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Creation of mixed valency in the CuOz sheets of the copper oxide superconductors is a necessary 
condition to suppress long-range antiferromagnetic order and promote superconductivity. The oxida- 
tion/reduction of the (CuO& sheets is generally achieved by suitable ionic substitutions and/or 
oxygen intercalation/disintercalation. The mechanism for such an oxidation in the thallium cuprate 
superconductors has, however, not yet been established. We have adopted a simple wet chemical 
method to obtain the Tl content and a modified iodometric procedure to determine the total oxygen 
content. Our wet chemical analyses combined with thermogravimetric analysis demonstrate for the 
first time that oxidation of the CuO, sheets in T12Ba2Can-ICun02n+4 is primarily due to an overlap of 
the Tl-6s band with the u>$’ and/or P* bands of the CuOr sheets. Neither Tl vacancies nor excess 
oxygen in the T1202 blocks is required to render the thallium cuprates superconductive. o 1990 Academic 

Press. Inc. 

Creation of mixed valency in the CuO, Although the oxidation of the (CUO,)~- 
sheets of the copper oxide superconductors sheets in the Bi2Sr2Ca,-1Cun02n+4+x (n = 
is believed to be a necessary condition to l-3) family has been shown to be due to the 
suppress long-range antiferromagnetic or- excess x oxygen in the Bi,O,+, blocks (3, 
der and promote superconductivity. The ox- 4), the mechanism for such an oxidation in 
idation/reduction of the (CUO,)~- sheets is the analogous p-type “Tl,Ba,Ca,- lCu, 
generally achieved by suitable ionic substi- 0 2n+4” family has yet to be established. 
tutions and/or oxygen intercalation/disinter- The lack of any adequate chemical charac- 
calation. The possibility that an alternate terization is due to (1) a volatilization of 
mechanism may be operative in the thallium Tl during synthesis and (2) the dissolution 
cuprate superconductors has remained. un- problems encountered in the usual iodome- 
tested because of inadequate analytical pro- tric determination of the oxygen content. In 
cedures. We have adopted a simple wet the absence of firm analytical data, it has 
chemical method (1) to obtain the absolute not been possible to distinguish (5) between 
Tl content, and a modified iodometric proce- the several sources of oxidation that have 
dure (2) to obtain the total oxygen content; been suggested: the presence of Tl vacanc- 
the analysis for both thallium and oxygen ies (6), of mixed-valent Tl in a Tl,O, layer 
has allowed us to demonstrate for the first (7), and/or of excess oxygen in the T1202 
time that oxidation of the CuO, sheets oc- layer (8). We report the application of our 
curs by an overlap of the Tl-6s band. wet chemical methods combined with ther- 
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mogravimetric analysis (TGA) to the sys- 
tems Tl,Ba,CuO, and Tl,Ba,CaCu,O, to 
demonstrate that oxidation of the CuO, in 
stoichiometric Tl,Ba,Ca, _ ,Cu,OZn +4 is pri- 
marily due to an overlap of the Tl-6s band 
with the u~-~z and/or 7~* bands of the CuO, 
sheets, where the Tl content is close to two 
per formula unit. Neither Tl vacancies nor 
excess oxygen in the T&O, blocks is re- 
quired to render the thallium cuprates super- 
conductive. 

Tl,Ba,CuO, and T1,Ba,CaCu,Os were ob- 
tained by introducing into a muffle furnace 
maintained at 900°C in air an intimate mix- 
ture of stoichiometric quantities of T&O,, 
BaO,, CuO, and/or CaO pelletized and 
wrapped in a gold foil. The mixture was fired 
at 900°C for 10 min with one intermittent 
grinding and then quenched in liquid nitro- 
gen. Formation of single-phase materials 
was confirmed by X-ray powder diffraction 
recorded with a Philips diffractometer and 
Cu KCY radiation. Quenching the product in 
liquid nitrogen proved essential as air- 
quenching or furnace-cooling results in 
phase separation with the formation of im- 
purity phases such as BaCO,, BaCuO,, and 
Tl,O,. 

The Tl content was determined by a 
volumetric method (I). A known amount 
(-100 mg) of “TlzBazCa,-,Cu,O,,+,” was 
dissolved in 10 ml of 3.5 N HCl. The 
solution was diluted with water and per- 
chloric acid to 30 ml so that the resulting 
solution contained 2% perchloric acid. An 
equal volume of 10% thiourea solution was 
added, and the white precipitate that 
formed-perchlorate-thiourea complex- 
was stirred for 2 hr on a magnetic stirrer; 
other cations such as Ba, Ca, and Cu form 
soluble perchlorate-thiourea complexes 
and remain in solution. The precipitate 
was filtered on a sintered-glass crucible, 
washed with a 5% thiourea solution con- 
taining about 0.5% perchloric acid, and 
dissolved in hot water. The solution was 
acidified with 3 ml of concentrated HCl 

and boiled with 1 ml of bromine until 
the color of the bromine disappeared. The 
solution was cooled, and a few drops of 
bromine were added until the color turned 
yellow to ensure a complete oxidation of 
all Tl to T13+. The excess bromine was 
removed by adding 5 ml of 5% phenol; and 
the solution was treated with 15 ml of 10% 
KI and titrated against 0.03 N sodium 
thiosulfate solution with starch as an indi- 
cator. The Tl content was estimated from 
the titer value. The validity of the proce- 
dure was confirmed by carrying out the 
experiment under identical conditions with 
Tl,O,. Alternatively, the Tl content in the 
solution of perchlorate-thiourea complex 
could be determined by precipitating Tl as 
Tl,CrO, with K,CrO, as precipitant in an 
ammoniacal medium (9). 

