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New high-temperature superconductors based on oxides of thallium and copper, but
not containing barium, have been prepared. A transition temperature (T) of about 85
K is found for (Tly sPbys) Sr;CaCu,O; whereas (Tlp sPbg 5)Sr,Ca,Cu3Oy has a T, of
about 120 K. Both materials possess tetragonal symmetry with a = 3.80 A, ¢ = 12.05
A for (TlysPbys)Sr,;CaCu, 07, and a = 3.81 A, ¢ = 15.23 A for (TlysPby s)Sr,Ca,-
Cu30,. A structure refinement of the latter phase has been carried out with single-

crystal x-ray diffraction data.

THE DISCOVERY OF SUPERCONDUC-
tivity in the TI-Ba-Ca-Cu-O system
(1) has led to the identification of
two homologous series of superconducting
copper oxides, TLBa,Ca,,—1Cu,Oz,+4 (2-4)
and TIBa,Ca,—,Cu,0,,+3 (5~7) where n is
the number of adjacent Cu-O layers. For
both cases, the transition temperature in-
creases with the number of Cu-O layers (n).
Recently, Sheng et al. (8) reported supercon-
ductivity at 20 K (some samples with onset
at 70 K) in the TI-Sr-Ca-Cu-O system with a
weak Meissner effect (<1%). Our attempts
to synthesize TLSr,Ca,—1Cu,Oz,44 (n = 1,
2, and 3) and TISrZCa,,_ICu,,O2,,+3 (ﬂ =2
and 3) were not successful. In addition to
the above compositions, we also tried nu-
merous combinations by varying T1:Sr:Ca:Cu
ratios. A few samples showed a weak
Meissner effect around 20 K but we did not
find evidence for superconductivity above
20 K in any of the samples. In this paper we
report on the observation of bulk supercon-
ductivity up to 122 K (=30% Meissner
fraction and zero resistivity at 115 K) in the
system T1-Pb-Sr-Ca-Cu-O. We have identi-
fied at least two superconducting phases by
x-ray and electron diffraction studies. We
have also grown single crystals of one of the
phases whose composition can be approxi-
mated as (T1,Pb)Sr,Ca,Cu;O, and deter-
mined its crystal structure.

Compositions in the TI-Pb-Sr-Ca-Cu-O
system were prepared by reacting TLOsj,
Ca0,, SrO,, PbO,, and CuO in various
proportions at 850° to 915°C in sealed gold
tubes for 3 to 12 hours. Powder x-ray
diffraction revealed that most of the prod-
ucts were mixtures containing mainly two
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phases with characteristic reflections at

12.1 A and 15.2 A. Flux exclusion measure-

ments showed superconductivity in all sam-
ples prepared in the system T1-Pb-Sr-Ca-Cu-
O. Meissner fractions were large (=30%)
and transition temperatures were 80 to 90 K
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Fig. 1. Magnetic flux exclusion data: curve a,

(TLPb)Sr,CaCu,O,; and curve b, (TLPb)Sr,
C82CU3OX.

in some samples and 115 to 122 K in others.
However, when we excluded any one of the
metal components, no superconductivity
was observed. By combining x-ray and
Meissner data, we conclude that the 12.1 A
phase has a superconducting transition tem-
perature (T¢) of 80 to 90 K whereas the
phase with 15.2 A has a T around 120 K.
This suggested that these phases are proba-
bly similar to TIBa,CaCu,O; and TIBa,-
Ca,Cu304. Figure 1 shows the Meissner
data, and Fig. 2 shows the resistivity plot for
two polycrystalline samples, one of which
contained predominantly the 15.2 A phase
and the other containing the 12.1 A materi-
al.

Single crystals of the 15.2 A phase were
grown from an oxide mixture in the molar
ratio 1:1:2:3:4 (TL:Pb:Sr:Ca:Cu) in a
sealed gold tube. The mixture was heated to
910°C for 6 hours and cooled at 2°C per
minute. Plate-like crystals found in the melt
were separated and used for further charac-
terization and structure determination.
Flux-exclusion measurement on these crys-
tals showed a sharp superconducting transi-
tion at 118 K. Single crystal x-ray and
microprobe analysis (given below) indicated
that the Sr and Ca sites are close to being
fully occupied and that the TI:Pb ratio is
approximately 1:1. Thus, we conclude that
the substitution of Pb for Tl in the lattice
stabilizes the (TL,Pb)Sr,Ca,—Cu,O, (n = 2
and 3) phases. Compounds in the solid
solution (Tl;_,Pb,)Sr,Ca,_1Cu,O (n = 2,
3) were synthesized for various values of y.
Results show that single-phase materials are
obtained for both # values when y is close to
0.5. All the lines in the x-ray powder diffrac-
tion patterns for (TlysPbg.s)Sr,CaCu,O,
and (Tly sPbg 5)Sr;Ca;CuzO, could be in-
dexed on the basis of primitive tetragonal
unit cells with 2 = 3.80 A and ¢ = 12.05 A,
anda = 3.81 Aand ¢ = 15.23 A, respective-
ly. Figure 3 shows the x-ray powder diffrac-
tion patterns of these phases.

