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Layered cuprates with double and triple copper layers appear as potential materials for superconductiv- 
ity at high temperature. A review of their crystal structure in connection with their superconducting 
properties, ruling out the electron microscopy studies, is made here. The main issues include the 
nonsuperconductive layered cuprates of the “systems” Sr2LnCu206_,-LnzSrCu*O~, the important role 
of oxygen nonstoichiometry in superconductivity for thallium cuprates, the oxygen inhomogeneity in 
lead cuprates, and the proximity effects in bismuth cuprates. o IWO Academic press, IK. 

Introduction theless, several issues concerning these ma- 
terials did not receive any answer, and 

Systematic investigation of oxides con- suggest that the relationships between crys- 
taining copper has been carried out by many tal chemistry and superconductivity in those 
groups these last 4 years simultaneously. A phases are more complex than expected in a 
large family of layered cuprates was isolated, first approach. About 20 compounds or 
with the general formula (ACuO,-,), (A’O), solid-solutions involve double or triple cop- 
noted [m,n], corresponding to the inter- per layers as shown in Table I. A great num- 
growth of multiple oxygen-deficient perov- ber of them are superconductors. However, 
skite layers and multiple rock salt-type lay- one can notice that, curiously, those which 
ers. A great number of those oxides exhibit exhibit single rock salt layers do not super- 
superconducting properties at high tempera- conduct. These materials will be the subject 
ture owing to the presence of the mixed va- of the first part of this paper. The thallium 
lence of copper Cu(II)-Cu(II1) and to the bi- cuprates appeared very early as potential 
dimensional character of their structure. materials with the highest T,‘s, and it was 
Many reviews have been devoted to the thought that the value of the critical tempera- 
structural principles and nonstoichiometry ture was closely dependent on the number of 
phenomena in connection with the supercon- copper layers in the perovskite slab. Re- 
ducting properties of these materials. In the cently, it was shown that the relationship be- 
present paper, we would like to focus our at- tween T,‘s and oxygen nonstoichiometry is 
tention on the oxides involving double (m = very complex. This issue will be exposed in 
2) and triple (m = 3) copper layers. Those the second part of this review. Besides these 
oxides were indeed found to exhibit the high- oxides, the lead cuprates which have been 
est critical temperatures up to now. Never- isolated recently represent promising mate- 
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STRUCTURE AND SUPERCONDUCTIVITY OF LAYERED CUPRATES 

TABLE I 
THE DIFFERENT LAYERED CUPRATES (A Cu 0,-J, (A’O), WITH DOUBLE (m = 2) 

AND TRIPLE (m = 3) COPPER LAYERS 

m = 2: (ACu03-J2 (A’O), m = 3: (A’Cu03-J3 (A’O), 

n=l 
La*-3rI+$u206 (I, 3) N.S.C. PbBaYSrCu308 (II) N.S.C. 
La2-,Cal+,Cu206 (2) N.S.C. PbBaYSr,-,CaxCu308 (II) S.C.(?) 
A~-J~,+~CU@C+ (5, 6) N.S.C. 
Sr2NdCu205,76 (10) N.S.C. 
Srl-9Lal.ICuZ05.83 t9) N.S.C. 
SrWWudh (7) N.S.C. 

n=2 
T1Ba,CaCu20, (16, 17) S.C. Tl Ba2Ca2Cu309 (27-29) S.C. 
TISrzCaCuzO, (20) S.C. T&sPb0.sSrzCazCu309 (19) S.C. 
TlO,sPbO,sSrzCaCuzO, (19) S.C. 
T1Ba2LnCu20, (22) N.S.C. 
(Ln = Y,Nd) 
Tl Ba&a, -$&O, (23, 24) S.C. 
(Tl,Bi) Sr2Ca,-xYxC~207 (25,26) S.C. 
Pb8.sSr2.50Y,-,Ca,Cu207 (50, 51) S.C. 
Pbo C%dr2Y, -$a,Cu207 (5.3 S.C. 

n=3 
T12Ba2Ca Cu208 (32-36) S.C. T12Ba2Ca3Cu30,, (32, 34, 35, 39) S.C. 
T@ki-,Sr,CaCU208 (37) S.C. Bi2Sr,Ca2Cu3010 (66-71) S.C. 
Bi2Sr2CaCu208 (55-63) S.C. Bi2-,Pb,Sr2-,Ca2+xCu30,0 (67) S.C. 
Bi,-,Pb,Sr2Ca,-,Ln,Cu208 (64) S.C. 
Tl2-,/3 Ba,+,Tl, -,L~zCU~O~ (38) N.S.C. 
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rials for superconductivity. Nevertheless, 
they generally exhibit broad resistive transi- 
tions. This third point will be discussed here. 
Although they exhibit high T,, the bismuth 
cuprates are characterized by strong revers- 
ibility effects under a magnetic field. The 
problems of incommensurability and prox- 
imity effects in those latter phases will be dis- 
cussed in the last part of this paper. 

I. Nonsuperconductive Cuprates with 
Single Rock Salt-Type Layers 

The oxides La,-~,+,Cu,O,-,,, + s (A = 
Ca,Sr) were the first layered cuprates of the 
family (ACuO,-.),(A’O), which were syn- 

thesized (I). They crystallize in the tetrago- 
nal system (a = ap, c - 20 A). Their struc- 
ture which was recently confirmed by 
neutron diffraction in the case of calcium (2) 
and strontium (3) corresponds to m = 2 and 
n = 1, i.e., consists of double pyramidal 
copper layers interleaved with calcium or 
strontium cations and intergrown with sin- 
gle rock salt-type layers (Fig. 1). The elec- 
tron transport properties of these materials 
were also investigated 10 years ago in the 
range 100-300 K (4). They show a progres- 
sive evolution from a semiconducting to a 
semimetallic behavior (Fig. 2) as the triva- 
lent copper content increases. The Seebeck 
effect measurements evidenced also a hole 
conduction (Fig. 3). It is remarkable that 
these oxides do not exhibit any supercon- 
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FIG. 1. Structure of the oxide La,$r1,&u206: La,Sr 
(large solid circles), Cu (small solid circles), 0 (open 
circles). 

ductivity in spite of their lamellar structure 
characterized by double copper layers abso- 
lutely similar to those observed in thallium 
and bismuth cuprates and of the existence 
of the mixed valency Cu(II)-Cu(II1). 

