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Scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) have been used to
characterize the local structure and electronic properties of Tl,Ba,Ca,Cu30,, single crystals prepared
from 4:1:3:6 and 4:1:3:10 stoichiometry melts. Magnetic-susceptibility, resistivity, x-ray-fluorescence,
and x-ray-diffraction measurements indicate that samples prepared from the 4:1:3:6 melts (type 1) have a
chemical inhomogeneity, while crystals obtained from the 4:1:3:10 melts (type 2) are high quality. STM
studies of the type-1 crystals demonstrate that the inhomogeneities can be associated with distortions in
the T1O layer atomic structure. STS measurements on the distorted T1O layer of the type-1 samples have
shown that this layer is also metallic. STM and STS investigations of the type-2 samples have shown,
however, that the TIO layer in these crystals is tetragonal and semiconducting. In addition, a super-
structure that is localized over small regions of the TIO surface has been characterized in the type-1
crystals. These results demonstrate that single crystals of the same average structure and composition
can exhibit substantial differences in the local-structure electronic states and superconducting properties.

I. INTRODUCTION

The Tl-based superconductors are a structurally and
chemically rich class of materials consisting of at least
two distinct structural families (Fig. 1).!7* A key feature
distinguishing these two families is the number of TIO
layers, which can be either one or two, in the repeat unit.
Additionally, within either family it is possible to have a
variable number of copper oxide layers as defined by the
basic structural formulas T1,Ba,Ca,_,Cu,O,, ., and
TlBa,Ca, _Cu,O,, ;3. The variety of different super-
conducting materials defined by these formulas are readi-
ly obtained from quaternary mixtures of the metal oxides,
although the conditions needed to obtain pure single-
phase crystals that are essential for physical studies and
the role that different synthetic methods play in deter-
mining the key properties such as the transition tempera-
ture (T, ) and the critical current density (J,) are not well
understood.

The highest documented T, in the thallium-based ma-
terials was obtained for T1,Ba,Ca,Cu;0,q (T1-2:2:2:3) and
is 125 K.>~7 The transition temperatures reported for
the “best” single crystals of TI-2:2:2:3 have, however,
ranged from 108 to 125 K.77!° These latter results indi-
cate that subtle features of the crystal chemistry play an
important but as yet undetermined role in controlling the
superconducting properties of this system. Diffraction
studies of these materials have shown that the average
structure of the Tl,Ba,Ca,_;Cu,O,,,, materials is
tetragonal (I4/mmm space group) with a =3.855 A and
¢=35.8 A for T1-2:2:2:3.7:%11~13 The microstructure of
these materials is, however, believed to be considerably
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more complex as indicated by the proposed thallium and
oxygen positional disorder, oxygen vacancies, and cation-
ic substitution at the Ca and Tl sites.”!3~!7 Despite the
considerable effort placed on the Tl-based superconduc-
tors, there are few reports that address the relationship
between the crystal chemistry and intrinsic structural and
electronic properties of these materials, '3~ although it is
essential to understand such factors to properly interpret
physical measurements. In this paper we use scanning
tunneling microscopy and spectroscopy (STM and STS)
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FIG. 1. Schematic views of (a) n =2 T1,Ba,Ca, _,Cu,0,, +4
and (b) n =2 TIBa,Ca, _,Cu,O,, ;3 that illustrate the different
repeat units in these two families of materials.
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to characterize the local structure and electronic proper-
ties of TI-2:2:2:3 single crystals prepared from different
stoichiometry melts. Our results show that T1-2:2:2:3 sin-
gle crystals which have the same average structure and
nominal composition can exhibit substantial differences
in local structure, electronic states, and superconducting
properties when grown from different stoichiometry
melts.

II. EXPERIMENTAL METHODS

The single crystals were grown from a melt composi-
tion of 4:1:3:X ([T1]:[Ba]:[Ca]:[Cu]) made up of high-
purity (>99.99%) oxides that were stored and processed
in an argon atmosphere drybox. This mixture, sealed in a
Pt crucible with a wired-on Pt foil lid, was rapidly heated
in a vertical tube furnace under an 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. Single crystals were mechanically removed from
the center of the solidified melt away from the crucible
walls. A [Ca]/[Ba] ratio of 3/1 was used because Ca-rich
melts produce predominantly TI-2:2:2:3 phase plates. In
this paper we report studies of the crystals obtained from
two different melt ratios, 4:1:3:6 and 4:1:3:10.

