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Superconductivity of the oxycarbonate Tl, sPb, ;Sr,Cu,CO;0,: A magnetic study

S. Peluau, A. Maignan, Ch. Simon, and A. Wahl
Laboratoire CRISMAT, Institut des Sciences de la Matiere et du Rayonnement, Universite de Caen,
Boulevard du Marechal Juin, 14050 Caen Cedex, France
(Received 28 February 1994)

The magnetic behavior of the 71-K superconductor T, sPb, sSr4Cu,CO;0,, which consists of an inter-
growth of the two nonsuperconducting phases Sr,CuO,CO; and Tl, sPbg sSr,CuOs, has been studied. Its
pinning properties in terms of the critical current density J. and the irreversibility line have been estab-
lished using a modified-Bean-model expression for the magnetization data and compared to results for
other thallium cuprates. Typical J. was calculated to be ~8X10° A/cm? at 5 K in a field of 0.2 T. The
analysis of the reversible magnetization, leading to basic values of the parameters for this oxycarbonate
as A,,(0)=170 nm, &,,(0)=2.39 nm and k=72.5, was also performed. The latter values are compared
to other existing data especially those concerning the thallium-based superconductors which have been
derived from similar analyses. This study shows that the superconducting behavior of this oxycarbonate
is closer to multiple copper layered cuprates than to the single copper layer “1201” phase although car-
bonate groups connect two successive copper layers. It can be considered as intermediate between the
thallium bilayer cuprates and the best lead-doped “1223” and “1212” superconductors.

INTRODUCTION

The recent discovery of a series of superconductive
copper oxycarbonates (see for a review Refs. 1 and 2),
with T_’s up to 80 K states the issue of the role of car-
bonate groups in superconductivity for these materials.
This is especially the case of the 71-K superconductor
Tl, sPb, sSr,Cu,C0O;0,,3 which exhibits a rather sharp
transition and a significant diamagnetic volume fraction
of 65% in spite of the fact that its structure [Fig. 1(a)]
consists of an intergrowth of two nonsuperconducting
phases, Tl; Pb;sSr,CuOs (Refs. 4 and 5) and
Sr,Cu0,C0,.6~7 Thus, although this phase derives from
that of the 1:2:0:1 cuprates [Fig. 1(b)] by replacing one
[T10],, layer out of two by rows of the carbonate groups,
it appears as a much better superconductor.

A common feature of this oxycarbonate with the thalli-
um cuprates deals with the anisotropy of its structure,
which may induce, as in the latter a high anisotropy of its
superconducting properties. The investigation of super-
conductivity in the thallium oxycarbonate is of capital
importance, since it has been shown that the physical
properties of most of the thallium cuprates exhibit low
capacities to carry superconducting current at T >>4.2
K, so that their potential applications are limited. In
particular, the positions of the irreversibility lines of such
materials in the H-T plane are too low. Among the
different thallium cuprates, it has been demonstrated that
the monolayer ones exhibit better intrinsic pinning prop-
erties than the bilayers.®° A model, based on weak
Josephson coupling of the CuO, layers between the rock-
salt-type layers, has been proposed to explain such a
difference; it predicts that the irreversibility line is
steepened when the thickness of the rock-salt-type layers
decreases.® This may also explain the relatively good in-
trinsic pinning properties of the lead-based monolayer cu-
prate Tl sPby Sr,Ca,CuOy  abbreviated — “T1Pb-
1:2:2:37.°°1
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For these reasons we have investigated the supercon-
ducting properties of the “TIPb” oxycarbonate
Tly sPbg 581r,Cu,CO50,. Magnetic measurements have
been performed on the corresponding ceramic. Pinning
properties and characteristic superconducting parameters
are derived here. These results are compared with exist-
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FIG. 1. Schematic structures of Tl, sPb, sSr,Cu,CO;0; (a)
and TlOASPbO. 5SI'2C1105 (b).
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ing data on the different thallium-based superconducting
cuprates, especially with data determined by magnetiza-
tion measurements on polycrystalline samples.

EXPERIMENTAL

A polycrystalline sample Tl sPb; sSr,Cu,CO;0, was
prepared by the solid-state reacton method described in
Ref. 3. In this technique, the reaction is carried out in a
silica ampoule in order to prevent thallium losses oxides
and CO,. The resulting product is an almost pure phase
with some traces of TIPb-1201 and SrCO;. As-
synthesized samples are found to be superconductors
with 20 K=<T, <60 K and low-temperature annealings
[290°C in argon-hydrogen flow (H, 10%)] are performed
in order to optimize T,.> The susceptibility versus tem-
perature of the optimized compound in powder form is
shown in Fig. 2.