I U(Q-lcm-1) 

La1.95r1.1Cu2 05.97 

100 

j 2 4 8 8 * 
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FIG. 2. Conductivity IT (logarithmic scale) vs recipro- 
cal temperature for various compositions in the series 
Laz-,A,+xCU206-x/2+6. 
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FIG. 3. Seebeck coefficient a plotted as a function of 
absolute temperature for La2-XAI+xCu206-X,2+s. 

The oxygen nonstoichiometry in those 
oxides is rather complex, due to the possible 
intercalation of excess oxygen between py- 
ramidal layers, leading to formulations of 
the type La2-xA1+xC~206+y by annealing 
under an oxygen flow. The reversibility of 
this phenomenon and its dramatic influence 
on the conductivity is shown in Fig. 4 for 
La,,,Ca,&u,O,-X. It can be seen that start- 
ing from the oxide “x = 0.04,” which exhib- 
its a semimetallic behavior, and heating un- 
der argon lead to a drastic decrease of 
conductivity due to a departure of oxygen 
as soon as the temperature reaches 373 K; 
if one stops the heating at 570 K and cools 
the sample down to 100 K, a semiconducting 
behavior is observed, which is also obtained 
by heating again the sample in the same inert 
atmosphere up to 570 K. Stopping heating 
at this temperature and introducing air lead 
immediately to an abrupt increase of the 
conductivity due to the very fast absorption 
of oxygen by the sample. These properties 
of intercalation-disintercalation of oxygen 
must be emphasized since they can be used 
advantageously to day to adjust the number 
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FIG. 4. Conductivity q (logarithmic scale) vs 10-‘/T 
under diierent atmospheres for the La,,wCa,,,,$u205,97 
compound: (1) first heating under inert atmosphere, (2) 
first cooling then second heating under inert atmo- 
sphere, (3) air introduction at high temperature, (4) 
cooling in air. 

of hole carriers in the thallium cuprates and 
consequently to optimize their supercon- 
ducting properties as will be shown below. 

Besides, this first class of [2, l]-layered 
cuprates, a second series of oxides, with 
richer strontium contents, were isolated (5). 
These oxides, which correspond always 
to the general formula Ln,-,Sr,+X 
cw-x/2+6’, differ from the lanthanide-rich 
oxides by a significant deficiency with re- 
spect to the “0,” ideal formula given above. 
They were obtained for samarium, euro- 
pium, and gadolinium with x values ranging 
from 0.70 to 0.90. Recently, a similar phase 
was synthesized for lanthanum (6). The 
crystallographic characteristics of those ox- 
ides which are given in Table II show that 
they differ from the preceding oxides by a 
tripling of one of the parameters leading to 
an orthorhombic cell with a I- up, b = 3~5, 

TABLE II 

CELL PARAMETERS OF THE ORTHORHOMBIC OXIDES 

Lnz-, Srl+xCu206-x12+6 (Ln = Sm, Eu, Cd) 

LIZ Composition x a(A) b(A) d-4 VG‘Q 

Sm Sm,.,Sr,,,Cu,O,., 0.7 3.746 11.416 20.068 858.2 
Sm, ,Sr, 0~~05.~ 0.9 3.747 11.439 20.058 859.7 

Eu Eu,,S~,.,CU,O,,,~ 0.6 3.742 11.325 20.052 849.8 
Eu,,,Sr,.,Cu,O,,,, 0.7 3.744 11.337 20.047 850.9 
Eu, ,Sr,.&W5.55 0.9 3.742 11.380 20.020 852.5 

Gd Gd&, O&5 0.7 3.738 11.350 20.045 850.4 
Gd,.,Sr,,CulO,,,, 0.9 3.739 11.385 20.015 851.8 

c = 20 w (up = 3.8 A, cell parameter of the 
cubic perovskite cell). 

Recently, a new layered cuprate Sr,Nd,- 
cu& was synthesized by solid state reac- 
tion under an argon flow and its structure 
was determined by neutron diffraction (7). 
This phase, which can also be formulated 
Sr2NdCu205.M, exhibits similar parameters 
to those observed for the other strontium- 
rich compounds. The structure of this oxide 
(Fig. 5) is characterized by a similar arrange- 
ment of the metallic atoms and a great part 
of the oxygen atoms with respect to the 
La&-Cu,O,-type structure (Fig. 1). How- 
ever, several of the oxygen atoms and an- 

-123' 

