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Scanning tunneling microscopy (8TM) and scanning tunneling spectroscopy (STS) have been
used to characterize the surface structure and electronic properties of Tl, Ba, CaCu, 3, and
T1, Ba, Ca, Cu, O,, single crystals. Atomic resolution STM images show that 90%—95% of the
surface has a near-trigonal structure with ¢ = & = (.24 nm and an a-b angle of 65°. The remaining
5%-10% of the surface consists of a new orthorhombic structure with @ = b = 0.40 nm. Spatially
resolved STS measurements further demonstrate that regions with the 0.24 nm period structure
are metallic, while areas with the 0.40 nm pericd structure are semiconducting.

L. INTRODUCTION

Extensive studies since the discovery of high-temperature
superconductivity in the Tl-Ba-Ca—Cu~O system'™® have
led to the development of two families of thallium containing
materials that have the general structural formulas
Tl,Ba,Ca, ,Cu,,,, and TIBa,Ca, ,Cu,0,,,,.* The
highest documented superconducting transition tempera-
ture (T, ) in these systems is 125 K for T1,Ba, Ca,Cu, 0, .*
The tetragonal crystal symmetry and average atomic posi-
tions of these materials have been well characterized using x-
ray,” ® neutron,’ and electron® diffraction. Other more sub-
tle points such as thallium and oxygen positional disorder,
oxygen vacancies, and cationic substitution remain to be de-
fined. The local nature of these interesting structural fea-
tures make them difficult to address using diffraction tech-
niques, although it is believed that structural and
compositional inhomogeneities may play an important role
in determining the superconducting properties of the Tl-
based materials. To address directly the thallium and oxygen
bonding as well as other localized structural and electronic
features in the Tl-based materials we have been using scan-
ning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS),” and herein we report recent studies of
T1,Ba, CaCu, Q4 and Tl, Ba, Ca, Cu, 0, single crystals.

il EXPERIMENTAL

The crystal growth procedure for the preparation of
Tl, Ba, CaCu, O, and T1,Ba, Ca, Cu; Oy, crystals has been
described previcusly.*™ Briefly, crystals were grown by a
pseudo-flux method from melts of composition
T1,Ba, Ca, Cu, and T, Ba, Ca, Cu,,, respectively, made up
of high-purity ( > 99.99% ) oxides that were stored and pro-
cessed in an argon atmosphere dry box. The mixtures, sealed
in Pt crucibles with tight-fitting Pt lids, were rapidly heated
in a vertical tube furnace under one atmosphere of oxygen to
950 °C. The crucible was maintained at 950 °C for 1 h, cooled
to 700 °C over 12.5 h, and finally cooled to 25 °C in 5-6 h.
The resulting plate-like crystals were analyzed using energy-
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dispersive x-ray analysis (EDS) and x-ray precession pho-
tography. EDS was performed on both crystal faces to iden-
tify crystals with T1,Ba, CaCu, O; and Tl,Ba, Ca, Cu, 0,
composition. X-ray diffraction analysis of these crystals
showed only minor intergrowths.

The STM and ST8S studies were performed 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.
Commercial and modified'! STMs (Nanoscope, Digita! In-
struments, Inc., Santa Barbara, CA) were used to acquire
the image data. The modified STM was alsc used for all of
the spectroscopy studies. The STS current (7} versus voltage
(V) data were acquired by interrupting the STM feedback
loop, and then stepping the sample-tip bias voltage while
digitally storing the resulting changes in tuneling current.
The I-¥ data shown are the average of 20 to 40 curves ob-
tained at a selected surface site; these measurements repre-
sent an average over several atomic positions due to drifts
during data acquisition. The STM and STS measurements
were made on cleaved sample surfaces using platinum-iri-
dium (80%-20% ) alloy tips. The cleaved surfaces were ori-
ented with the ¢- axis parallel to the tip.