In order to obtain basic superconducting parameters of
this oxycarbonate, magnetic measurements were carried
out using a superconducting quantum interference device
(SQUID) magnetometer with field ranging from 0 to 5 T
and temperature from 5 K to T,. A pause of 600 s was
applied after each magnetic-field settling when hysteresis
loops were recorded in order to achieve good stability; a
2-cm scan length involving a small field inhomogeneity
(0.1%) was chosen for the measurements. A capsule was
filled with ~ 100 mg of oxycarbonate in powder form and
fixed on the sample holder of the SQUID system. The
mean size of the grains is 3 um as checked with a light-
diffusion granulometer and the grains present plateletlike
shapes as shown on the TEM microstructure of Fig. 3.
The Curie-Weiss signal related to the impurities was mea-
sured above T, to subtract from the experimental data.
The diamagnetic volume fraction of 0.65 was taken into
account to correct the magnetization data.
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FIG. 2. Ac susceptibility versus temperature of

Tl sPby, 5sSr,Cu,CO30; (H,.=80 Am~!, f =80 Hz). In the in-
set the first magnetization versus applied magnetic field regis-
tered with a SQUID magnetometer at 5 K of the same sample is

also given.
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from a

FIG. 3. TEM  microstructure
TIO, 5 Pbo 5SI'4CUZCO3O7 .

IRREVERSIBLE PROPERTIES

Magnetization loops at different temperatures were
recorded in order to extract J,. values which are known to
be strongly depressed by the temperature increase in
thallium-based superconductors.!? The Bean model
modified for a polycrystalline sample was used with a
grain size of ~3 pm to determine the limit of current
flow in the individual grains. If one considers the anisot-
ropy of such superconductors then J, is mainly dominat-
ed by the H||c component of the magnetization, and thus
if 8 is the angle between the magnetic-field direction and
the c-axis direction of one grain of powder, then the mag-
netization difference Am(B)=m (B,)—m(B_) mea-
sured for all the grain assembly is related to the critical
current density in the ab plane by the relation:

KAm (B)= fOW/ZJC(B cosf) cosfsinfd @ , (1

with K =30/d for platelet grains of mean diameter d in
the Bean model. Equation (1) can also be written

B*Am (B)=K ' [ "B'J.(B")dB’
considering B’ =B cosf. Then,

2
_,d[B dAIr:(B)] ‘ @

This model for polycrystalline samples was successfully
tested by a comparison with single crystals on
Tl,Ba,CaCu,04 and T1,Ba,Ca,Cu;0,,. These results will
be published elsewhere.

In Fig. 4(a), J. values from Eq. (2) are presented in a
semi-log plot with temperature ranging from 5 to 55 K.
One can see that at low field and low temperature (5 K)
J, values reach a maximum of ~8X10® A cm ™2 such
data are typical of superconducting copper oxides. But
in fact, as soon as the temperature increases, J, falls off
rapidly when the magnetic field increases.

In order to compare the classical Bean analysis and the

J.(B)=KB
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corrected one for grains of anisotropic superconductors
[Eq. (2)], the corresponding sets of J.’s at 40 K are re-
ported in Fig. 4(b). In the inset is also shown the magne-
tization curve m ( H) at this temperature. This clearly es-
tablishes that J, after correction is higher in the low-field
region and also that corrected J, decreases faster as H or
T increases. This is also evidenced in Fig. 5 where the ir-
reversibility lines B* (defined as J. =0 for B > B*) versus
reduced temperature ¢ are represented and correspond to
the same J,=10* A cm™? criterion applied to J,’s data
obtained with or without correction of the Bean model.
Experimental data of B*(z) for Tl sPb, sSr,Ca,CusOy
from Ref. 13 are also reported; this irreversibility line
corresponds also to a polycrystalline sample where no
corrections have been performed. So the uncorrected
B*(t) plot for the oxycarbonate is to be compared to the

TIPb-1223 irreversibility line showing that
Tl sPb, sSr,Cu,CO;0, pinning properties are less
(a) 107 ¢

102 103 10* 108

( b) T T T
N T
9
[ . o—o <
& 8 H(Oe)
o ,  5x10%10° 5x10°
5 107 — 311
E N/‘\ 1
) 'e w0l 1]
~— g E E
= << Lo ]
~ 10 cor 17
- E Jcbecn ]
10* 1
i B 1 PR 1 " " 2
5000 10000 15000 20000
H(Oe)