FIG. 5. Schematic drawing of the structure of the 
oxide Sr6Nd3Cu601,. 
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ionic vacancies are distributed in a different 
way. Consequently, it appears that this 
structure is intermediate between the struc- 
ture of the “123” phase YBa,Cu,O, (8) and 
the “0212” structure of La,SrCu,O,. One 
can describe it as a regular intergrowth of 
the “123’‘-type structure with the rock salt 
structure. It is indeed built up from “123”- 
type ribbons [Sr,,,Nd,,,Cu,O,,,], running 
along b and from [Sr,,,Nd,,,O], rock salt- 
type layers parallel to (100). Thus Sr,Nd, 
CU,O,~ can be considered as the member m 
= 2, IZ = 1 of a series of intergrowths of 
general formula [ACUO,,,,]~‘~~” [AO]:, in 
which A will correspond to an adequate con- 
tent of alkaline earth cations (Sr, Ba) and of 
lanthanides. The “123” [Sr,,,Nd,,,Cu, 
O,,,], ribbo$s, which are three polyhedra 
wide along b (2Cu05 + 1 CuOJ exhibit 
a significant difference with the classical 
YBa,Cu,O, structure (8). The Cu-0 inter- 
atomic distances show indeed that the CuO, 
groups as the CuOs pyramids are strongly 
distorted with Cu-0 distances ranging from 
1.85 to 2.22 A. The apical Cu-0 distance of 
the CuOs pyramid (2.22 A) is shorter than 
that observed for YBa,Cu,O, (2.29 A), 
whereas a large distortion is observed in the 
basal plane (1.88 to 2.02 A) compared to 
YBa,Cu,O, (1.93 to 1.96). The CuO, groups 
are no more planar; Cu(l), two O(1) atoms, 
and O(5) remain approximately in the same 
plane whereas O(8), which ensures the 
junction between two CuO, groups, is sig- 
nificantly out of this plane leading to a 
Cu-0-Cu angle of 110” instead of 180”. 
Those features are easily understable if one 
consid$rs the sequence of “123” ribbons 
along c (Fig. 5). Two successive ribboy are 
indeed shifted of about 3.8 w along b , so 
that at a same level along this latter direc- 
tion, a neodymium plane is replaced by a 
copper plane. Such an arrangement induces 
strains in the structure which can only be 
decreased by a distortion of the CuO, and 
CuO, polyhedra and by their tilting. 

The distribution of the strontium and neo- 

dymium cations is remarkable and is cer- 
tainly an important factor for the stabiliza- 
tion of such a structure. One indeed 
observes that in the middle of the “123”- 
type ribbons the smaller cations, neodym- 
ium, take the place of yttrium in eight-fold 
coordination (Nd(1) sites) whereas, in the 
rock salt-type layers, the sites which exhibit 
an sixfold coordination (Sr(4) sites) are 
only occupied by strontium. On the oppo- 
site, the cationic sites which are located at 
the intersection of the rock salt layer and of 
the basal planes of the CuO, pyramids (Nd/ 
Sr(3) sites) are occupied half by strontium 
and half by neodymium. In the same way, 
it is worth pointing out that the barium sites, 
in the “123” ribbons, are occupied by much 
smaller cations, half neodymium and half 
strontium (Nd/Sr (2) sites). This latter occu- 
pancy may be at the origin of the distortion 
of the CuO, square groups and may allow 
an adjustment of the “123” and rock salt 
layers. 

The structure of the other strontium-rich 
compounds, with oxygen contents interme- 
diate between “05,66” and “O,“, is up to 
now not completely elucidated. Neverthe- 
less, the neutron diffraction studies of the 
oxides La,,,Sr,,,Cu,05,,, (9) and NdSr, 
Cu,O,,,, (IO) clearly show that their struc- 
ture is closely related to that of Sr,Nd,- 
cu,o,,. The oxygen distribution in the 
structure can indeed be interpreted as the 
result of the intimate intergrowth of two ex- 
treme structures, the first one correspond- 
ing to Sr,Nd,Cu,O,, (Fig. 5) and the second 
one corresponding to the hypothetical com- 
pound Sr,NdCu,O, whose ideal structure 
(Fig. 6) would consist of six-sided tunnels 
built up from rings of six corner-sharing 
CuO, pyramids. Such tubes would be ar- 
ranged in such a way that they form fluorite- 
type cages, and rock salt-type layers where 
the Nd and Sr cations are located. 

From all these results it is clear that the 
oxygen nonstoichiometry in the “0212” ox- 
ides is far not completely understood and 
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A2NdCu 0 
2 6 

FIG. 6. Schematic drawing of the structure of the 
hypothetical oxide SrzNdCu,Oh. 

that it should be possible to synthesize new 
phases by playing with ordering of oxygen 
and vacancies, i.e., by changing the thermal 
treatments (temperature, time) and also the 
nature of the gaseous atmosphere. Although 
they do not superconduct, the knowledge of 
their magnetic and electron transport prop- 
erties will be of capital importance in order 
to understand superconductivity in layered 
cuprates. 

Another layered cuprate PbBaYSrCu,O, 
(II) involving single rock salt layers has 
been recently isolated. This oxide repre- 
sents the [3,1] member of the (ACuO,-,), 
(A’O), family. Its structure (Fig. 7) consists 
of triple copper layers (m = 3) with copper 
in pyramidal and square planar coordination 
forming fluorite-type cages where strontium 
and yttrium are located. These oxygen-de- 
ficient perovskite layers are intergrown in 
the single rock salt-type layers containing 
mainly lead and barium. Assuming that a 
great part of lead exhibits the divalent state 
since located on the same site as barium, it 
can be seen that the two factors required for 
superconductivity-mixed valency of cop- 
per and low dimensionality of the struc- 
ture-are obtained for this compound. 
Again, as for the other phases involving sin- 
gle rock salt-type layers, no superconduc- 

tivity was detected. Nevertheless, it should 
be pointed out that a partial substitution of 
calcium for strontium led to a phase in which 
approximately 1% diamagnetism was de- 
tected at 50 K. Unfortunately, it could not 
be proved whether such a phenomenon was 
not due to traces of other superconductive 
lead cuprates. 

As a conclusion, it is remarkable that the 
La,CuO,-type oxides remain the only ox- 
ides with single rock salt-type layers (12) 
which exhibit up-to-date superconducting 
properties (13). 