The samples were characterized by magnetic suscepti-
bility [S.H.E., Superconducting-quantum-interference-
device (SQUID) magnetometer], four-probe resistivity,
x-ray diffraction, and energy dispersive x-ray-fluorescence
spectroscopy (EDS) measurements before the STM and
STS experiments were carried out. Static magnetization
versus temperature was measured with the applied field
parallel to the c axis. EDS was performed on both crystal
faces to identify crystals with TI1-2:2:2:3 composition.
Each TI-2:2:2:3 single crystal used in the STM experi-
ments was then examined by x-ray precession photogra-
phy. The crystals used in this study showed no evidence
of Pt impurity from the crucible, and thus the results can
be unambiguously attributed to variations in melt
stoichiometry. Additional experimental details have been
described previously.® 14 1°

The STM images were obtained with modified com-
mercial and home-built instruments operated in an
argon-filled glove box equipped with a purification system
that reduced the concentrations of oxygen and water to
less than 1 ppm. All of the STS measurements were
made with a home-built instrument of conventional
design.?! Reproducible and stable (=6 h) STM and STS
measurements were obtained from in-situ cleaved sam-
ples; the crystals were oriented with the a-b plane perpen-
dicular to the tip. The glove-box environment (~107>-
Torr O,) was used to reduce the possibility of oxygen loss
from the surface of the materials that may occur in ul-
trahigh vacuum. The current (I) versus voltage (V) data
were acquired by interrupting the STM feedback loop
and then stepping the sample-tip bias voltage while digi-
tally storing the resulting changes in tunneling current.
The I-V data shown are the average of 20—40 curves ob-
tained at a selected surface site; these measurements like-
ly represent an average over several atomic positions due

to drifts during acquisition. Other experimental details
have been discussed elsewhere.!®2

III. RESULTS

A. Resistivity and susceptibility

Representative susceptibility and resistivity curves are
shown for crystals obtained from 4:1:3:6 and 4:1:3:10
melts in Fig. 2; hereafter, we denote these two samples
“type 1” and “type 2,” respectively. The susceptibility
curves were measured in a magnetic field of 25 Oe paral-
lel to the ¢ axis while cooling the sample. For the type-1
and type-2 crystals the T,.’s determined from the magnet-
ic data are 90 and 107 K, respectively, The magnetic data
show that in addition to a lower T, the type-1 samples
exhibit a significantly broader transition indicative of
structural and/or compositional inhomogeneity. A typi-
cal resistivity curve obtained from a type-2 crystal exhib-
its a sharp transition to the zero-resistance superconduct-
ing state at 110 K, while the type-1 (lower Cu ratio) sam-
ple shows a broad transition with an onset at 101 K; zero
resistance is not reached until 72 K in this type-1 sample
[Fig. 2(b)]. The widths of the resistivity transitions are
thus consistent with the magnetic measurements made on
the type-1 and type-2 samples.

The TI-2:2:2:3 samples obtained from low and high Cu
ratio melts obviously show substantially different magnet-
ic and electrical properties, however, the average compo-
sition and structure differ very little from that expected
for T1,Ba,Ca,Cu;0,,.%7!'"1* Although the EDS results
are not sufficiently accurate to determine the absolute
concentrations of Tl, Ba, Ca, and Cu in a given crystal,
we do find that a comparison of data from two crystals
provides  reproducible  relative  concentrations.?®
Significantly, EDS analyses of crystals grown from 4:1:3:6
vs 4:1:3:10 showed that the type-1 crystals contained on
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FIG. 2. (a) Magnetization (M) in gauss vs temperature
recorded in a field of 25 Oe for type-1 ( ) and type-2
(-——-) samples. (b) Resistivity vs temperature recorded for
type-1 ( ) and type-2 (- ——-) samples.
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average 10 at. % more Tl and 8 at. % less Ba than the
type-2 samples.”? In addition, x-ray precession photo-
graphy data obtained on crystals from the 4:1:3:6 melt
typically exhibit streaking characteristic of a composi-
tional inhomogeneity,»?} while precession photographs
recorded on type-2 samples show only sharp diffraction
spots.

B. Scanning tunneling microscopy

The STM studies were carried out on the type-1 and
type-2 crystals that had been characterized as described
above. An unfiltered image typical of those obtained on
cleaved type-1 samples is shown in Fig. 3; the lattice
spacing in this image is 2.4+0.3 A. The surface struc-
ture also has near trigonal symmetry, although the bulk
crystal symmetry is tetragonal. Similar images were also
obtained for bias voltages between —600 and +600 mV.
The 2.4-A lattice spacing observed in images of the type-
1 samples is similar to the average in-plane TI-O separa-
tion reported in x-ray-diffraction studies.*''™'* In con-
trast, the Cu-O separation, 1.93 A is significantly short-
er, and the Ba-O distance, 2.77 A is longer. The ionic
BaO layer also does not contribute appreciably to the
density of states near the Fermi level and thus is not ex-
pected to contribute to the STM tunneling signal. We
therefore assign the atomic structure observed in these
images to the Tl and O surface sites.

