and a—b directions. B: Conductance
versus voltage curve corresponding to the data in A. The conductance at V
= 0is 4% of G(100). The gap structure observed in the SIS junctions ex-
hibits greater broadening than the data obtained from the NIS junction.

annealed Bi Sr,CaCu,O,  , crystals and provide a consistent and reprodu-
cible energy scale for superconductivity.

In addition, we further analyzed the reproducible gap structure ob-
served in our NIS measurements to quantitatively assign a value to 2A and
to probe the energy dependence of the DOS. The experimental data were
fit to the following modified BCS model for DOS:

Ns = R{(eV — il)/[(eV — i[)?> — A?%/%} (12)

where T' is a phenomenological parameter to account for broadening, Ng
is the density of states in the superconducting state, R, corresponds to the
real part of the complex number in braces {}, and i is VCI

A typical fit using this model is shown in Figure 14. The experi-
mental data are well-fit for |V| < A/2, but the experimental conductance
peaks are broadened significantly compared with the model DOS. Similar
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Figure 14. Conductance determined at 4.2 K normalized by the conduc-
tance at 100 K, G(4.2 K)/G(100 K), versus voltage for a typical NIS junc-
tion (solid line). The dashed line corresponds to a fit of this experimental
data to the BCS model for DOS (see equation 12). This simple model for
the superconducting state fits the gap structure well, although the experi-
mental conductance peaks are significantly broader than the model fit. The
values of A and T extracted from the model fit are 25 and 3 meV, respec-
tively.

fits were also obtained for other G(V) data with I' = 1-3 meV; this
broadening energy is greater than the thermal energy (0.36 meV). One
should not, however, place too much significance on T' because sample
quality may still be limiting. That is, the finite transition widths indicate
that the samples are not perfectly crystalline.

Nevertheless, this analysis has several different points. First, the
well-defined gap in the NIS data can be fit at low energies by using a con-
ventional model, although the broadening needed for a best-fit is greater
than expected for only thermal effects. Second, the magnitudes of 2A and
4A extracted from our fits to the NIS and SIS data, 50 + 5 and 98 + 5
mV, respectively, show that the energy scale for superconductivity is
~6.8kT. The magnitude of 2A extracted from this analysis is, therefore,
consistent with high-resolution, electron energy loss spectroscopic and
photoemission spectroscopic measurements of Bi,Sr,CaCu,Oq  , crystals
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(66, 69, 70). Lastly, the divergence in the experimental data at the gap
edge is weak in comparison with the behavior expected for an s-wave BCS
superconductor. This deviation from conventional behavior may be a sig-
nature of d-wave pairing or gapless superconductivity, although additional
studies will be needed to confirm the intrinsic nature of the divergence.

These low-temperature STS studies of homogeneous, oxygen-
annealed Bi,Sr,CaCu,O; . single crystals have shown that a well-
developed gap structure can be observed reproducibly in high-quality sam-
ples. The low conductance and change of G(V) observed within the gap
region differ from the behavior expected for either a gapless or BCS-like
superconductor and may indicate d-wave pairing. Analyses of data from
both NIS and SIS junctions provide a consistent scale for superconductivi-
ty with 2A & 6.8kT.

Summary and Conclusions

STM and ST were used to characterize the electronic and structural proper-
ties of the high-temperature copper oxide superconductor Bi,St,CaCu,O; ..
In particular, these studies have done the following:

1. elucidated the local structural order in the BiO layer of Bi,Sr,CaCuOq
and the low-energy electronic states associated with this disorder

2. characterized the structural and electronic effects caused by reducing
and increasing the oxygen concentration in this material

3. determined a consistent value for the magnitude of the supercon-
ducting energy gap in Bi,Sr,CaCuOg_ , single crystals

These data represent a firm beginning of a detailed microscopic picture of
the structural and electronic properties for these complex materials. Con-
tinued STM and STS studies will undoubtedly lead to a much clearer
understanding of superconductivity in the copper oxides. We believe that
the use of STM and STS will also provide essential insight into many
other problems in materials chemistry.
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