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Scanning tunneling microscopy has been used to characterize directly the surface electronic

structure of a series of single-crystal Pb,Bi>-,SroCaCu,Os superconductors.

High-resolution

spectroscopic measurements show that within + 0.5 eV of the Fermi level the Bi(Pb)-O electronic

structure is independent of the Pb concentration (x <0.7).

Extended spectroscopic measure-

ments demonstrate that the density of unfilled states at +1 eV systematically decrease as the con-
centration of Pb increases, although the filled states between 0 and —2 eV are essentially in-
dependent of the concentration of Pb. In addition, analysis of the differential conductivity indi-
cates that the surface conductivity varies from weakly metallic to semiconducting as the tip-

surface separation increases.

Substitutional doping of metals in high-temperature su-
perconductors has been employed extensively in attempts
to elucidate and improve the superconducting properties
of these materials. For example, since Sunshine et al. ' re-
ported that Pb substitution in the Bi-Sr-Ca-Cu-O system
enhanced the onset of superconductivity from 84 to 107 K
numerous studies of these Pb-substituted materials have
been reported.?”° In polycrystalline (BiPb),Sr,Ca,—-
Cu, 05, +4 materials Pb substitution has been found to
enhance the formation of the n=3 (110 K) phase versus
the n =2 (85 K) phase, > although the lattice parameters
and transition temperatures (7.) for a given phase do not
vary substantially.>® In addition, electron-diffraction,?~*
x-ray-diffraction,>® and scanning-tunneling-microscopy’
studies have shown that the strong one-dimensional super-
structure observed in Bi>Sr,CaCu,Og changes with Pb
substitution. In contrast, few studies have been reported
that address the electronic structure of these Pb-sub-
stituted materials'? and hence it is not known whether Pb
perturbs the electronic states important for superconduc-
tivity in this system.

To probe directly the effect of Pb substitution on the
normal-state density of states we have used scanning tun-
neling microscopy (STM), and herein we report the first
systematic room-temperature tunneling measurements for
single-crystal Pb,Bi,_ Sr,CaCu,0s (x =0, 0.3, and 0.7)
materials. STM is an ideal technique for characterizing
the electronic effects of Pb substitution since Pb replaces
Bi in the Bi-O layers,7'8 and Pb,Bi;-Sr,CaCu,0g crys-
tals can be cleaved to expose a Bi(Pb)-O plane at the sam-
ple surface. Recently, two ultrahigh-vacuum (UHYV)
STM studies of the electronic properties of unsubstituted
Bi,Sr,CaCu,Os single crystals have been reported.'''?
The conclusion of these investigations was that the Bi-O
layer is nonmetallic and thus that the distinct Fermi edge
observed by photoemission spectroscopy and inverse pho-
toemission spectroscopy (IPES) is due to states in the
CuO; planes. In this communication we will discuss our
new studies of the electronic structure of the Bi(Pb)-O
layer as a function of the Pb concentration. We find that
there is an incomplete gap in the density of states within
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=+ 0.5 eV of the Fermi level for the x(Pb) =0, 0.3, and 0.7
samples. The finite-state density detected at the Fermi
level contrasts previous STM reports.'"'? In addition,
this study demonstrates that there is a systematic decrease
in the empty electronic states 1 eV above the Fermi level
as x(Pb) increases. These STM data together with mea-
surements of the superconducting transition temperature
are used to assess the intrinsic electronic role of Pb in the
Pb,Bi; - ,Sr,CaCu,0g4 materials.

The single-crystal samples of Pb,Bi;-,Sr,;CaCu,0s
(x =0, 0.3, 0.7) were grown from Cu-O rich melts. Bulk
analysis and surface analysis (Auger-electron spectrosco-
py) demonstrate that Pb is incorporated into these crystals
at close to the Pb/Bi stoichiometry of the melts. Although
the Sr and Ca concentrations are slightly deficient in these
crystals, the materials will be denoted by the ideal
Pb,Bi;-Sr,CaCu,03 formula. Single-crystal x-ray dif-
fraction investigations of the Pb-substituted materials also
show that the structures of the x(Pb) =0, 0.3, 0.7 materi-
als are the same in agreement with previous reports.>¢
Details of the synthesis and characterization of these
single-crystal materials will be reported elsewhere.'* The
values of the critical temperature T, (zero resistance)
determined from dc four-point probe measurements were
85+ 4, 88 =3, and 85+ 2 K for the x(Pb) =0, 0.3, and
0.7 samples, respectively (Fig. 1). In addition, magnetic
measurements (Meissner effect) demonstrate that the su-
perconducting fractions of the x (Pb) =0-0.7 samples are
similar.