II. Thallium Cuprates: The Spectacular 
Effect of Oxygen Nonstoichiometry 
upon T, 

After the discovery of superconductivity 
at 85-100 K in the system Tl-Ba-Ca-Cu-0 
(14, 15) a great number of superconductive 
thallium cuprates were isolated by different 
authors. Among those oxides, the com- 
pounds which appear as most promising are 
those which exhibit double and triple copper 
layers, owing to the fact that they exhibit 
the highest T,‘s and that they seem more 
stable than the other thallium cuprates of 
the series. Nine oxides: [2,2] [3,2], [2,3], 
and [3,3] members of the series (ACuO, -,>, 

A 

C 

v 

FIG. 7. Idealized drawing of the “0223” structure: 
PbBaYSrCu,Os. 



146 RAVEAU, MICHEL, AND HERVIEU 

(A’O), are known up to now. Seven of them 
are superconductors. These materials can 
be subdivided into two series according to 
their structure. The [2,2] and [2,3] members 
correspond to the first series with formula 
T~~~am-~C~mO~m+~ and are characterized 
by double rock salt-type layers involving 
thallium monolayers (Figs. 8a and 8b). The 

a 

CU 

Ba, Sr 
TI, Bi 

TI, Bi 
Ba, Br 

Cl’ 
Ca 

CU 

[3,2] and [3,3] members belong to the second 
series T12A2Cam-1Cum02m+4 (Figs. 8c and 
8d), involving triple rock salt layers, i.e., 
thallium bilayers. 

The “1212’‘-phases, corresponding to the 
intergrowth of double pyramid layers with 
double rock salt layers (Fig. 8a), exhibit a 
wide range for critical temperatures, de- 
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FIG. 8. Schematized structures of (a) “1212” oxides, e.g., TIBazCaCu207 (m = 2, n = 2); (b) “1223” 
oxides, e.g., T1BazCa2CuJO10 (m = 3, n = 2); (c) “2212” oxides, e.g., TlzBazCaCuzOsor Bi2Sr2CaCuZ08 
(m = 2, n = 3); and (d) “2223” oxides, e.g., T12BazCazCu,0,,, or Bi2Sr2Ca2Cu3010 (m = 3, n = 3). 
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pending on the nature of the oxide, but also 
on the experimental method. Moreover, the 
synthesis of some of them is sometimes very 
difficult owing to the formation of inter- 
growths corresponding to other members of 
the family. TlBa,CaCu,O, was discovered 
by two staffs almost simultaneously (16,17). 
The critical temperature of this phase was 
found to be variable according to the au- 
thors, ranging from 50 K (17) to100-112 K 
(16, 18). Moreover it was observed by the 
different authors that it was very difficult 
to obtain for this compound a high purity, 
leading very often to the existence, besides 
that phase, of intergrowths corresponding 
to other members of the series. The synthe- 
sis of the corresponding strontium oxide Tl 
Sr,CaCu,O, is still much more difficult. Sev- 
eral attempts made by Subramanian et al. 
(19) were unsuccessfull, whereas Martin et 
al. (20) prepared it as a mixture containing 
a majority of TlSr,CaCu,O, (about 90%) and 
observed superconducting properties with 
zero resistance below 47 K, and a diamag- 
netic volume fonction of 13%. The “1212” 
structure can be stabilized in a very attrac- 
tive manner by substituting lead for thallium 
leading to the original phase Tl,,,Pb,,,Sr,Ca 
Cu207, isolated by Subramanian et al. (19). 
The latter authors showed that the critical 
temperature of this phase was stabilized at 
85 K. Its structure (Fig. 8a) is derived from 
the pure thallium oxides by replacing half of 
the thallium cations by lead in the thallium 
monolayers. It is worth pointing out that the 
Pb-0 distances (19) as well as the X-ray 
absorption study (21) suggest that in this 
phase lead exhibits the tetravalent state. 
The complete substitution of calcium by a 
trivalent rare earth element, such as yttrium 
or neodymium, is possible without changing 
the structure, but kills the superconducting 
properties as shown for the oxides TlBa,Ln 
Cu,O, (22,23). On the other hand, the partial 
substitution of calcium by such a lanthanide 
enhances the critical temperature. For in- 
stance, an increase of T, from 73 to 103 K 

was observed for the oxide TlBa2Ca,-,Y, 
Cu,O, as x increases from 0 to 0.2 (24); how- 
ever, Meissner fraction extrapolated at 0 K 
decreases drastically at the same time from 
46% in the nondoped sample to 0.2% for x 
= 0.20. In the same way, superconductivity 
in the region 60-90 K was found for the 
oxides TlSr,Ca, -Jn,Cu207 (25, 26). Thal- 
lium can also be partly replaced by bismuth 
leading to the 1212-type oxides (Tl,Bi) Sr, 
CaCu20, (27) and Tl,,,Bi,,5, Ca,-, Y,, Sr, 
CuO, (28), which exhibit critical tempera- 
tures ranging from 83 to 102 K. 

The “1223’‘-phase TlBa,Ca&O,, 
whose structure involves triple copper lay- 
ers with copper in pyramidal and square pla- 
nar coordination (Fig. 8b), was isolated at 
the beginning of 1988 (29,30) and confirmed 
several months later by different authors 
(31). Contrary to the 1212-type oxides, the 
critical temperature of this phase is not very 
sensitive to the experimental method of syn- 
thesis. The replacement of thallium by lead 
in the thallium monolayers is also possible 
and allows the strontium cuprate TJ,,Pb,,5 
Sr,Ca,Cu,O, (19) to be synthesized, whose 
T, is also close to 120 K. 