In contrast to the images obtained on the type-1 sam-
ples, we find that images obtained on cleaved type-2 TI-
2:2:2:3 crystals exhibit tetragonal atomic structure (Fig.
4). The lattice spacing and angle in this image are
3.61+0.3 A and 90£5°, respectlvely These new features
are observed reproduc1b1y in images of cleaved crystals
grown from 4:3:1:10 melts (i.e., in samples that exhibit
sharp x-ray-diffraction peaks and narrow magnetic and
resistive transitions) and thus we believe are intrinsic to
the type-2 samples. The observed lattice spacing corre-
sponds well to either the TI-TI1 or O-O bond distances in
the TIO layer, and contrasts the appearance of both
atomic sites in images of the type-1 samples. Interesting-

FIG. 3. 8080 A’ gray scale image of a type-1 T1-2:2:2:3 sin-
gle crystal recorded with a bias voltage of —260 mV and a tun-
neling current of 2.1 nA. The image is unfiltered.

FIG. 4. 80X80 A’ perspective view of a TI-2:2:2:3 type-2
surface recorded with a bias voltage of 410 mV and a tunneling
current of 1.2 nA.

FIG. 5. (a) 200X200 i’ image of the one-dimensional super-
structure in a type-1 single crystal recorded at bias of —300 mV
and tunneling current of 1.1 nA. Two maxima of the super-
structure are marked with arrows. The superstructure modula-
tion in this image is ca. 25 A. (b) 300X 300 A’ image of the su-
perstructure in another type-1 sample recorded with a bias volt-
age of 300 mV and a tunneling current of 1.1 nA. The period of
the superstructure in this image is irregular. The data in (a) and
(b) were low-pass filtered to remove high-frequency noise.
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ly, only alternate atomic sites have been observed in STM
images of the BiO layer of the structurally related super-
conductor Bi,Sr,CaCu,04,*%?*?% and thus the atomic
structure of the T1O layer of type-2 samples appears quite
similar to that of the BiO layer in this material.

We have also characterized the surface structure on a
larger scale to investigate the possibility of superlattice
modulations in the Tl1O layer. Images of the type-1 sam-
ples typically exhibit localized areas that have a one-
dimensional superstructure modulation [Figs. 5(a) and
5(b)]. The period of the superstructure in these images
varies from 23 to 29 A but has been observed to vary
from 13 to 40 A in other images. In addition to the vari-
able period, we find that the superstructure is only detect-
ed in localized regions <400X400 A% The variable na-
ture of the superstructure indicates that it may be due to
compositional inhomogeneities. We have not yet ob-
served a superstructure in the images recorded on type-2
samples.

C. Scanning tunneling spectroscopy

To elucidate further the differences between the type-1
and type-2 crystals we have characterized the local elec-
tronic structure of these samples by STS. Typical I-V
curves recorded on the type-1 and type-2 samples are
shown in Fig. 6. The feedback stabilized tunneling resis-
tance, 1.3 X 10° Q, was the same for both of these experi-
ments. In addition, we have plotted the normalized con-
ductivity, (V/I)dI /dV, vs V since (V /I)dI /dV provides
a measure of the local density of electronic states (DOS)
at the surface.?® The (V/I)dI /dV vs V curves were ob-
tained by numerical differentiation of the I-V data. For
the type-1 sample the magnitude of the current increases
rapidly on either side of ¥ =0, while for the type-2 sam-
ples we observe reproducibly a finite region near the Fer-
mi level (V' =0) where the current is much lower. The
normalized conductivity curves further highlight the
differences between the electronic properties of the two
samples. Notably, the (V' /I)dI /dV plots show that there
is a gap in the DOS for the type-2 samples of ca. 400 meV
at the Fermi level while the DOS increases smoothly be-
tween +1.5 eV for the type-1 samples. Small variations
of the I-V curves are often observed at different locations
of the type-1 and type-2 structural regions, however,
these variations are much smaller than the differences
shown in Figs. 6(a) and 6(b).