Electron microscopy and related microan-
alytical techniques were used for microstruc-
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tural and microchemical characterization.
The studies showed plate-like crystals of
dimensions varying from 10 pm to 40 pm
and some with dimensions of tens of micro-
meters (100 pm to 150 wm). Scanning
electron microscopy (SEM) and microprobe
analysis from the bulk material indicated
that the plates contained lead. Microanalysis
was also carried out on the same single
crystal (measuring ~100 pm by 90 wm)
used for the x-ray diffraction study. The
crystal plate was carefully glued to the hold-
er for microanalytical characterization. A
TI:Pb ratio of approximately 1:1 was detect-
ed in the plate. Some local variations in
cation ratios, in particular Sr:Ca, were ob-
served when analyzed across the single plate.
The results were consistent with micro-
chemical analyses using a Vacuum Genera-
tors, Inc., model HB501 Scanning Trans-
mission Electron Microscope (VG STEM)
on crushed material.
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Fig. 3. X-ray powder diffraction patterns: (a)

(Tlo.sPby.5)Sr;CaCu,O;; and (b) (Tlo.s Pby.s)-
SrzCa2Cu30x.
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Fig. 4. Electron diffraction pattern of
(T1,Pb)Sr,Ca,Cu;0, in [010] orientation (with
primitive tetragonal cell ~3.8 A by 15 A).
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The crystal fragments were supported on
carbon grids and examined by electron mi-
croscopy using a Philips CM12 instrument.
The electron diffraction pattern from the
plates indicated a tetragonal basic cell with
a ~3.8 A and ¢ =15 A (Fig. 4), and the
images indicated a layered structure contain-
ing triple Cu-O perovskite layers (Fig. 5).
Several of the crystals examined exhibited
stacking faults and intergrowths of ~12 A
suggesting variation in chemical composi-
tion.

Single-crystal x-ray diffraction data are
summarized in Table 1. Atomic positions
were taken from the structure of TIBa,Ca,-
Cu309 (7). The structure was refined by
full-matrix least-squares analysis with neu-
tral atom scattering factor curves and anom-
alous scattering terms and anisotropic ther-
mal motion for the metal atoms. Because the
scattering factor curves of Tl and Pb are very
similar, it is not possible to differentiate
between these two atoms in the structure.
Occupation factors of the TI/Pb and Sr
atoms were refined and both sites were

found to be fully occupied: 1.00(1) and
0.98(1) atom per site, respectively (last-digit
uncertainty in parentheses). The occupancy
factor for the Ca site was high, indicating
substitution of ~20% Sr similar to that
found in (Sr,Ca) CuO, (9) and Bi,Sr;—,Ca,-
Cu,0O3 (10), or ~6% TUPb similar to the
situation observed in TIBa,Ca,Cu3Oy (7),
leBazCaCuzos (3), and T12B32C32Cu3010
(2). When on their ideal sites, large thermal
motion was seen for the TI/Pb atoms,
By; = 5.0(1) and Bs; = 1.1(1) A2 and for
the oxygen atom in the thallium-lead sheets,
O(4), B = 8(1) A2 Features such as these
are seen in all of the Tl-containing copper-
based high T, oxides (2, 3, 7, 11, 12) and
suggest that the intrasheet TI/Pb and O
atoms are actually displaced from their ideal
positions in order to form a more favorable
bonding environment, and that an average
structure is seen with tetragonal symmetry.
This environment was modeled by refining
both TY/Pb(1) and O(4) in the 41 (x,0,0)
and 4n (x, 1/2,0) sites, respectively, to give a
statistically disordered fourfold arrangement

Table 1. Summary of crystallographic information for (T1,Pb)Sr,Ca,; 3 Cu;Os. Last-digit uncertainty is

in parentheses.

