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T. variations observed in some Tl-based superconductors were investigated. Clear correlations
were found between T, carrier concentration, and c-axis length. In particular, for Tl;Ba;CuQs, a
decrease in oxygen content of about 0.1 per formula unit, which corresponded to a decrease in
hole concentration of 0.2, increased 7. up to about 80 K, and elongated the ¢ axis by about 0.4%.
The carrier concentration in that system could also be decreased by substitution of La for Ba,
which resulted in an increased T, value. 7. variations caused by a change in oxygen content were
also observed in Tl;Ba,CaCu,;0s and Tl;Ba;Ca,Cu3Ojo. It was demonstrated that superconduc-
tivity appears in a certain appropriate range of carrier concentration.

Numerous investigations have been made to elucidate
the mechanism of high-T, superconductivity. In particu-
lar, as to relations between superconductivity and other
parameters, many studies have been done, and some clear
correlations between 7., crystal structures, and carrier
concentration have been found so far. For example, in the
Bi or Tl systems, there exist fruitful variations in crystal
structures which include several CuQ, sheets between Bi-
O or TI-O layers.!? They tend to show higher-T, values
as the number of CuQO; sheets increases up to three, sug-
gesting the relation between 7. and crystal structures. In
particular, some systematic changes have been observed in
the series of T1,BayCa,—1Cu,04+2, (n=1, 2, and 3) by
detailed structural analysis. It was revealed that as the
number of CuO, sheets increased, the lattice parameter a
and the Cu—O bond length along ¢ axis, which corre-
sponded to the distance between Cu and apical oxygen in
Cu-O octahedrons or pyramids, became shorter.® This
suggests that T,.’s would reflect detailed structural param-
eters. On the other hand, as for carrier concentration,
clear correlations with T, values were observed as well. In
the La system with K;NiFy-type structure, it was revealed
that carrier concentration controlled by substitution of
Sr2* for La3* had a vital importance for the occurrence
of superconductivity, and that its change caused a change
in material behavior from an antiferromagnetic insulator
to a metallic conductor via a superconductor.*> In the Y
system, carrier concentration is controlled by the oxygen
content and it is also responsible for its superconductivi-
ty.%7 As mentioned above, both structure and carrier con-
centration are very important factors for the superconduc-
tivity.

In the Tl-based superconductors, it has been a tempting
subject to reveal the relations among superconductivity,
detailed structures, and carrier concentration, because
some of them showed large variations in 7, although
their crystal structures were almost the same.>%'# In our
previous paper, '3 it was first pointed out that a wide range
of T, values in Tl,Ba;CuQOg showed a clear correlation
with its c-axis length. It was also revealed that this
change in 7, was caused by a small change in the oxygen
content, suggesting the relation between 7, and carrier
concentration. In the present study, we further investigate
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the large T, variation and carrier concentration caused by
a change in the oxygen content in T1;Ba;CuQOg (2:2:0:1),
and discuss their correlations quantitatively. We also con-
trol the carrier concentration of the system by the substi-
tution of La®* for Ba2", and investigate its superconduc-
tivity. In addition, relations between T, and oxygen con-
tent in other Tl-based superconductors with different crys-
tal structures such as Tl,Ba;CaCu,0s (2:2:1:2), Tl,Ba,-
CayCu30y0 (2:2:2:3), and TIBaLaCuOs (1:2:0:1-type)
(Ref. 16) are studied. The two former ones have different
numbers of CuO; sheets between TI1-O double layers, and
the latter one has a TI-O monolayer. The effect of carrier
concentration on T, in different crystal structures are then
discussed.