The total oxidizing power of the system 
was determined by the modified iodometric 
procedure (2). A known amount (-100 mg) 
of “Tl,Ba,Ca,- ~CU~O~~+~” was dissolved in 
10 ml of ice-cold 2 N HBr in a 250-ml Erlen- 
meyer flask fitted with a ground-glass stop- 
per. The solution was shaken well and 
cooled in an ice bath; 15 ml of 10% KI was 
added to this solution, shaken well, and 
warmed up to room temperature. The liber- 
ated iodine was then titrated against 0.03 N 
thiosulfate solution with starch as an indi- 
cator. 

The analytical results for Tl,-,Ba,CuO,-, 
obtained by quenching in liquid nitrogen and 
after annealing in N, or 0, are given in Table 
I. The quenched sample is deficient in thal- 
lium (y = 0.08) and oxygen (x = 0.41) and 
has a formal Cu oxidation state of 1.41-t if 
all Tl is assumed to be T13+. The observation 
of p-type conduction suggests that the CuO, 
sheets are oxidized beyond the formal oxi- 
dation Cu*+. The observation of a concen- 
tration of Tl vacancies smaller (y = 0.08) 
than that needed to compensate for the con- 
centration of oxygen vacancies (x = 0.41) 
unambiguously demonstrates that the oxi- 
dation of the CuOi- sheets in the quenched 
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TABLE I 

ANALYTICAL DATA AND LATTICE PARAMETERS OF Tl,-,Ba2CuOg-xn 

Sample 
no. 

Preparative 
conditions 

Total Formal Oxygen Lattice 
redox oxidation content parameterse Volume 

powerb state of Cu” (‘5 - 4 TcUQd (4 (A31 

Fired at 900°C and 
quenched in liquid 
NZ 

Sample 1 annealed 
in Or at 35O”C, 
1 hrf 

Sample 2 reannealed 
in N2 at 35O”C, 
1 hr 

4.25 1.41+ 5.59 63 a = 5.479(3) 
c = 23.203(9) 

696.5 

4.98 2.14+ 5.95 

4.92 2.08+ 5.92 

Normal a = 5.451(l) 694.8 
metal 6 = 5.505(l) 

c = 23.152(6) 
26 a = 5.458(l) 696.1 

6 = 5.500(l) 
c = 23.180(6) 

a All samples showed a Tl content of 1.92 with y = 0.08. 
b Obtained by assuming all Tl+, Cu+, and 02- at the end of the titration. 
’ Assuming all Tl’+ and 02- in the solid sample. 
d Diamagnetic onset obtained from susceptibility data. 
e a = fi atet for the tetragonal samples. 
fAnnealing of sample 1 in O2 to obtain sample 2 was accompanied by an extrusion of a smaller amount of 

Tl,O,. 

samples is primarily due to a mixed Tl va- ken-Elmer Series 7 thermal analysis system 
lency; it is not due to Tl vacancies or to for Tl,,9,Ba2Cu0,-, are shown in Fig. 1. 
excess oxygen in the T1202 layer. A mixed T11,92Ba2CuOs,59, obtained by quenching in 
Tl valency implies an overlap of the Tl-6s liquid nitrogen, picks up oxygen above 80°C 
band with the conduction band. and reaches a maximum x = 0.04 close to 

The TGA plots recorded with a Per- 300°C; this oxidation is accompanied by a 

FIG. 1. TGA plots at l”C/min of T1,,,,BazCuOS,rg (sample 1 in Table I) (a) in Or atm and (b) followed 
by cooling to ambient temperature in 0, (not shown) before heating in Nz atm. The numbers refer to 
oxygen content. 
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topotactic extrusion of some Tl; only T&O, 
appears as a small second phase. The fully 
oxidized sample with x = 0.05 is a normal 
metal and is not superconducting, as has 
been observed by Shimakawa et al. (6); the 
suppression of T, is due to a higher concen- 
tration of holes in the CuO, sheets. The fully 
oxidized sample loses about 0.03 oxygen in 
N, around 350°C (Fig. lb) and exhibits a 
TC = 26 K. These observations clearly es- 
tablish that T, vanishes at higher hole con- 
centrations in this system, as also in La,-, 
Sr,,CuO, (10). Furthermore, the sample 
quenched in liquid nitrogen is generally te- 
tragonal; it transforms to the orthorhombic 
symmetry upon annealing in 0,. The fully 
oxidized, orthorhombic sample retains or- 
thorhombic symmetry upon annealing in N, 
at 350°C but it shows a T, = 26 K. Super- 
conductivity thus appears to be independent 
of the room temperature crystal symmetry, 
as was also found by Shimakawa et al. (6). 
Similar observations of T, being indepen- 
dent of the room temperature orthorhombic 
vs tetragonal symmetry have also been re- 
ported for some cation-substituted YBa, 
CU~O~+~ systems (11, 12). 