Sample dimensions (mm)
Diffractometer

Radiation

Monochromator

Formula weight

Crystal system

Space group

Cell constants (A)
Temperature

Calculated density (g cm™3)
Scan mode

26 range

Octants

Absorption coefficient p (cm™!)
Absorption correction
Transmission factors
Extinction parameter (mm)
Total reflections
Independent reflections
Data per parameters

R

Ry,

0.10 x 0.09 x 0.02
Enraf-Nonius CAD4

Mo Ka

Graphite

812.4 (Tlo ssPbo.s5Sr,Ca;.9Cu;30g)
Tetragonal

P4/mmm (no. 123)

a = 3.808(1), c = 15.232(7)
Ambient

6.10(Zz=1)

(O]

0 to 70 degrees
+++, —++, ——+, +—+
404.9
Analytical
0.058 to 0.390
1.2(2) x 10~°
2068

216 (I1> 30)
8.6

0.048

0.047

Table 2. Positional [space group P4/mmm (no. 123)] and thermal parameters for the atoms of
(TLPb)Sr,Ca; sCu305. All metal atoms were refined with anisotropic thermal parameters. The
equivalent isotropic thermal parameter is marked with a prime sign.

Atom Site x y z B (A%
TIVPb(1)* 4 0.067(3) 0.00 0.00 1.8(2)’
Sr(1) 2h 0.50 0.50 0.1709(2) 1.6(1)’
Cu(l) 1b 0.00 0.00 0.50 1.2(1)’
Cu(2) 2g 0.00 0.00 0.2868(2) 1.1(1)’
Ca(l)t 2h 0.50 0.50 0.3928(3) 1.5(1)'
Oo(1) 2e 0.00 0.50 0.50 1.2(3)
0(2) 4i 0.00 0.50 0.2924(7) 1.5(2)
0(@3) 2g 0.00 0.00 0.1311(11) 1.6(3)
O4)* 4n 0.60(2) 0.50 0.00 3.2(14)
*Refined off of the ideal site. ~ tSite composition fixed at 0.94 Ca + 0.06 TI/Pb.
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around the ideal sites. Note, however, that
shifting these atoms to the 4; (x,x,0) sites
gave an equally good refinement with iden-
tical R factors. The largest peak in a differ-
ence Fourier map was 0.38 electrons per
angstrom cubed. Positional and thermal pa-
rameters are given in Tables 2 and 3. Inter-

Table 3. Anisotropic thermal parameters (A?) for
the metal atoms of (T1,Pb)Sr,Ca; ¢Cu3Os. Param-
eters are given by the expression exp[—0.25-

(Buhzd*z. . .+2(B|2hka*b*. . ))]; BIZ = B]g =

23 = 0.0.

Atom B" Bzz B33
TVPb(1) 2.1(4) 2.0(3) 1.06(5)
Sr(1) 1.5(1) 1.5 1.8(1)
Cu(l) 1.0(1) 1.0 1.7(1)
Cu(2) 0.9(1) 0.9 1.6(1)
Ca(l) 1.6(2) 1.6 1.5(1)

Table 4. Interatomic distances (A) and angles
(degrees) in (T1,Pb)Sr,Ca; 9Cu30s. Last-digit un-
certainty in parentheses. The last column repre-
sents the number of times each bond distance or
angle occurs around the metal or central atom.

Distances
Cu(1)-0O(1) 1.9040(5) (x4)
Cu(2)—-0(2) 1.9059(7) (x4)
Cu(2)—-0(3) 2.37(2) (x1)
Cu(1)-Cu(2) 3.248(3)  (intersheet)
TIPb(1)—-0O(3) 2.01(2) (X2)
TVPb(1)-0O(4) 2.23-3.19 (x4)
Sr(1)-0(2) 2.655(7) (x4)
Sr(1)-0(3) 2.760(4) (x4)
Sr(1)—-0(4) 2.633(11) (x1)
Ca(1)-0O(1) 2.509(3) (x4)
Ca(1)-0(2) 2.442(7) (x4)
Angles
O(1)-Cu(1)-0O(1) 180.0 (x2)
O(1)-Cu(1)-0O(1) 90.0 (x4)
Cu(1)-O(1)-Cu(l) 180.0 (x1)
0(2)-Cu(2)-0(2) 174.9(7) (X2)
0(2)-Cu(2)-0(2) 89.89(2) (x4)
0(2)-Cu(2)-0(3) 92.6(4) (x4)
Cu(2)—0(2)-Cu(2) 174.9(7) (x1)

Fig. 5. Lattice image (low

ification) from the
[010] (Tl,Pb)Sr2Ca2,Cu30x
plate showing a layered
structure with ~15 A repeat
spacing. Electron diffraction
pattern in [010] orientation
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atomic distances and angles are listed in
Table 4.

