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Electronic inhomogeneity of heavily overdoped Bi,_,Pb,Sr,CuQ, studied
by low-temperature scanning tunneling microscopy/spectroscopy
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Low-temperature scanning tunneling microscopy and/or scanning tunneling spectroscopy measurements of
heavily overdoped Bi,_,Pb,Sr,CuO, have revealed nanoscale electronic inhomogeneity composed of spatial
regions showing superconducting and pseudogaplike gap structures. This proves that the inhomogeneity is a
general feature of Bi-based cuprates, regardless of the number of CuO, planes. The magnitude of inhomoge-
neity, defined as relative standard deviation of the local gap value, is close to that of slightly overdoped
Bi,Sr,CaCu,0,, suggesting that the electronic inhomogeneity arises from excess oxygen atoms in the (BiO),

layers.
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Scanning tunneling microscopy and/or scanning tunneling
spectroscopy (STM/STS), which is capable of directly prob-
ing the local density of states (LDOS) of a sample surface on
an atomic scale, has been utilized to measure the local elec-
tronic nature of high-temperature superconductivity, includ-
ing quasiparticle bound states around vortex cores,'”> mag-
netic and nonmagnetic impurities of Cu sites,** and defects
in the blocking layers.® Furthermore, STM/STS has recently
been used to highlight the granular superconductivity of Bi-
based cuprates, in which superconducting domains varying
over a very short length scale of the order of the coherence
length coexist with the nonsuperconducting matrix, exhibit-
ing pseudogaplike spectra.”'7 Pan et al.'” reported the inho-
mogeneity manifested as spatial variations in the local den-
sity of state (LDOS) spectrum and energy gap A. Lang et
al.'! used Ni impurity atoms substituted for the Cu sites as
markers for local superconductivity, and found that spatial
regions with A>50 meV are nonsuperconducting. The ori-
gin of the electronic inhomogeneity has been discussed from
both experimental and theoretical viewpoints.'8-2? On the ba-
sis of detailed analyses of the spatial variations of LDOS and
A, Pan et al. linked the inhomogeneity to the unscreened
Coulomb potential associated with excess oxygen atoms in
the (BiO), layers.'” We reported that the A distribution tends
to spread with oxygen annealing in the case of
Bi,_,Pb,Sr,CaCu,0, (Pb-Bi2212),"* supporting the inhomo-
geneity scenario based on oxygen disorder. Theoretical stud-
ies based on #-J models incorporating the disordered Cou-
lomb potential revealed that the ionic potential caused
redistribution of the local hole density and a concomitant
reduction in the d-wave order parameter.'® The calculated
tunneling spectra reproduced experimentally observed fea-
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tures, namely, the nanoscale variation of STM topography
and the negative correlation between the local gap and inte-
grated LDOS. These arguments lead to a conclusion that
electronic  inhomogeneity is inherent to  high-7.
superconductivity,”31%11:14 On the other hand, several groups
reported more homogeneous LDOS?*-2> rather suggesting
that the gap distribution is not essential for the occurrence of
high T,. It should be noted that the significant gap inhomo-
geneity, as mentioned above, has only been observed in
Bi,Sr,CaCu,0, (Bi2212). For more general conclusions,
other compounds with different crystallographic structures
must be investigated.

Here we report the results of cryogenic STM/STS of
Bi,_,Pb,Sr,CuO, (Pb-Bi2201) single crystals. Since Bi2201
has a single CuO, layer per unit cell, a comparison of STS
results between Bi2201 and Bi2212 is expected to answer the
intriguing question of how the number of CuO, layers influ-
ences the electronic inhomogeneity in high-temperature su-
perconductors. Furthermore, the present Pb-Bi2201 system is
in a heavily overdoped regime that is not accessible in the
Bi2212-based system. Therefore, the influence of carriers on
the inhomogeneity could be studied in greater detail.