The “2212” thallium cuprate Tl,Ba,Ca 
Cu,O, (32-36) represents the [3,2] member 
of the series, characterized by thallium bi- 
layers sandwiched by barium layers, the py- 
ramidal copper layers being similar to those 
observed for the 1212-type oxides (Fig. 8~). 
Different from TlBa,CaCu,O,, this super- 
conductor is easily prepared as a pure 
phase. At first sight, its critical temperature 
appears higher than that observed for the 
“1212” phase. Nevertheless, it should be 
pointed out that the T,‘s observed for this 
phase varies from one author to the other, 
ranging from about 97 to 108 K according to 
the method of synthesis. This latter issue 
which takes its origin in the oxygen nonstoi- 
chiometry will be discussed later. Barium 
can be replaced by strontium leading to a 
solid-solution Tl,Ba,-,Sr,CaCu,Os (37) 
whose T, curiously decreases from 110 K 
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for the pure barium phase (X = 0) to 44 K 
for the pure strontium oxide (x = 2). The 
substitution of a lanthanide for calcium in 
the oxide Tl,Ba,CaCu,Os has a similar effect 
to that observed for the “1212” phase; it is 
indeed observed that in the solid-solution 
Tl,Ba,Ca, -XYXCuZOs, T, increases with x up 
to x = 0.1 and then decreases dramatically 
beyond this value. The thallium nonstoichi- 
ometry in this phase is in fact very complex. 
Besides the classical “2212” formula, Tl, 
Ba2CaCu20s, isostructural compounds with 
much richer thallium contents have been 
isolated corresponding to the formula 
TL4x0 Ba,+,LnCu,O, with Ln = Pr, Nd, 
Sm and x close to 0.25 (38). The structure 
of one of those oxides Tl,,,,Bal,25 PrCu,Os 
clearly shows that a great part of the barium 
sites are occupied by thallium leading to the 
formulation Tlif’,, (Tl&Ba,.,J PrCu,O,. 
Thus, in this oxide the thallium monolayers 
are approximately unchanged whereas thal- 
lium and barium are distributed over the two 
other layers suggesting that, on those latter 
sites, thallium exhibits a univalent state. 
Contrary to the other “2212” oxides this 
latter phase is not superconductive. 

The “2223’‘-phase Tl,Ba,Ca,Cu,Ot,, (32, 
34,35,39) represents, up to now, the super- 
conductor which exhibits the highest critical 
temperature, T, = 125 K. Such a structure 
(Fig. 8d) which consists of triple copper lay- 
ers as in the “123” phase and triple rock salt 
layers as in the “2212’‘-phase has not been 
synthesized for strontium and in a general 
manner few substitutions have been suc- 
cessful for this compound. Like the “2212”- 
phase, this oxide can easily be prepared as 
a pure phase, i.e., without intergrowths as 
impurities provided the temperature of the 
synthesis be controlled carefully. The great 
difference of this phase with other thallium 
cuprates, especially with “1212”, “2212”, 
“1201”, and “2201” oxides, deals with the 
fact that its critical temperature is not af- 
fected by the method of synthesis so that all 
authors agree with a T, of 125 K. 

One important feature of those thallium 
cuprates is that the oxygen nonstoichiome- 
try influences drastically their critical tem- 
peratures at least for the members corre- 
sponding to m smaller than 3. This was 
indeed shown first for the oxides TlBa,Ca 
Cu,O, and Tl,Ba,CuO, (17). These latter 
compounds prepared under oxygen pres- 
sure of several atmospheres in sealed am- 
poules were found to be superconducting 
(T, = 50 K) and nonsuperconducting, re- 
spectively; annealing these samples at 
450-500°C under an argon flow allowed T, 
to be increased up to 65 K for the first one 
and superconductivity at 30 K to be ob- 
tained for the second one. The fact that the 
superconducting transition can be increased 
by decreasing the oxygen content was then 
confirmed later for Tl,Ba,CuO, (40, 41) 
whereas the opposite was found for Tl,Ba, 
CaCu,O, (42) and T1,Ba,Ca,Cu,OIO (43). A 
study of the annealing of Tl,Ba,CaCu,O, 
crystals under argon and vacuum (28) 
showed a more complex behavior: for one 
of the crystals T, decreased by vacuum an- 
nealing, whereas for the others T, increased 
significantly. A recent study of Tl,Ba,Ca 
Cu,O, clearly shows that in those cuprates 
the critical temperature is mainly governed 
by the oxygen stoichiometry (44). Starting 
from a sample synthesized under an oxygen 
pressure of about 4-7 bars in sealed tubes 
three sorts of annealings were performed in 
a first step corresponding to samples A, B, 
and C, respectively. For sample A, anneal- 
ing was performed at 400°C in an oxygen 
flow. For sample B, annealing was carried 
out in an argon flow at 400°C. For sample 
C, the sealed silica ampoule containing the 
“as-synthesized” sample was cooled down 
to 400°C and kept at this temperature for 12 
hr and then slowly cooled down to room 
temperature. Figure 9a shows the real part 
x’ of the AC susceptibility of the A (or B) 
as-synthesized sample (A and B were syn- 
thesized in the same evacuated ampoule) of 
oxygen annealed sample A and of argon- 
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FIG. 9. (a) Real part x’(T) of the magnetic AC susceptibility of thallium cuprates TlzBazCaCuzOs: (1) 
as synthesized sample (T, = 96 K), (2) sample annealed under oxygen flow at 400”C, (3) sample annealed 
under argon flow at 400°C. (b) Imaginary part x”(T) of the magnetic AC susceptibility corresponding 
to the curves in (a). 

annealed sample B. The data are not cor- well by argon annealing as by oxygen an- 
rected for the demagnetizing effects as nealing. One indeed observes that T, is 
shown from the x’ values smaller than - 1. about 97 K for the as-synthesized samples, 
The first important result deals with the fact whereas it is increased up to 104 K by oxy- 
that the critical temperature is increased as gen annealing (sample A) and up to about 
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FIG. 10. Electrical resistance versus Tfor a TIZBazCaCuzOs sample: (1) as synthesized sample (T, = 
100 K), (2) the same sample annealed under argon flow at 400°C. 