The STM measurements were made with a modified
commercial instrument (Nanoscope, Digital Instruments,
Inc., Santa Barbara, CA) operated in an argon-filled
glove box equipped with a purification system that re-
duced the concentrations of H,O and O; to below 1
ppm.'* Reproducible and stable (= 3 h) STM measure-
ments were obtained from in situ cleaved samples using
this setup. The glove box environment (= 10~ torr O5)
was used to reduce the possibility of oxygen loss from the
surface of the materials that may occur in ultrahigh vacu-
um.'>'¢ The current (I) versus voltage (V) data were ac-
quired by interrupting the STM feedback loop, and then
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the sample-tip bias voltage while digitally storing the re- -20
sulting changes in the tunneling current.'” The I-V data 20 79\ / 7100
shown are the average of 20 to 40 curves obtained at a \
selected surface site; however, these measurements likely r
represent an average over several atomic positions due to
drifts during data acquisition. 00+
The electronic states close to the Fermi level of the
Bi(Pb)-O surfaces were probed first with high-resolution
measurements since these states should have the greatest
influence on superconductivity. I-V curves recorded be- 20 :
tween —400 and +400 mV on x(Pb) =0, 0.3, and 0.7 ~400 0.0 400

single crystals are shown in Fig. 2. STM images shown as
insets in Fig. 2 indicate that the observed atomic structure
(period =3.7 £ 0.2, 3.8 0.2, and 3.7 £ 0.1, respectively)
is not perturbed significantly by the incorporation of Pb
into the lattice. The surface structure of these materials
will be discussed in detail elsewhere.® The differential
conductivity curves determined numerically from these
I-V data are also shown in Fig. 2. The values of dI/dV in-
crease at a similar rate as | V| increases for the three
spectra; furthermore, similar dI/dV curves were obtained
reproducibly with our experimental setup under stable im-
aging conditions. In addition, these curves appear to show
a gap in the density of states as suggested by two recent
STM studies of the x (Pb) =0 material.'""'2 However, the
average values of dI/dV * 1o at V =0 for the x(Pb) =0,
0.3, and 0.7 materials are 1.6 0.2, 1.5%+0.4, and 1.6
+0.2 nA/V, respectively, when the feedback stabilized
gap resistance is 108 Q. These finite (albeit small) values
for the conductivity at ¥ =0 indicate that the Bi(Pb)-O
layer is weakly metallic and not semiconducting.'"'> The
differential conductivity at ¥ =0 determined for MoS, (a
known semiconductor) using similar instrumental param-
eters is ca. 100 times smaller than the values obtained for
the Pb,Bi;-Sr,CaCu,0s materials. Hence, we believe
that the observed finite conductivities are intrinsic to these
materials and not due to experimental artifacts. The ob-
servation of a nonmetallic Bi-O layer in previous ultrahigh
vacuum (UHV) STM studies of the parent Bi,Sr,Ca-
Cu,0g material''*'? could be due to several factors. First,
oxygen may be lost in vacuum to yield an insulating sur-
face.!>'¢ Recent UHV electron-energy-loss measure-
ments support this suggestion since it was found that the

Sample Voltage (mV)

FIG. 2. Plots of I vs ¥V and dI/dV vs V for x(Pb)=0, 0.3,
and 0.7 materials are shown in (a), (b), and (c), respectively.
These data were obtained using a feedback-stabilized tunneling
gap resistance of 10® Q. 40%x40-A’ top-view atomic resolution
STM images obtained in the constant current mode are shown
as insets in these figures.

surface resistivity increases with time in vacuum. '® Alter-
natively, we note that our high-resolution measurements
were made at a closer tip sample separation than the
UHYV studies, and thus, the decay of the electronic states
into the tunneling gap may also affect these results (see
below).