The crystal structure of (T1,Pb)Sr,Ca;-
Cu30y is essentially the same as that of
TIBa,Ca;Cu30y (5, 7), and is closely related
to that of leB&zCﬁzClhOlo (2) Triplc
sheets of corner-sharing CuO,4 groups are
oriented parallel to the (001) plane (Fig. 6).
The middle sheet is exactly planar and the
CuOy units have 4/mmm (Dgp) site symme-
try. The Cu(1)-O(1) bond length in this
layer is 1.904 A whereas that in the outer
CuO;, layers is 1.906 A because of a slight
puckering of these layers. Additional oxygen
atoms are bonded to the copper atoms of the
two outer sheets at a distance of 2.37 A
giving these copper atoms a square-pyrami-
dal environment with 4mm (C,y) symmetry.
The intrasheet copper-oxygen bonds in the
triple-layer unit of (T1,Pb)Sr,Ca;Cu3Oy are
the shortest yet observed in any of the TI-
containing superconductors, and are to be
compared to a value of approximately 1.93
A for the TI-Ba materials (2, 3, 7, 11).
Although the interlayer oxygen-oxygen sep-
aration is essentially the same for the double
and triple copper-oxygen layers of the TI-
Ba-Ca and TI-Sr-Ca phases, the interlayer
Cu-Cu distance correlates with the length of
the apical Cu-O bond of the square pyra-
mids. As this bond distance decreases (2.73
to 2.37 A), the Cu-Cu distance increases
(3.17 to 3.25 A). This, of course, also
correlates with the degree of planarity of the
outer Cu-O sheets. (T1,Pb)Sr,Ca;Cu;3Og ex-
hibits the shortest apical Cu-O bond, 2.37
A, and the longest distance between
the oxygen plane and the copper plane
of the outer CuO, sheets, 0.085 A.

The triple Cu-O sheets of (T1,Pb)Sr,Ca,-
Cu30y are separated by calcium ions that
bond to eight oxygen atoms at an average
distance of 2.48 A as found in the structures
of leBa2Ca ..1Cll,,02,,+4 (n = 2, 3) (2, 3,

12) and TIBa,Ca,Cu3Oy (7). Also analo-
gous to the latter compounds is the substitu-
tion of ~6% of the calcium sites with TI**
or Pb**. [The ionic radii for S** and Pb**
are larger than those of TI** and Pb**, and
appear to be less suitable for these sites,
although Sr substitution for Ca is known
to occur in Cao.sssro. |4C1102 (9) and
Bi,Sr;_,Ca,Cu,Os (10).] Strontium ions re-
side above and below the copper-oxygen
triple sheets in nine-coordination with oxy-
icn. The average Sr-O bond length is 2.70

and compares well with the sum of ionic
radii (13), 2.71 A. It is significant that the
strontium sites refine to full occupancy be-
cause it indicates that lead goes only into the
Tl or Ca sites even though the ionic radii for
Sr** and Pb?* are similar, 1.31 and 1.35 A,
respectively. However, it may be possible
that the Sr sites are only partially occupied
with strontium and enough Pb?* to coinci-
dently result in the equivalent x-ray scatter-
ing power of a full Sr atom.

In comparison with leBazcazcu;;O]o
(2), which possesses rock salt—like double
thallium-oxygen sheets, (T1,Pb)Sr;Ca;Cu3zOg
has single TI/Pb-O sheets that alternately
stack with the Sr-Cu-Ca-O slabs along the ¢
axis. Single TI-O layers and triple Cu-O
layers are also found in TIBa;Ca,Cu3Oy (7).
The TI/Pb atoms of the new strontium phase

Fig. 6. The structure of (TLPb)Sr,Ca,Cu30s.
Atoms in the TLPbO layers are shown on their
ideal positions. Metal atoms are shaded and Cu-O
bonds are drawn.
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are associated with six O atoms in a distort-
ed octahedral arrangement when TI/Pb(1)
and O(4) are on their ideal sites. However,
the existence of correlated atomic displace-
ments within the thallium(lead)-oxygen
sheets is suggested by the apparent disor-
dered arrangement in the average tetragonal
structure. When shifted off of these sites
(Table 2), intralayer TI/Pb-O distances can
range from 2.23 to 3.19 A whereas two
short TI/Pb-O distances remain above and
below TI/Pb. Analogous situations are
found in all of the thallium-containing cop-
per-oxide superconductors. The atomic dis-
placements give rise to local chains or pairs
of TI/Pb and O atoms, and this could create
an atomic modulation along the a; and a,
axes (14, 15).