Synthesized samples were TI,Ba,CuQg, TIl,(Ba;g-
Lao.z)CuO@ leBa2CaCu208, T12B32Ca2CU3010, and TI-
BaLaCuOs. They were prepared by solid-state reactions.
Mixtures of T1,03;, BaO, CaO, CuO, and La;0; powders
with designed compositions were pressed into pellets. The
pellets were wrapped in Au foil, and sintered at 860 °C for
5-10 h in oxygen atmosphere.- After grinding, they were
sintered again at 880-890°C for 5-10 h in oxygen atmo-
sphere. Structural identification was carried out by
powder x-ray diffraction and all samples were con-
firmed to be single phase. Electrical properties were ex-
amined by dc resistivity using a conventional four-probe
method. Superconducting properties were also examined
by ac susceptibility using a self-inductance method. Re-
gardless of their 7, values, all samples which showed su-
perconductivity gave large diamagnetic signals, suggest-
ing the superconductivity was of a bulk nature.

Oxygen content was controlled by changing the anneal-
ing condition, and the change in oxygen content was
determined by weight measurement. Samples sintered in
oxygen atmosphere were then reduced by annealing in ar-
gon atmosphere at 350-600°C for 3-5 h, resulting in 7,
change and loss of weight. Successive annealing in the ox-
ygen atmosphere at 350°C recovered both 7, and the
sample weight. The complete reversibility in both 7, and
the sample weight throughout this annealing process as-
sured us that the change in 7, was caused by the change
in oxygen content.

In T1;Ba;CuQOs, samples sintered in the oxygen atmo-
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sphere showed no superconductivity or at most a super-
conductivity with 7. of —10 K, and by argon annealing
they showed superconductivities up to 87 K as the
highest-T, value. In Fig. 1, T, values and c-axis lengths
are plotted against the relative changes in the oxygen con-
tent. In this figure, the relation between c-axis length and
oxygen content is derived from our previous data in Ref.
15, using the master curve of the relation between 7T, and
oxygen content determined by the present experiment. It
is demonstrated that the change in oxygen content caused
the change in both T, and c-axis length. A very small de-
crease in oxygen content, about 0.1 per formula unit, in-
creased the T, value up to about 80 K, and elongated the ¢
axis of about 0.4%. Samples whose oxygen desorption ex-
ceeded beyond 0.15 per formula unit could not be
prepared, because the sample tended to be decomposed.
This c-axis elongation is rather large in comparison with
that in YBa;Cu307—5. In the Y system, oxygen desorp-
tion of about 0.5 per formula unit elongates the ¢ axis of
about 0.7%,!” which is about one third of that in
T1,Ba;CuQg. It is amazing that such a small decrease in
oxygen content increases 7. up to 87 K. Supposing that
the change in oxygen content causes the change in carrier
concentration, the oxygen decrease of 0.1 per formula unit
corresponds to the decrease of hole concentration by 0.2.
It was suggested that the nonsuperconductivity in
TI1,Ba;CuQOg¢ was in an excessive hole concentration state
and that decrease in hole concentration improved the su-
perconductivity. This idea was also supported by resistivi-
ty measurements. Figure 2 shows temperature depen-
dences of resistivity for samples with various T, values.
As the T, becomes higher, the normal-state resistivity in-
creases, which indicates that a sample with a higher-T,
value has a lower-carrier concentration. In addition, pre-
liminary Hall measurements confirmed the decreased hole
concentration state in higher-7,. samples. However, the
estimated decrease in carrier concentration (Hall num-
ber) corresponding to the T variation from O to 80 K was
about 0.5, which was much larger than the value (0.2) es-
timated from the oxygen content. Such discrepancy indi-
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FIG. 1. T, values and c-axis lengths plotted against the rela-
tive changes in the oxygen content in T12Ba>CuQe.
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FIG. 2. Temperature dependences of resistivity for TlBas-
CuQs. (a) As-sintered in the oxygen atmosphere. (b)-(d) An-
nealed in argon atmosphere at 425, 500, and 585°C for S h, re-
spectively.

cates that the Hall number no longer reflects the chemical
doping in such a high-carrier concentration range.'® All
these features are very similar to those observed in La-
Sr-Cu oxides.>!® It is concluded that superconductivity
appears only in a certain appropriate range of carrier con-
centration, and disappears in an excessive hole concentra-
tion region. As to the Hall measurements, detailed results
and discussion are forthcoming.