1V. DISCUSSION

The widths of the superconducting transitions in the
magnetic susceptibility curves [Fig. 2(a)] reflect the quali-
ty of the single-crystal samples.?> Specifically, the suscep-
tibility transition will be broadened by compositional in-
homogeneity and magnetic flux pinning. Since field-
cooled and zero-field-cooled measurements are reversible
above 80 K it is apparent that flux pinning effects are
negligible above this temperature. We can thus attribute
broadening in the susceptibility transition above 80 K to
sample inhomogeneity. The broader transition observed
for the type-1 versus type-2 samples thus suggests that

50 2.0

(2)

Tunneling Current (nA)
|
(34
o
.
5
Normalized Conductivity

-05 0.0 0.5 1.0 1.5

-1.5 -1.0
Bias Voltage (V)

FIG. 6. (a) Current and normalized -conductivity,
(V/I)dI /dV, vs bias voltage curves recorded on a type-1 TI-
2:2:2:3 crystal. (b) Current and normalized conductivity vs volt-
age curves recorded on a type-2 sample.

crystals grown from the 4:1:3:6 melts have greater com-
positional inhomogeneity than samples obtained from
4:1:3:10 melts. The widths of the resistivity curves sup-
port this interpretation and highlight the high quality of
the type-2 samples.

These differences in sample homogeneity are also sup-
ported by the EDS and X-ray-diffraction measurements.
The EDS data show that crystals obtained from the
4:1:3:6 melt contain more T1 and less Ba than those from
the 4:1:3:10 melt, although these results do not provide
direct evidence for cation substitution between the TIO
and BaO layers. The x-ray precession photographs fur-
ther demonstrate that while the type-2 samples are rela-
tively homogeneous, the type-1 samples have structural
or composition inhomogeneity as evidenced by the
streaking of the diffraction spots. Although these con-
ventional measurements (i.e., susceptibility, resistivity,
EDS, and x-ray) indicate that the type-1 samples have
significantly greater inhomogeneity that the type-2 crys-
tals, they do not identify clearly the atomic level structur-
al and electronic nature of this inhomogeneity. For this
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information we turn to the STM and STS results.

The STM images of the type-1 and type-2 samples
show two remarkable differences at the atomic scale
(Figs. 3 and 4). First, we have found that while the type-
1 samples exhibit atomic structure with a period of 2.4 A
the type-2 crystals exhibit structure with a period of
~3.7 A. As discussed previously the 2. 4-A periodicity is

consistent with the average TI-O spacing determined
crystallographically, while the lattice spacing observed
for the type-2 samples is consistent with the T1-T1 or O-O
separation.”®!!"1> The observation of both Tl and O
atomic sites in the type-1 samples shows that both sites
contribute comparably to the DOS near the Fermi level,
and thus it is reasonable to conclude that the T1O layer in
the type-1 samples is metallic. In contrast, the observa-
tion of alternate sites in the TIO layer of the type-2 sam-
ples indicates that only one site makes a dominant contri-
bution to the tunneling current. A tunneling contribu-
tion from only one site (either T1 or O) implies that the
TIO layer in the type-2 samples is electronically localized
or semiconducting. The STS data directly substantiate
these electronic differences in the T1O layers of the type-1
and type-2 samples inferred from the STM images. Re-
sults for the type-2 samples [Fig. 6(b)] exhibit a gap in the
DOS at the Fermi level which confirms the semiconduc-
torlike electronic nature of this surface. Notably, previ-
ous studies have shown that the BiO layer of
Bi,Sr,CaCu,04, which exhibits only alternate atomic sites
in STM images, also has a gap in DOS at the Fermi lev-
€l.?22527 On the other hand, the data for the type-1 sam-
ples show no evidence for a gap in the DOS and appear
metallic [Fig. 6(a)]. Hence, it is reasonable to associate a
metallic T1O layer with the compositionally inhomogene-
ous type-1 samples and a semiconducting TIO layer with
the high-quality type-2 samples.

To understand how the compositional inhomogeneity
might cause the difference in electronic properties of the
TIO layer in the type-1 and type-2 samples we consider
both the lattice symmetry of the STM images and recent
theoretical calculations. The type-2 samples, which show
every other lattice site, exhibit tetragonal symmetry con-
sistent with the symmetry of the bulk crystal. In con-
trast, the TIO structure of the type-1 crystals exhibits
near trigonal symmetry. It is unlikely that the near trigo-
nal lattice is due to surface adsorption or reconstruction
since no such effect is observed in images of the type-2
samples studied under identical conditions. We thus be-
lieve that this distortion from the bulk tetragonal crystal
symmetry is intrinsic to these samples. Indeed, the
diffuse spots observed in the precession photographs of
our samples and previous x-ray and neutron-diffraction
studies of these materials suggest that the Tl and O sites
may be displaced from their ideal lattice sites.!>!> We
thus suggest that the compositional inhomogeneity in the
type-1 samples (indicated by susceptibility, resistivity,
and EDS measurements) causes the TIO layer to distort
from the ideal tetragonal symmetry and thereby become
metallic.