1 - As synthesized 

2 -- Ar annealed 

112 K by argon annealing (sample B). The ature (Fig. 11): AT, = 17 K. However, the 
AC magnetic field amplitude (5 Oe) was the diamagnetic volume of the grains started to 
same for the three curves reported in Fig. 9. decrease, owing to the long annealing time 
The difference between the magnetization in these conditions. The C’ sample was then 
in the low temperature range comes from heated at 800°C for l/2 hr in air, and finally 
the grain decoupling as can be seen on the rapidly cooled down to room temperature. 
imaginary part x” of the magnetic suscepti- The resulting C” sample shows a decrease 
bility versus temperature (Fig. 9b). These of T, down to 105 K (Fig. 11) but the diamag- 
magnetization measurements are confirmed netic volume in the low temperature range is 
by electrical resistance as can be seen in largely increased compared to C’, showing a 
Fig. 10 for the argon annealing effect on the good evidence of grain boundaries “recon- 
as-synthesized samples. struction.” 

At this stage of the experiment it appears 
that oxygen loss during annealing either un- 
der argon or oxygen flow should be respon- 
sible for the increase of T,‘s, suggesting that 
it allows the optimal hole carrier density to 
be reached by those thermal treatments. In 
order to confirm this hypothesis, sample C 
U’c - 98 K) was heated in an evacuated 
ampoule in the presence of zirconium turn- 
ings for 12 hr at 400°C. The x’ (7) curve 
after annealing of the C’ sample shows a 
spectacular increase for the critical temper- 

It is clear from these experiments that 
there exists an optimum of the hole carriers 
density leading to a maximum of T,. Never- 
theless, although the oxygen nonstoichiome- 
try seems to play an important role in this 
phenomenon, the weight loss may also result 
from the thallium oxide volatilization. The 
volatility of thallium oxide at 400°C was in- 
deed demonstrated for this compound by 
chemical analysis. In order to avoid this thal- 
lium loss the annealing of Tl,Ba,CaCu,O, 
was then performed at 300°C in reducing at- 
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FIG. 11. Real part x’(T) of the AC susceptibility of a TlzBazCaCuzOs sample prepared with the same 
synthesis conditions as samples A and B (Fig. 9a): (C) sample annealed at 400°C under oxygen pressure 
in sealed silica ampoule, (C’) the same sample annealed in evacuated silica ampoule with Zr turnings 
at 400°C for 12 hr, (C”) the C’ sample heated during l/2 hr at 800°C in air. 

mosphere (argon-hydrogen); under these 
conditions no thallium loss was observed. A 
spectacular effect of this method of annealing 
upon T,‘s was observed as shown on Fig. 12. 
T, can indeed be increased from 96 to 118 K 
for a very short annealing time of 15 min. It 
can also be seen that the variation of the an- 
nealing time does not influence drastically 
the Tc’s but that a prolonged annealing tends 
to decrease the diamagnetic volume. The 
weight losses determined by TGA corre- 
sponding to each of these curves are listed 
in Table III. It is worth pointing out that the 
weight losses are very small, and that the 
smallest weight loss of 0.07% leads to a dra- 
matic increase of T,‘s: AT, -‘I 22 K. 

Similar effects were observed for the 
“ 1212” phase TlBa,CaCu,O, and for T&Ba, 
CuO, whose study is in progress (47), 
whereas the influence of this annealing is 
considerably decreased as the number m of 

copper layers increases; the critical tempera- 
ture of TIBa,Ca,Cu,Og is only increased of 5 
K, whereas for T1,Ba2Ca,Cu,0,, T, remains 
unchanged (125 K). It must also be empha- 
sized, from the HREM observations, that the 
treatment under hydrogen at 300°C does not 
alter the materials, contrary to the annealings 
at 400-500°C under different atmospheres. 
The oxygen nonstoichiometry is the key for 
the optimization of the superconducting 
properties and especially the critical temper- 
ature of the thallium cuprates, owing to its 
great influence upon the hole carrier density. 
This explains why the values of T, observed 
for the “2212” phase could be rather differ- 
ent from one author to the other, depending 
upon the oxygen pressure and temperature 
and time used for its preparation (18,45-46). 

It is worth pointing out that the effect of 
oxygen nonstoichiometry upon T,‘s is all the 
more important since the number of copper 
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FIG. 12. AC susceptibilities x’(T) of the same sample Tl“2212” for different annealing times in a gas 
mixture (Ar 90% + Hz 10%). Annealing times and weight losses are listed in Table III. 

layers forming the perovskite slabs is 
smaller, i.e., since m is smaller. One indeed 
observes AT, variations of 90 K for T12Ba2 
CuO, (m = l), of more than 20 K for TlBa,Ca 
Cu,O, and T1,BazCaCu,08 (m = 2), and of 
O-5 K for TIBa,Ca,Cu,Og and Tl,Ba,Ca, 
Cu,O,, (m = 3). Thus, the important factor 
which governs the Tc’s in thallium cuprates is 
the hole carrier density per mole of copper 
in the structure (equivalent to the number of 

Cu(II1) per mole Cu) and this factor seems to 
be predominant with respect to the effect of 
the number m of copper layers in the perov- 
skite slabs. 