Two oxidation states would normally
be considered for lead, Pb?>T and Pb**.
The partial replacement of TI** by Pb in
(TLPb)Sr,Ca,-1Cu,02,+3 phases would
then cause the Cu oxidation state to increase
for Pb?* or to decrease for Pb**. Although
some Cu** would remain for the
(TR5Pbi%)Sr3* Cad " Cu5Cu3 50, formula-
tion, its concentration seems rather low for
a 122 K superconductor. However, it is

likely that the 6s band, composed of TI 6s,
Pb 65, and O 2p states, crosses the Fermi
level thereby creating more Cu®* than this
formulation would suggest. Work is under
way to establish the actual carrier concentra-
tion in these new high T, superconductors
containing TI and Cu.
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The Paleomagnetic Field from Equatorial Deep-Sea
Sediments: Axial Symmetry and Polarity Asymmetry

Davip A. SCHNEIDER AND DENNIS V. KENT

Paleomagnetic data from 89 equatorial deep-sea sediment cores indicate that the
configuration of the time-averaged geomagnetic field depends strongly on polarity
state but that it remains within 1 degree of axial symmery throughout the Pliocene and
Pleistocene (last 5 million years). The relative magnitude of the nondipole field was
greater by almost a factor of 2 during reverse than during normal polarity intervals.
These results thus support earlier suggestions that there may be a standing (nonrevers-
ing) component of the geomagnetic dynamo.

THE TIME-AVERAGED GEOMAGNETIC
field can deviate from the field of a
geocentric axial dipole (7). Although
the difference is small, amounting to a few
degrees, the deviation, attributed to a long-
term nondipole field (NDF), provides a
means to examine the nature of the underly-
ing dynamo.

One intriguing aspect of the NDF is its
apparent dependence on polarity state. Indi-
cations of this dependence have come, for
example, from Wilson’s (1) examination of
piston core data (2) and also from his study
of paleomagnetic data from the U.S.S.R.

Lamont-Doherty Geological Observatory and Depart-
ment of Geological Sciences, Columbia University, Pali-
sades, NY 10964.
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(3). Also, Merrill and McElhinny (4), using
a spherical harmonic analysis of global pa-
leomagnetic data, showed that the dominant
NDF terms (the axial quadrupole and axial
octupole) are larger by nearly a factor of 2

Fig. 1. Location of the 89
equatorial deep-sea  sedi-
ment cores used in this
study. Closed circles show
cores  containing  only

for reverse than for normal polarity data.
These results, although suggestive of polari-
ty dependence, were open to alternative
explanation: the limited age control allowed
that differences between normal and reverse

- directions might result from changes in the

NDF with time and be fundamentally unre-
lated to polarity.

We have studied these possible NDF ef-
fects in well-dated Pliocene to Pleistocene
deep-sea sediment cores from equatorial lati-
tudes (all but one within =15°). Near the
equator, the axial quadrupole NDF is great-
est and paleomagnetic directions close to
horizontal and thus are least susceptible to
spurious shallowing caused by sedimentary
inclination error. Pelagic sediments are
known to provide high-quality paleomag-
netic data (5) and can be used to study the
time-averaged properties of the field because
bioturbation and the low sedimentation
rates (about 1 cm per 1000 years) act to
average secular variation.

In an earlier study of 29 piston cores from
the equatorial Indian Ocean (6), we con-
cluded that the NDF was different during
the Brunhes [0 to 0.73 Ma (million years
ago); normal polarity] from that during the
Matuyama (0.73 to 2.47 Ma; reverse polari-
ty) interval. Resolution in the earlier Gauss
(2.47 to 3.40 Ma; normal polarity) and
Gilbert (3.40 to 5.35 Ma; reverse polarity)
chrons was poor, and therefore the sup-
posed polarity dependence could not be
adequately tested. In this report, we present
data from an expanded set of deep-sea sedi-
ment cores (60 additional cores for a total of
89) taken from the Indian, Atlantic, and
Pacific oceans (Fig. 1). By studying cores
distributed around the equatorial region, we
could describe better the axial quadrupole
field and also test whether the dipole axis
was inclined to the rotation axis, that is,
whether the paleomagnetic field was axially
symmetric. The deep-sea sediments studied
were recovered with standard piston coring
techniques. Data for 29 of the 89 cores are
in (6); tabulated data for the remaining
cores are available from the authors (7).

Because none of the cores were oriented
in azimuth, we could not determine absolute

Brunhes or Matuyama age
sediments, or both (that is,
younger than 2.47 Ma).
Open circles show cores also
containing Gauss or Gilbert
age sediments, or both (old-
er than 2.47 Ma).
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