The carrier concentration in the 2:2:0:1 structure was
expected to be controlled by substituting La** for Ba?™,
as well. A substitution sample of Tl,(Ba;glag,)CuOs
was successfully synthesized. It was notable that it
showed superconductivity with a 7, of about 40 K even
after oxygen annealing at 350 °C for over 10 h, suggesting
that La substitution decreased the hole concentration and
gave rise to superconductivity. Further annealing in ar-
gon atmosphere still increased the 7. up to 70 K. Howev-
er, the T, value did not exceed 70 K even when the oxygen
content was reduced by about 0.1 per formula unit. It
should be noted that the maximum 7T, value for the La
substituted sample was smaller than that for T1,Ba;CuQOs.
This may indicate that the effect of doping on T, could be
substantially different in between both cases of doping,
i.e., by oxygen or by ion substitution.

Next, we will discuss the relations between T, and oxy-
gen content in other Tl-based superconductors with dif-
ferent crystal structures. In Tl,Ba,CaCu,0Os, samples sin-
tered in oxygen atmosphere with 7, of 85 K showed
higher-T, values up to 110 K, when they were annealed in
argon atmosphere at 550 °C for 5 h, showing a similar be-
havior to that observed in TI;Ba,CuQOs. However, for
Tl,Ba;Ca;Cu30y, it was observed that samples sintered
in oxygen atmosphere with 7, of 116 K showed slightly
lower T.’s by argon annealing. It was also confirmed that
these changes in T, were related to the changes in oxygen
content, thus to the changes in carrier concentration. The
relations between T, and carrier concentration per CuO;
sheet for the 2:2:0:1, 2:2:1:2, and 2:2:2:3 are summarized
in Fig. 3. For the 2:2:0:1 and 2:2:1:2, samples sintered in
oxygen atmosphere have too many hole carriers, and the
decrease in oxygen content brings about an appropriate
carrier concentration for the superconductivity oc-
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FIG. 3. Relations between 7. and carrier concentration per
CuO; sheet for TI;Ba;CuQs, T1Ba,CaCu,0s, and T1;Ba,Ca,-
Cu3090.

currence. In contrast, for the 2:2:2:3, samples synthesized
in 1-atm oxygen have just the appropriate carrier concen-
tration, and the decrease in oxygen content degrades the
superconductivity. The amount of change in carrier con-
centration per CuO; sheet becomes smaller as the number
of CuO; sheets (n) per formula unit increases, which may
be the reason why the range of 7. variation becomes
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smaller as 7 increases.

Finally, we will discuss where the oxygen is adsorbed
and desorbed in the crystal. In the TI-O monolayer com-
pound, TIBaLaCuOs with 1:2:0:1 structure, '® it was found
that variation in oxygen content caused by argon anneal-
ing was quite small. Even when the as-sintered sample
was annealed in argon atmosphere at 550 °C, the change
in oxygen content was only about 0.01 per formula unit.
This strongly suggests that oxygen desorption and adsorp-
tion take place in TI-O double layers. In addition, the
differences in oxygen content between as-sintered samples
and reduced samples in argon atmosphere at 550°C for
three systems of the 2:2:0:1, 2:2:1:2, and 2:2:2:3 were al-
most the same and 0.1-0.15 per formula unit. Almost the
same c-axis elongations of about 0.1 A were observed for
both the 2:2:0:1 and 2:2:1:2 phases. These facts also sug-
gest that oxygen desorption and adsorption occur in the
T1-O double layers which is the common part of these
structures. This speculation is consistent with the recent
result of neutron diffraction; excessive oxygen atoms in
Tl 0Ba; 0CuOg+s are located at interstitial sites between
TI-O layers.?°

In conclusion, clear correlations between T, crystal
structures, and carrier concentration were found in some
Tl-based superconductors. It was demonstrated that su-
perconductivity appears in a certain appropriate range in
carrier concentration.

We thank K. Utsumi for the support of this work. We
also thank M. Sugimoto for the experimental assistance.
We thank T. Satoh for the electron-probe-microanalysis
study.