ili. RESULTS AND DISCUSSION

Atomic resolution images of a cleaved T1, Ba, CaCu, O,
crystal are shown in Fig. 1. These images are typical of the
data observed over 90%-55% of the surface. Analysis of
these images shows that the surface structure is near trigonal
with @ = b =0.24 4 0.02 nm and an ¢-b lattice angle of
65° + 5°. Similar images of the Tl,Ba,CaCu, G, surfaces
were obtained using both positive and negative bias voltages
from — 600 to -+ 600 mV; images of T1,Ba,Ca,Cu,0,,
crystal surfaces aiso exhibited the same lattice features with-
in experimental error. The 0.24 nm average peak separation
observed in these images is similar to the average in-plane
T1-O separation reported in x-ray diffraction studies.” In
contrast, the Cu~O separation, (.193 nm, is significantly
shorter, while the 0.277 nm Ba-O distance is longer.® The
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Fic. 1. (a) A 10X10 nm’ grey scale image of a single-crystal
Tl, Ba, CaCu, O, sample recorded with a bias voltage of - 165 mV and a
tunneling current-of 1.9 nA. The data is unfiltercd. The structure in the
image has near trigonal symmetry with -~ 5==0.24 + 0.2 nm. (b) A
6.0<6.0 nm”’ image recorded on a independent Tl, Ba, CaCu, O, crystal
with a bias voltage of — 165 mV and a tunneling current of 1.9 nA. The near
trigonal lattice (¢~ b=~0.24 nm) is the same as in (a).

ionic Ba—-Q layer also does not contribute appreciably to the
density of states near the Fermi level’? (i.e., this layer does
not contribute to the density of states probed in our STM
experiments). We therefore assign the atomic structure ob-
served in the STM images to the Tl and O sites.

The surface TI-O structure shown in Fig. 1 is highly dis-
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FIG. 2. A 6.0 % 6.0 nm” image of a T1, Ba, CaCu, O, sample recorded with a
bias voltage of — 330 mV and a tunncling current of 2.1 nA. The ortho-
rhombic structure observed in this image has a period of 0.46 nm. This
structure is observed over 5%—10% of the surface.

torted from the average tetragonal crystal symmetry deter-
mined from diffraction investigations.”® There are two like-
Iy explanations for the near trigonal (versus tetragonal)
structure observed in the images. First, it is possible that the
Ti-O layer structure is intrinsically distorted throughout the
bulk of the crystal. In support of this possibility we note that
x-ray”® and neutron’ diffraction data suggest that the Tl and
O atoms do not occupy ideal tetragonal crystal sites. Since a
good refinement of the T1 and O positions has not yet been
reported we cannot, however, unambiguously correlate the
distorted surface structure with bulk T1 and O disorder. Al-
ternatively, the near trigonal structure observed in our im-
ages could be due to a surface reconstruction; that is, since
refatively short out of plane T1-O bonds are broken when the
crystals are cleaved it is possible that the resulting T1-O sur-
face will relax.

Irrespective of the exact origin of the near trigonal surface
structure, the observation of both atomic sites in images such
as Fig. 1 demonstrate that T] and O make comparable con-
tributions to the density of states near the Fermi level. We
thus conclude that the distorted surface structure does not
adversely affect the formation of covalent TI-O bonds and a
delocalized metallic band. Electronic structure calculations
indicate for an undistorted tetragonal structure that Tl and
O will contribute unequally to the density of states at the
Fermi level'? in contrast to our experimental images. More
recent calculations carried out for a distorted T1-O structure
show, however, that distorted TI-O bonding yields a metal-
lic band.!® Notably, STM images of the Bi-O layer in the
structurally related material Bi, Sr, CaCu, O, exhibit tetra-
gonal structure with semiconducting electronic proper-
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ties.'* It is thus interesting to speculate whether distortions
of the T1-O layer that vield a metallic band could explain the
large difference in 7, for the structurally similar TI- and Bi-
based materials.