FIG. 4. (a) J, values derived from magnetization versus field
measurements at the different temperatures labeled on the
graph. J_’s are calculated with Eq. (2). (b) J.(H) at 40 K calcu-
lated with the classical Bean model and with the corrected one
for a polycrystalline sample [Eq. (2)]. Inset the corresponding
initial m (H) loop registered at 40 K.
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FIG. 5. Irreversibility lines B*(¢) of Tl sPbg sSr,Cu,CO,0,
extracted from J, (B) data with the Bean model (hollow circles)
and with the corrected model (filled circles). B*(z) of polycrys-
talline T, sPb, sSr,Ca,Cu3;O, from Ref. 11 is also represented
(hollow triangles) just as B *(¢) of T1,Ba,CaCu,0 (filled squares)
and T1,Ba,Ca,Cu;0,, (filled triangles) single crystals.

efficient. To our knowledge no irreversibility lines of
TIPb-1223 single crystals have been reported. In order to
compare the irreversibility line of the oxycarbonate after
correction by our model the B*(z) curves of
T1,Ba,CaCu,0; (“T1-2212”) and Tl,Ba,Ca,Cu;0,, (“TI-
2223”) single crystals'* are also reported in Fig. 5; the
comparison shows that the oxycarbonate B*(¢) line is
higher in the (H,T) plane than the lines of the bilayer
thallium cuprates.

It is remarkable that this oxycarbonate, which consists
of single copper layers, exhibits a significantly higher ir-
reversibility line than all the thallium bilayer cuprates
whatever their structure of copper layers. Nevertheless
its B*(¢) line remains low compared to the thallium lead
monolayer cuprates Tl; sPb, sSr,Ca,Cu;0, (“T1Pb-1223”)
and T, sPb, sS1,Ca, ;Y ,Cu;0, (“TIPb-1212”).°

REVERSIBLE PROPERTIES

The reversible part of the hysteresis loop, i.e., above
the irreversibility line, provides a region in the (H,T)
plane where the superconducting parameters can be ex-
tracted. In the intermediate-field region of
H, <<H <<H_,, the London model predicts a linear
dependence of m upon InH although minor corrections
could be added as discussed by Hao et al.B® Recently,
Zheng, Campbell, and Liu have used the latter analysis to
extract basic superconducting parameters of two
thallium-based compounds TIPb-1223 and TI1-2223.1¢
Their results demonstrate that in the range of magnetic
field 0-5 T the linear regime of m (H) (Abrikosov formu-
la) was never reached. So we have only considered the
London model to fit our m = f (InH) data applying a de-
rived equation with x and H_ as parameters:
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FIG. 6. Reversible magnetization m upon magnetic field H
corresponding to the different temperatures indicated on the
graph. The solid lines are fits obtained with Eq. (3).
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This expression derives from the London model expres-
sion

o o
87TA% b

BHc2
H

—4mm = 4)

with B~ 1.16; considering the powder form of the sam-
ple, the latter relation must be corrected similarly to pre-
vious work on T1-2223 and HgBa,CuO, (Ref. 17) where
the magnetization (m) was calculated for fully random
crystallites yielding Eq. (3).

The experimental data m = f (InH) and the associated
fits with Eq. (3) are represented in Fig. 6. For each series
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FIG. 7. Temperature dependence of H, determined by fitting
with Eq. (3) the reversible parts of the m (H) plots with the
average k value of 72.5 [see also x(T) in the inset]. Solid line
corresponds to the fit to Eq. (5).
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TABLE 1. Superconducting parameters of the oxycarbonate
Tl sPbg sSryCu,CO;0, determined from magnetization data.

dH,,
T. H.(0) K ar Hy & Hy Ay
(K) (T) (average value) (T/K) (T) (nm) (mT) (nm)
71 0.56 72.5 —1.2 57.6 239 244 170

188°

2From the slope calculations with formula of Eq. (6).

of data k and H, have been adjusted over a range of mag-
netic fields from 1 to 5 T. The resulting « and H, are re-
ported in Fig. 7. This oxycarbonate exhibits an average k
value of 72.5 indicating the extreme type-II character of
this superconductor. As described by Zheng, Campbell,
and Liu,'® « diverges close to T, in the regime where
fluctuations become important.

The H,(0) value was extrapolated using the empirical
formula

T 2

T

4

H,(T)=H,(0) |1— (5)

Fitting with this formula (see Fig. 7) yields T,=71.8 K
and H.(0)=0.56 T. The latter value is smaller than that
of TI1-1223 and TI-2223,'® which are, respectively, 0.92
and 0.79 T.