Single crystals of Pb-Bi2201 were grown by the floating
zone technique, similar to the method reported by another
group.?® The chemical composition, as determined by induc-
tively coupled plasma (ICP) emission spectrometry, is
Bi, g3Pb 3751, 9;CuO,. The as-grown crystals were postan-
nealed under a vacuum at high temperature (500-600 °C).
The superconducting transition temperature 7, of the an-
nealed crystals was determined to be 10 K using a supercon-
ducting quantum interference device (SQUID) susceptom-
eter.
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FIG. 1. Constant-current STM image observed on the cleaved
ab surface of a Pb-Bi2201 single crystal at 4.5 K. The scanning area
is 10X 10 nm. The sample bias voltage and set-point current are
V=110 mV and [,=0.35 nA, respectively.

STM/STS measurements were carried out using an
ultrahigh-vacuum  low-temperature ~ STM  instrument
equipped with a low-temperature cleavage stage. The base
pressure of the STM chamber was maintained at less than
2.0X 107!° Torr during the measurements. All samples ex-
amined here were cleaved in situ at 77 K to avoid oxygen
loss from sample surfaces. The STM tips used were made of
a mechanically sharpened Pt-Ir alloy.

Figure 1 shows STM topographic images obtained on a
cleaved ab surface of a Pb-Bi2201 crystal at 4.5 K. The
figure clearly indicates a square lattice network of Bi atoms
spaced 0.35 nm apart, which is comparable to the a axis or b
axis length of the Pb-Bi2201 unit cell.”’ It can be seen that
the present Pb-Bi2201 is free from modulations along the b
axis, which is consistent with the results of electron diffrac-
tion measurements,?’ in contrast to Pb-Bi2212, in which the
modulation structure persists up to x~ 0.4.'428 This suggests
that Pb-Bi2201 contains more carriers than Pb-Bi2212 does
at the same Pb content. In fact, recent photoemission mea-
surements have revealed that the Fermi surface of Pb-Bi2201
is much larger than that of Pb-Bi2212.2° We did not observe
any sign of local phase separation into Pb-rich and Pb-poor
regions, as seen in heavily Pb-doped Bi2212.!41528.3031 Ty
Fig. 1, some atomic sites show brighter contrast. These
brighter spots represent approximately 16% of the Bi sites,
which is in good agreement with the Pb content as revealed
by ICP, namely 16.8%. Thus, we identify the spots as Pb
atoms substituted into Bi sites.'"* We have confirmed that
such bright spots are not seen in the STM images of pure
Bi2201.

Figure 2(a) is a spatial map of the superconducting gap
value A. Values of A were deduced from conductance spectra
as half the peak-to-peak energy separation. Notably, A shows
a significant distribution, ranging from 13 to 30 meV, over
the scanned area of 12.5X12.5 nm. We have checked that
the tunneling barrier height ¢ is sufficiently high, ~3 eV,
before and after the STS measurement, as shown in the inset
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FIG. 2. (a) A distribution map observed on the cleaved ab sur-
face of Pb-Bi2201 at 4.5 K. The scanning area is 12.5 nm
X 12.5 nm. (b) Tunneling spectra at points A, B, and C in (a). A
typical z-log;o(I) curve is plotted in the inset.

of Fig. 2(b). This ensures that ideal vacuum tunneling is
achieved. Similar gap inhomogeneity is reported in under-
doped and optimally doped Bi2212 (Refs. 7-11) and Pb-
doped Bi2212.'%15 The site-specified tunneling spectra ob-
served at regions A, B, and C in Fig. 2(a) are plotted in Fig.
2(b). The tunneling spectrum A reveals well-developed con-
ductance peaks superimposed on an inverse-V-shaped back-
ground, which has been argued to be a signature of the van
Hove singularity. Furthermore, the A value estimated from
spectrum A, 13 meV, is close to that reported for pure Bi2201
in the overdoped regime.3> Thus, we conclude that spectrum
A represents a superconducting gap. In spectra B and C, on
the other hand, the conductance peaks are substantially sup-
pressed, and at the same time, the gap value A is enhanced.
Particularly, spectrum C exhibits pseudogaplike behavior,
characterized by large A up to 30 meV and dull gap edges.
These findings clearly indicate that granular superconductiv-
ity is a commonly observed feature of Bi-based cuprates,
regardless of the number of CuO, planes. Another remark-
able feature seen in Fig. 2(b) is that the zero bias conduc-
tance increased with decreasing A. This suggests that local
hole concentration is spatially nonuniform and elevated in
smaller gap regions.'8