The association of the TIO lattice distortions with me-
tallic character is consistent with theoretical calculations.
Full-potential linearized-augmented-plane-wave calcula-

tions carried out with an undistorted tetragonal T1O lay-
er in T1-2:2:2:3 and TI1-2:2:1:2 showed that the TIO band
contributes very little to the DOS at the Fermi level.?
On the basis of these results Yu, Massidda, and Freeman
suggested that the tetragonal T1O layer was semiconduct-
ing. Interestingly, more recent tight-bonding calculations
have shown that distortions in the T1O layer structure
cause the bottom of the Tl-6s band to move below the
Fermi level.” The distortions thus lead to a metallic TIO
layer. In general, our experimental data are consistent
with the theoretical calculations where distortions in the
TIO layer are essential for making this layer metallic. We
note, however, that distortions in our type-1 samples are
probably caused by compositional inhomogeneities,
which were not considered in the theoretical calculations.
Furthermore, the TIO structure of our “best” type-2 sam-
ples is tetragonal and undistorted, and thus we suggest
that distortions in the TIO layer are deleterious to super-
conductivity in this system.

Lastly, we briefly consider the one-dimensional super-
structure observed in images of the type-1 samples. The
fact that the superstructure is not observed uniformly
over the entire surface and exhibits several periodicities
indicates that this structural modulation is due to compo-
sitional inhomogeneities in the type-1 samples. The relat-
ed superconductor Bi,Sr,CaCu,0O3 exhibits a one-
dimensional superstructure, although it is observed over
the entire BiO layer. In the Bi system it is believed that
extra oxygen inserted periodically into the BiO layer may
cause this layer to buckle and form the superstruc-
ture.’®3! Hence, we speculate that a compositional inho-
mogeneity in the type-1 crystals, which has only short-
range order, causes the superstructure observed over
small regions of the TI-2:2:2:3 samples. Additional stud-
ies of crystals prepared from varying Tl:Ba:Ca:Cu com-
positions should further elucidate the origin of this in-
teresting structural modulation and its relationship to the
periodic superstructure in the Bi-based materials.

V. CONCLUSIONS

In summary, we have used STM and STS to elucidate
the local structural and electronic properties of
Tl,Ba,Ca,Cu;0,, single crystals prepared from 4:1:3:6
and 4:1:3:10 stoichiometry melts. Conventional magnetic
susceptibility, resistivity, EDS, and x-ray-diffraction mea-
surements indicate that single crystals from the 4:1:3:6
melts (type 1) are compositionally inhomogeneous, while
crystals obtained from the 4:1:3:10 melts (type 2) are high
quality. STM studies of the type-1 crystals demonstrate
that the inhomogeneities in these samples distort the TIO
layer atomic structure and STS measurements show that
this distorted layer is metallic. STM and STS investiga-
tions of the type-2 samples show, however, that the TIO
layer in these crystals is tetragonal and semiconducting.
These data support directly recent theoretical predictions
that distortions of the T1O layer lead to metallic behav-
ior, although in our crystals the distortions probably arise
from compositional inhomogeneities. In addition, we
have suggested that these inhomogeneities in the type-1
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crystals cause the superstructure observed over small re-
gions of the TlO surface. Our microscopic studies have
thus defined the atomic-level consequences of inhomo-
geneities in T1-2:2:2:3 crystals, and furthermore, suggest
that STM and STS can be valuable tools in general for
elucidating the interplay between the complex physical
properties and crystal chemistry in these materials.
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FIG. 3. 80x80 A’ gray scale image of a type-1 T1-2:2:2:3 sin-
gle crystal recorded with a bias voltage of —260 mV and a tun-
neling current of 2.1 nA. The image is unfiltered.



FIG. 4. 80%80 A’ perspective view of a TI-2:2:2:3 type-2
surface recorded with a bias voltage of 410 mV and a tunneling
current of 1.2 nA.



FIG. 5. (a) 200X200 A’ image of the one-dimensional super-
structure in a type-1 single crystal recorded at bias of —300 mV
and tunneling current of 1.1 nA. Two maxima of the super-
structure are marked with arrows. The superstructure modula-
tion in this image is ca. 25 A. (b) 300X 300 A’ image of the su-
perstructure in another type-1 sample recorded with a bias volt-
age of 300 mV and a tunneling current of 1.1 nA. The period of
the superstructure in this image is irregular. The data in (a) and
(b) were low-pass filtered to remove high-frequency noise.