Similar experiments on Tl,-,Ba,Ca 
CU~O~-~ showed y = 0.10 and x = 0.45 in 
the quenched sample; this sample also oxi- 
dizes rapidly above 80°C and reaches a max- 
imum weight with x = 0.10 around 350°C. 
Unlike the Tl,_,Ba,CuO,-, system, the 
quenched and O,-annealed samples exhibit 
only a small difference in the value of T,. 
Since the oxidation process is accompanied 
by a topotactic extrusion of some Tl from 
the lattice as T&O, impurity, it is difficult to 
know the actual increase in hole concentra- 
tion upon oxidation and to correlate the vari- 
ation of T, with oxygen content. 

Acknowledgments 
Support for this research by the Robert A. Welch 

Foundation (Houston, TX) and the Texas Advanced 
Research Program, Grant 4257 is gratefully acknowl- 

. . 

References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

I. M. KOLTHOFF AND R. BELCHER, “Volumetric 
Analysis III,” p. 370, Interscience, New York 
(1957). 
E. H. APPELMAN, L. R. MORSS, A. M. KINI, U. 
GEISER, A. UMEZAWA, G. W. CRABTREE, AND 
K. D. CARLSON, Inorg. Chem. 26, 3237 (1987). 
A. MANTHIRAM AND J. B. GOODENOUGH, Appl. 
Phys. Lert. 53,420 (1988); Physica C 162-164,69 
(1989). 

(a) C. C. TORARDI, J. B. PARISE, M. A. SUBRAMAN- 
IAN, J. GOPALAKRISHNAN, AND A. W. SLEIGHT, 
Physica C 157, 115 (1989); (b) J. REN, D. JUNG, 
M.-H. WHANGBO, J. M. TARASCON, Y. LEPAGE, 
W. R. MCKINNON, AND C. C. TORARDI, Physica 
C 159, 151 (1989). 
A. W. SLEIGHT, Science242,1519(1988)andrefer- 
ences therein. 
(a) Y. SHIMAKAWA, Y. KUBO, T. MANAKO, T. 
SATOH, S. IIJIMA, T. ICHIHASHI, AND H. IGARA- 
SHI, Physica C 157,279 (1989); (b) T. C. HUANG, 
V. LEE, R. KARIMI, R. BEYERS, AND S. S. P. 
PARKIN, Muter. Res. Bull. 23, 1307 (1988); (c) 
A. W. HEWAT, P. BORDET, J. J. CAPPONI, C. 
CHAILLOUT, J. CHENAVAS, M. GODINHO, E. A. 
HEWAT, J. L. HODEAU, AND M. MAREZIO, Phys- 
ica C 156, 369 (1988). 

(a) S. NAKAJIMA, M. KIKUCHI, T. OKU, N. Ko- 
BAYASHI, T. SUZUKI, K. NAGASE, K. HIRAGA, Y. 
MUTO, AND Y. SYONO, Physica C 160,458 (1989); 
(b) T. SUZUKI, M. NAGOSHI, Y. FUKUDA, Y. SY- 
ONO, M. KIKUCHI, N. KOBAYASHI, AND M. TA- 
CHIKI, Phys. Rev. B 40, 5184 (1989); (c) D. R. 
HAMANN AND L. F. MATTHEISS, Phys. Rev. B 38, 
5138 (1988); (d) D. JUNG, M.-H. WHANGBO, N. 
HERRON, AND C. C. TORARDI, Physica C 160,381 
(1989). 
(a) J. B. PARISE, C. C. TORARDI, M. A. SUBRAMAN- 
IAN, J. GOPALAKRISHNAN, A. W. SLEIGHT, AND 
E. PRINCE, Physica C 159, 239 (1989); (b) J. B. 
PARISE, N. HERRON, M. K. CRAWFORD, AND P. L. 
GAI, Physica C 159, 255 (1989). 

C. MAHR AND H. OHLE, Z. Anal. Chem. 115,254 
(1939). 
J. B. TORRANCE, A. BEZINGE, A. I. NAZZAL, T. C. 
HUANG, S. S. P. PARKIN, D. J. KEANE, S. J. 
LAPLACA, P. M. HORN, AND G. A. HEALD, Phys. 
Rev. B 40, 8872 (1989). 

Il. G. XIAO, M. Z. CIEPLAK, A. GAVRIN, F. H. 
STREITZ, A. BAKHSHAI, AND C. L. CHIEN, Phys. 
Reu. Lett. 60, 1446 (1988). 

12. A. MANTHIRAMAND J. B. GOODENOUGH, Physica 
edged. C 159, 760 (1989): 