ISee for example, J. M. Tarascon, W. R. McKinnon, P. Bar-
boux, D. M. Hwang, B. G. Bagley, L. H. Greene, G. W. Hull,
Y. LePage, N. Stoffel, and M. Giroud, Phys. Rev. B 38, 8885
(1988).

2See for example, S. S. P. Parkin, V. Y. Lee, A. I. Nazzal, R.
Savoy, T. C. Huang, G. Gorman, and R. Beyers, Phys. Rev. B
38, 6531 (1988).

3Y. Shimakawa, Y. Kubo, T. Manako, Y. Nakabayashi, and H.
Igarashi, Physica C 156, 97 (1988).

4M. W. Shafer, T. Penney, and B. L. Olson, Phys. Rev. B 36,
4047 (1987).

5J. B. Torrance, Y. Tokura, A. I. Nazzal, A. Bezinge, T. C.
Huang, and S. S. P. Parkin, Phys. Rev. Lett. 61, 1127 (1988).

6Y. Tokura, J. B. Torrance, T. C. Huang, and A. I. Nazzal,
Phys. Rev. B 38, 7156 (1988).

7M. W. Shafer, T. Penney, B. L. Olson, R. L. Greene, and R. H.
Koch, Phys. Rev. B 39, 2914 (1989).

8Z. Z. Sheng and A. M. Hermann, Nature (London) 332, 55
(1988).

9S. Kondoh, Y. Ando, M. Onoda, and M. Sato, Solid State
Commun. 65, 1329 (1988).

10C, C. Torardi, M. A. Subramanian, J. C. Calabrese, J.
Gopalakrishnan, E. M. McCarron, K. J. Morrissey, T. R.
Askew, R. B. Flippen, U. Chowdhry, and A. W. Sleight, Phys.
Rev. B 38, 225 (1988).

1A, W. Hewat, P. Bordet, J. J. Capponi, C. Chaillout, J.
Chenavas, M. Godinho, E. A. Hewat, J. L. Hodeau, and M.
Marezio, Physica C 156, 369 (1988).

12y, Shimakawa, Y. Kubo, T. Manako, Y. Nakabayashi, and H.

Igarashi, in Proceedings of the First International Symposi-
um on Superconductivity, Nagoya, Japan, 1988, Advances in
Superconductivity, edited by K. Kitazawa and T. Ishiguro
(Springer-Verlag, Tokyo, 1989), p. 781.

13M. A. Subramanian, J. C. Calabrese, C. C. Torardi, J.
Gopaladrishnan, T. R. Askew, R. B. Flippen, K. J. Morrissey,
U. Chowdhry, and A. W. Sleight, Nature (London) 332, 420
(1988).

145, S. P. Parkin, V. Y. Lee, E. M. Engler, A. I. Nazzal, T. C.
Huang, G. Gorman, R. Savoy, and R. Beyers, Phys. Rev. Lett.
60, 2539 (1988).

15Y. Shimakawa, Y. Kubo, T. Manako, T. Satoh, S. lijima, T.
Ichihashi, and H. Igarashi, Physica C 157, 279 (1989).

16T, Manako, Y. Shimakawa, Y. Kubo, T. Satoh, and H.
Igarashi, Physica C 158, 143 (1989).

17y, Kubo, T. Yoshitake, J. Tabuchi, Y. Nakabayashi, A. Ochi,
K. Utsumi, H. Igarashi, and M. Yonezawa, Jpn. J. Appl
Phys. 26, L768 (1987).

18y, Kubo, Y. Shimakawa, T. Manako, T. Satoh, S. lijima, T.
Ichihashi, and H. Igarashi, in Proceedings of the Internation-
al Conference on Materials and Mechanisms of Supercon-
ductivity and High-Temperature Superconductors, Stanford,
California, 1989 [Physica C (to be published)].

19H, Takagi, T. Ido, S. Ishibashi, M. Uota, S. Uchida, and Y.
Tokura, Phys. Rev. B 40, 2254 (1989).

203, B. Parise, C. C. Torardi, M. A. Subramanian, J. Gopalak-
rishnan, A. W. Sleight, and E. Prince, Physica C 159, 239
(1989).