In addition to the 0.24-nm-period structure discussed
above, we have characterized a new structure that has a peri-
od of 0.40 nm (Fig. 2). This orthorhombic structure is ob-
served over 5%9~10% of the surface. The localized and ran-
dom appearance of this new structure suggests that it is
probably due to compositional inhomogeneities in the T1-O
fayer. Analysis of images containing both the 0.24 and 0.40
nm structural regions provide further insight into the nature
of this new structure (Fig. 3). In the large-area image [Fig.
3(a)] both the 0.24- and 0.40-nm-period structures are
shown. The angle between these two lattices is 150°. A high-
resolution image of the region between the two structures
demonstrates that they are not separated by an abrupt
boundary or crystal defect [Fig. 3(b) ]. Specifically, there is
a gradual decrease in the tunneling contribution from atomic
sites across the boundary. These data indicate that the elec-
tronic structure probably becomes more localized (less me-
tallic) in the 0.40 nm period regions. The 0.40 nm structure
may be attributed to the ohservation of alternate atomic po-
sitions as in images of the Bi-O layer of
Bi, Sr, CaCu, O, '* since the average TI-TI or O-O separa-
tion is only 0.38 nm.

To characterize better the electronic structure of these
two distinct regions we have made spatially resolved STS
measurements. Typical 7~V data recorded over the 0.24 and
0.46 nm structures are shown in Fig. 4. In addition, the nor-
malized conductivity, (V/1)dI /dV, for these two data sets
are plotted in this figure since (¥ /IdI /dV is proportional
to the local density of states at the sample surface. These data
(e.g., Fig. 4) show that there are significant differences in
the electronic structure of the 0.24 and 0.40 nm regions. For
areas exhibiting the 0.24 nm structure the density of states
increases continucusly above and below the Fermi level;
these data are indicative of a metallic surface. In contrast, for
regions exhibiting the 0.40 nm structure there is an apparent
gap (100-200mV) in the density of states at the Fermi level.
Similar STS results have alsc been obtained over areas of
T, Ba, Ca, Cu, O, crystals that show the 0.24 and the 0.40
nm structure. The gap in the density of electronic states ob-
served in the STS data recorded over the regions exhibiting
0.40 nm structure supports our proposal that this structare
is due to compositional inhomogeneities in the T-O layer
since substitution of Ca’>* for TI* ' in the TI-O layer or
oxygen vacancies would cause localization of the electronic
states.

V. CONCLUSIONS

In summary, we have used STM and STS to characterize
the surface structure and electronic properties of the TI-O
layer in T1,Ba,CaCu, 0, and Tl,Ba,Ca,Cu,;0,, single
crystals. Atomic resclution images show that 90%-95% of
the surface structure is near trigonal with ¢ = & = 0.24 nm;
this structure corresponds to the T1and O sites. The remain-
ing 5-10% of the surface, however, consists of an ortho-
rhombic lattice with a = b = 0.40 nm. Spatially resolved
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F16. 3. (a) A 8.0 X 8.0 nm’ image recorded with a bias voltage of - 100 mV
and a tunneling current of 1.2 nA. The atomic structure observed on the
right side of the image has a period of 0.24 nm, while the structure observed
on the left side has a pericd of 0.40 nm. The angle between these two struc-
tures is highlighted by lines in (a). (b) A high-resolution (4.0X4.0 nm?)
image of the boundary betwecn the surface regions that exhibit 0.24- and
0.46-nm-period structure.

STS measurements have further shown that the 0.24 nm pe-
riod regions are metallic, while the .40 nm period areas are
semiconducting. These STM and STS data are consistent
with inhomogeneous cationic substitution and/or oxygen
vacancies in the TI-O layer that cause electronic localiza-
tion. In the future it will be important o determine how
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FiG. 4. Typical current-voltage and (¥ /1) dI /dV curves for (a) 2 0.24 nm
structural region and (b) a 0.40 nm structural region. The normalized con-
ductivity curves, (¥ /1)df /dV, were obtained by numerically differentiat-
ing the current-voltage data. The x axis in (a) and (b) is in millivols.
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these electronically distinct regions affect the superconduct-
ing properties in the T1, Ba, Ca, _,Cu,0,, , , materials.
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