The main issue which remains to be solved 
deals with the knowledge of oxygen content 
and distribution in the structure, and conse- 
quently the actual carrier density. Neverthe- 
less the “annealing at 300” in a reducing at- 
mosphere” appears as a very powerful 

TABLE III 

EFFECT OF ANNEALING IN AN Ar/H2 FLOW AT 300°C 
UPON SUPERCONDUCTING PROPERTIES OF T12Ba2 
CaCuaOs 

:* 0;” 

O 8 O 8 O VY,C~ 
“2212” Annealing 
Sample period Total weight loss Tc 6) 

1 Untreated 96 
2 15 min 0.07% 118 v v P 
3 120 min 0.4% 117 
4 720 min 2.2% 115 FIG. 13. Schematized [llO] projection of the struc- 

ture of Sr,(Pb,Bi),Cal-XYXCujOg. 
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FIG. 14. Resistivity versus temperature for a poly- 
crystalline sample of Pb2Sr2(Ca,Y)Cu,0s from Cava et 
al. (48). 

method to control the hole carrier density 
and consequently, the T,‘s of those cuprates 
without altering the structure. 

III. Superconductive Lead Cuprates: 
Promising Materials but Broad Resistive 
Transitions 

Among the different layered cuprates 
only three series of lead oxides are charac- 
terized by double and triple copper layers: 

-The BaPbYSrCu,Os series (II). 
-The Pb,Sr,Ca, -XY,Cu,O, series (48, 

49). 
-The Pb,,,Sr&a, -XYXCu,O,-B series 

(50-52). 

BaPbYSrCu,O, (II) is the only “pure lead” 
cuprate with triple copper layers, but unfor- 
tunately is not superconductor as already 
discussed above. 

The superconductor Pb,Sr,Ca, -XYXCu,O, 
discovered by Cava et al. (48) is formed 
of copper bilayers. Its structure (Fig. 13) 
consists of double pyramidal copper layers 
alternatively with single copper layers so 
that it can be described as a double inter- 
growth of double and single deficient perov- 
skite layers with single rock salt-type layers. 

2r 
1.8 - .- * . + X10.6 y 1 

. 
1.6-m 

- X=0.6 y 0.5 

1.2*- . 
R/R 1.. ,++ + + + + + * + 
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0.4,. : 
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FIG. 15. Resistance normalized to Rjo K versus tem- 
perature for the oxides Pb2-xBi,Sr2C~Y,-,Cu30s: x = 
0.6, y = 1 and x = 0.6, y = 0.5. 

In fact, this material is characterized like 
YBa2Cu,0,-, with 6 > 0, by a dispropor- 
tionation of Cu(I1) into Cu(II1) and Cu(1) 
(53) so that the single copper layers are only 
formed of Cu’02 rods involving univalent 
copper whereas the double pyramidal layers 
exhibit the mixed valency Cu(II)-Cu(II1). 
It is most probable that superconductivity 
takes its origin in those latter double copper 

4xa 

t 

m 

FIG. 16. Pb0,5Sr2,5YI -XCaXCu,07-8: model of a perfect 
ordering of the Pb(I1) and Sr in the intermediate rock 
salt layers. This idealized drawing shows that 4a x c 
superstructure can be built up. Other models can be 
obtained by translation of the adjacent layers. 
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FIG. 17. Temperature dependence of the ratio R(T)IR(300 K) for different synthesis conditions 
(unannealed samples) for Pb0,,Sr2,5YI -xCaxCu20,-s. 

layers. it must be emphasized that the syn- 
thesis of this oxide, which is performed un- 
der a reduced oxygen pressure, is difficult. 
Moreover the resistive transition is very 
broad with a T, (onset) of 80 K and T, offset 
of 46 K (Fig. 14). The substitution of bis- 
muth for lead allows the superconducting 
properties of this phase to be considerably 
improved. The critical temperature of the 
isostructural oxides Pb,-,Bi,Sr,Y, -$a, 
Cu,Os (49) is indeed displaced towards 
higher values as shown for instance for 
Pb,.,Bi,,,Sr,Y,.SOC~,~~Cu,08 which exhib- 
its a T, (onset) of 100 K and a zero resistance 
at 79 K (Fig. 15). But here again the resistive 
transition remains broad and could not be 
improved up to now. 

The oxide Pb,.,Sr,,,Y,_,Ca,Cu,O,_, (50, 
52) is the only pure lead cuprate which ex- 
hibits double copper layers. Its structure 
(Fig. 16) belongs indeed to the “1212’‘-type 

already described for TlA, CaCu,O, (A = 
Ba,Sr) (Fig. 8a). Mixed lead-strontium 
monolayers [Pb,,,Sr,~,O], replace the [TlOl, 
monolayers in the double rock salt slabs. 
Nevertheless an important difference with 
the thallium cuprates deals with the exis- 
tence of oxygen vacancies at the boundary 
between the perovskite and rock salt-type 
layers. It results in the existence of several 
superstructures which can be interpreted in 
terms of ordering of lead, strontium, and 
anionic vacancies. An isostructural 
solid-solution has been isolated by replac- 
ing completely strontium by calcium in the 
mixed monolayers leading to the formation 
Pbo,5,-J~,50Sr2 Y,-,C~,CU,O,-~ (52). Both 
oxides exhibit a wide homogeneity range, 0 
5 x 5 0.60, but curiously superconductivity 
is only observed for 0.50 5 x I 0.60. 