To address further the metallic/nonmetallic nature of
the surface layer and to determine the electronic states
affected by Pb substitution we have extended the range of
the -V measurements. These data are plotted as the nor-
malized conductivity, (V/I)dI/dV, since it has been well
documented by Feenstra, Stroscio, and Fein'® that (V/
1)dI/dV is proportional to the local density of states at the
sample surface. Typical (V/I)dI/dV spectra recorded be-
tween —2 and +2 V with a feedback stabilized gap resis-
tance of 10° Q for the x(Pb) =0, 0.3, and 0.7 crystals are
shown in Fig. 3. In general, reproducible data was record-
ed for stable imaging conditions. Between —0.6 and
+0.5 V the three spectra exhibit similar and repeatable
features that are independent of x(Pb). These features
include a peak in the density of states at —0.5 to —0.6
eV, a peak at 0.4 to 0.5 eV, and a low-state density be-
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FIG. 3. Plots of the normalized conductivity vs sample volt-
age for the x(Pb) =0, 0.3, and 0.7 materials are shown in (a),
(b), and (c), respectively. The voltage corresponds to the energy
relative to the Fermi level (V¥ =0). The inset in (a) shows dI/dV
vs V (volts) curves for data recorded with a gap resistance of 10®
Q (----) and 10° @ (—). The density of states at +1 V sys-
tematically decrease [curves (a)-(c)] as the concentration of Pb
increases.

tween these two peaks. In the inset to Fig. 3(a) we have
also directly compared the differential conductivity for the
extended range and high-resolution data in this region.
Notably, we find (after scaling for the exponential dis-
tance dependence of the tunneling current) that there is a
significantly larger gap in the 10° Q versus the 10® Q
data. We therefore conclude that the tip-sample separa-
tion plays an important role in determining our sensitivity
to the electronic states.'® One possible explanation for
this interesting observation is that the finite density of

states at V=0 associated with the metallic Cu-O layer
contributes increasingly to the tunneling current as the tip
is brought closer to the surface (i.e., at a lower gap resis-
tance), although additional work will be needed to fully
understand this phenomenon.

In addition, there are significant and reproducible dif-
ferences in the electronic structure at energies further re-
moved from the Fermi level. In particular, as the concen-
tration of Pb in the Bi(Pb)-O layers increases we observe
a systematic decrease in the unfilled states 1 eV above the
Fermi level. The filled states are, however, essentially un-
perturbed by Pb substitution from 0 to -2 eV within the
resolution of our experiments. To understand the origin
or the systematic decrease in the electronic states at +1
eV we consider the electronic structure of Bi,Sr,Ca-
Cuy03. Recent IPES (Refs. 10, 20, and 21) and theoreti-
cal?? studies of Bi,Sr,CaCu;0s indicate that the Bi-6p
band lies = | eV above the Fermi level, while O-2p states
contribute predominantly to the density of states near the
Fermi level. It is thus likely that the reduction in the den-
sity of states that we observe at +1 eV is due to a de-
crease in the density of Bi-6p states as the concentration
of Pb increases. Alternatively, differences in the Pb-O vs
Bi-O bonding could change the energy dependence of the
O-2p band. Regardless of the exact origin of the observed
decrease in the density of states as x(Pb) increases, it is
important to recognize that T, is essentially independent
of the concentration of Pb (x =< 0.7) (Fig. 1). Hence, we
suggest that this variation in the electronic structure is
sufficiently far removed from the Fermi level that it does
not perturb the Cu-O electronic states essential for super-
conductivity.

In summary, we have used STM to probe the local elec-
tronic structure of a series of single-crystal Pb-substituted
Bi-Sr-Ca-Cu oxide materials at room temperature.
High-resolution spectroscopic tunneling measurements
demonstrate that near the Fermi level the density of states
are nearly independent of the level of Pb substitution. Ex-
tended spectroscopic measurements further show that the
density of unfilled electronic states at +1 eV systemati-
cally decreases as the concentration of Pb increases, al-
though the filled states between 0 and —2 eV are essen-
tially independent of the concentration of Pb. In addition,
analysis of the differential conductivity indicates that the
apparent surface conductivity varies from weakly metallic
to semiconducting as the tip surface separation increases.
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FIG. 2. Plots of I vs ¥ and dI/dV vs V for x(Pb)=0, 0.3,
and 0.7 materials are shown in (a), (b), and (c), respectively.
These data were obtained using a feedback-stabilized tunneling
gap resistance of 10° ©. 40x40-A’ top-view atomic resolution
STM images obtained in the constant current mode are shown
as insets in these figures.