At this point of the analysis, H ,(0) can be derived
since H,(T)=«kV2H.T) leading to the slope
dH,,/dT =—1.2 T/K. Using the Werthamer, Helfand,
and Hohenberg equation, '® an estimation of H,,(0) is ob-
tained and consequently £,(0), since H,(0)
=¢,/2mE%,(0), where ¢, is the flux quantum. Finally,
one can also calculate H,,(0) and A,,(0) from the rela-
tions H, (0)=H,(0)Ink/V2x and V2H_(0)=k¢y/
27A2,(0) using the average value for . All these data are
summarized in Table I.

For the in-plane London penetration depth (A, ) deter-
mination, the slopes of the different m = f ( InH) curves
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FIG. 8. A versus T deduced from the M — InH slopes with
formula (6). Solid line is a fit with Eq. (7).
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have also been computed considering the relation:

84mm) _ b0

> ©)
SInH  16mA%,(T)

This method has been previously used to analyze rever-
sible magnetization data of g)olycrystalline thallium cu-
prates T1-2212 and T1-2223.'2° Our data are represent-
ed in the form A_;? versus T in Fig. 8. The straight line is
a fit using the weak-coupling clean-limit expression:

T
T

AZAT)I=20X0)X |1— M

with corresponding values A,,(0)=188 nm and T,=70.4
K, this T, value being very close to T, =71 K measured
by ac susceptibility. Both A, (0) values for the oxycar-
bonate are very similar to those of Ref. 16 for T1-2223
and T1Pb-1223.

DISCUSSION

The central point of the study was to report for super-
conducting basic parameters of an oxycarbonate. When
considering the data, the first remark concerns their good
agreement with values previously published for supercon-
ducting cuprates. For instance, the value of A, (0)=170
nm is concordant with values reported for thallium cu-
prates. For these compounds a lot of data have already
been published, ranging from ~110 to ~240
nm, 416171920 thege two extreme values correspond to
T1-2223 and derive from similar magnetic measurements.
Our value is close to that of Zheng, Campbell, and Liu'®
for TIPb-1223 (A,, =180 nm). But the T, value is 115 K
for TIPb-1223, roughly ~50 K higher than that of the
oxycarbonate. If one considers that in the clean limit the
relation A"2 < n_/m* is valid and taking into account the
relation n,/m* < T, deduced from uSR measurements
carried out on Tl,Ba,CuQOg.5 (“T1-2201”) (Ref. 21) for
different levels of hole doping, thus a A,, value close to
that of TIPb-1223 may indicate that the T, of the oxycar-
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bonate is quite optimized.

Nevertheless, the mean « value (k=72.5) is much
smaller than « of TIPb-1223 or T1-2223 and corresponds
to a larger £,,(0) value for the oxycarbonate
(£,,(0)=2.39 nm) to be compared for instance to
£,(0)=1.17 nm for TIPb-1223. This major difference
may be a consequence of the difference of T,’s (T, =71 K
for Tl sPb, sSr,Cu,CO;0,; against T.=115 K for
Tly.sPbg sSr,Ca,Cu;0y), since the superconducting gap A
in BCS theory is proportional to £~ ! and proportional to
T,. This is in agreement with the fact that
La, ¢sS1( 15CuO, exhibits a lower T, value (T,=35 K)
than the oxycarbonate (T, =71 K) but a larger £,,(0)
value [£,,(0)=32 nm].?

CONCLUSION

This set of data for the oxycarbonate
Tl sPby sS14Cu,CO;0, clearly demonstrates the original
character of this superconductor. This material that is
characterized like the 1201 cuprates by thallium mono-
layers, exhibits much higher T, and pinning properties
that are intermediate between those of bilayer thallium
cuprates and those of the best monolayer lead-doped thal-
lium “T1Pb-1223” cuprates. Consequently this thallium
lead oxycarbonate behaves more like a multiple copper
layer cuprate rather than a single copper-layer phase.
Thus the study of superconducting oxycarbonates is of
importance especially for the prospect of new high-T,
materials and for the understanding of superconductivity.
A comparison with other oxycarbonates is now in pro-
gress particularly with TIBa,Sr,Cu,C0O;0; (T,=62 K)
whose modulated structure derives also from the 1201-
type. 2
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FIG. 1. Schematic structures of Tl, sPbg sSryCu,CO;0, (a)
and Tl sPby sSr,CuQj5 (b).
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