Figures 3(a) and 3(b) compare a narrow-scan STM image
and the corresponding A map, where open circles mark the
locations of Pb atoms. There is clearly no correlation be-
tween the distributions of A and Pb. Therefore, we can con-
clude that the present electronic inhomogeneity is not a con-

FIG. 3. Correlations between Pb distributions and A map in
Pb-Bi2201 at 4.5 K. (a) STM image resolving Pb atoms; (b) the
corresponding A map.
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FIG. 4. A histogram of Pb-Bi2201.

sequence of Pb atoms randomly distributed in the surface
BiO layer.'*

Figure 4 shows a histogram of the gap value derived from
the A map in Fig. 2. From Fig. 4, we evaluate the averaged

value and standard deviation of A as A=20 meV and SA

=4 meV, respectively, yielding §A/A=0.2. Interestingly, this
ratio is close to that of slightly overdoped Bi2212 with p

=0.18 holes per Cu atom, SA/A=0.22."" Next, we compare
the amount of excess oxygen in heavily overdoped Pb-
Bi2201 and slightly overdoped Bi2212. Judging by the T,
value (~10 K), the former contains carriers of p=0.4,”° from
which the amount of excess oxygen d in the chemical for-
mula Bi; g3Pbg 3751 9;CuOg,, is estimated to be 0.225. In the
case of the latter, d is evaluated to be 0.18 by assuming
stoichiometric cation ratios, Bi:Sr:Ca:Cu=2:2:1:2. Thus,
the two compounds have equivalent d values to within the
uncertainty in the chemical composition of Bi2212,3 despite
the significant difference in carrier concentrations between
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them. These results strongly suggest that electronic inhomo-
geneity is governed by the amount of excess oxygen, not the
carrier concentration itself. This implies that the inhomoge-
neity is neither the signature of purely electronic phase
separation® nor the inherent nature of Bi-based cuprates.
According to a theoretical study based on a #-J model, elec-
tronic inhomogeneity is significantly affected by the spatial
variation of local hole doping.'® Very recently, McElroy et
al. reported atomic-scale impurity states located at E
=-0.96 eV, whose densities are strongly correlated with the
electronic inhomogeneity.!”

It seems that the extent of electronic inhomogeneity, as

expressed by SA/A, is enhanced with increasing d. Indeed,

Lang et al. reported 6A/A=0.17 and 6A/A=0.22 for under-
doped (p=0.14) and optimally+doped (p=0.18) Bi2212.!!
However, this is not the case in the overdoped regime, where
the ionic potential distribution becomes rather smooth with
increasing d because the Coulomb potential curves associ-
ated with excess oxygen atoms overlap with each other.
Therefore, it is anticipated that the extent of electronic inho-
mogeneity is suppressed with increasing d in overdoped
samples. Indeed, Matsuda et al.'® reported that the A distri-

bution profile becomes narrower, i.e., A/ A decreases, with
d in overdoped Bi2212.

In summary, we have observed nanoscale electronic inho-
mogeneity comprising superconducting and pseudogap states
in heavily overdoped Pb-Bi2201, using low temperature
STM/STS. This leads to the conclusion that granular super-
conductivity is a general feature of Bi-based cuprates, re-
gardless of the number of CuO, planes. The extent of the A
distribution is comparable to those of pure Bi2212, suggest-
ing that the electronic inhomogeneity is essentially indepen-
dent of the carrier concentration itself, but rather, determined
by the randomness of the excess oxygen distribution.
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