In all cases, one again observes very 
broad resistive transitions as shown for in- 
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FIG. 18. (a) Magnetization vs T for Pb,,,Srz,,Y, ,Ca,Cu@~6 (x = 0.5) at 10 Oe for different thermal 
treatments, (b) magnetization vs H(H < 2000 Oe) at 5 K for the same samples. Insert shows the low 
field part of the curves. 

stance for Pbo,sSr,,,oYo.soC~,,CU207-S (Fig. 
17). Moreover, it can be seen that the experi- 
mental conditions, especially the tempera- 
ture, influence dramatically the supercon- 
ducting properties of those materials. This 
behavior is confirmed by the magnetic study 
performed with a SQUID magnetometer 
(Fig. 18). For instance, one observes that 
annealing under an oxygen flow at about 
500°C increases T, (onset) from 60.to 70 K, 
and that, in the same way, synthesis per- 
formed at 825°C led to much better results 
than at 870°C. An interesting feature deals 
with the compositions corresponding to x 
greater than 0.60 which are not single 
phased, but which presenr superconductiv- 
ity at higher temperature. This is indeed the 
case of the composition “x = 0.90” which 
presents a diamagnetic signal corresponding 
to 3-4% of the sample volume and a T, of 

104 K (Fig. 19); of course, for this latter 
composition, zero resistance cannot be 
reached, owing to the large volume of the 
insulating phase belonging to the SrzPbO,- 
type which prevents the percolation. Never- 
theless, this confirms the possibility of su- 
perconductivity up to 100 K in those sys- 
tems, and suggests the possible existence of 
another superconductive lead cuprate. 

Although it is not the purpose of this re- 
view, the HREM study of these materials 
must be emphasized here, since it shows the 
great flexibility of the structure, suggesting 
the possibility to synthesize new structural 
types. For instance, the exploration of the 
oxide Pb,,,Bi,,,Sr2Y,.,Cao,~Cu,0, (54) evi- 
denced an antiphay boundary oriented at 
45” with respect to c (Fig. 2Oa) which could 
be interpreted by the structural model given 
in Fig. 20; in this model across the bound- 
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FIG. 19. Multiphase sample of nominal composition Pbo,sSr,,5Y,-,Ca,Cu20,-6 (x = 0.9): (a) Magneti- 
zation vs T at 10 Oe for diierent thermal treatments, (b) magnetization vs H(H < 2000 Oe) at 5 K. 

ary, the [SrO], layers remain unchanged 
whereas the [CuO,], layers are connected 
to the [PbO], layers. Another example was 
also often observed in that oxide, with an 
antiphase boundary almost parallel to (110) 
(Fig. 21a). The idealized model (Fig. 21b) 
proposed for this extended defect shows 
that the antiphase boundary appears in (AO) 
plane (A = Sr, Ca, or Y); it can be seen 
that two types of layers are unchanged, one 
[CuO,], and one [PbO], layer out of two, 
whereas the second [CuO,], and [PbO], are 
connected through the boundary. 

Thus, the layered cuprates form a poten- 
tial family of high T, superconductors. How- 
ever, their crystal chemistry is complicated 
by the two possible states Pb(II)/Pb(IV), 
which are also important species for the cre- 
ation of new superconductors. A systematic 
study of the oxygen nonstoichiometry in 

these oxides will be necessary to control 
their synthesis and to improve the oxygen 
homogeneity in the crystal. 

IV. The Bismuth Cuprates: Reversibility 
and Proximity Effects 

Although rather similar to the thallium 
copper system the crystal chemistry of the 
bismuth cuprates is less rich than that of 
thallium. Only two series of oxides have 
indeed been synthesized, both character- 
ized by triple rock salt-type layers built up 
from bismuth bilayers sandwiched by SrO 
layers. Thus, the existence of bismuth bi- 
layers seems absolutely necessary to stabi- 
lize such structures. 

The 85 K superconductor Bi,Sr,CaCu,O, 
(55-63) belongs to the 2212 series, i.e., has 
its structure (Fig. 8b) similar to that of the 
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b 

FIG. 20. Pb,,4Bi,,Sr~Cao,SY~,SCU908: (a) 11101 HREM image of a 45” antiphase boundary (AB). The 
nature of the cationic strontium and lead layers is indicated as S and P, respectively; the boundary is 
outlined by a row of small black arrows. (b) Idealized drawing of the connection of the different layers 
through the 45” antiphase boundary. The SrO layers which remain unchanged through the boundary 
are shown with large black arrows. The 45” boundary is parallel to an oxygen plane (row of small 
arrows). 
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a 

FIG. 21. Pb,,4Bio,sSr2Cao,sYo,~Cu~O~: (a) [l lo] image of an antiphase boundary parallel to the 2 axis in 
the thick part of the crystal. The shifting of the layers through the boundary is close to c/4 (indicated 
by rows of small dots parallel to the layers). (b) Idealized drawing of the connection of the layers 
through the antiphase boundary parallel to (110). The unchanged planes, [PbO] and [CuO], are indicated 
by large and medium arrows. The boundary appears in an A0 plane (rows of small arrows). 

Tl,Ba,CaCu,O,, the bismuth bilayers re- 
placing the thallium bilayers. Lead can be 
substituted for bismuth in a wide range with- 
out decreasing T,‘s as shown for instance 
for the solid-solution Bi,-,Pb,Sr,Ca, -,Y, 
Cu208 (64, 65). 

The 108 K superconductor Bi,Sr,Ca,- 
Cu,Ok, detected for the first time by Taras- 
con et al. (66) is difficult to synthesize as a 
pure phase (66-72). It can be stabilized by 
lead substitution on the bismuth sites, as 
shown by Endo ef al. (67), for the phase 
Bi,.,Pb,,Sr,,,Ca,,0,,. Its structure (Fig. 8d) 
belongs to the “2223” series, i.e., consists 
of triple copper layers. 

From the structural point of view, these 
oxides differ from the thallium cuprates by 
the lamellar character of their structure and 
by the systematical existence of satellites on 
E.D. patterns in incommensurate positions. 
This latter feature which is connected with 
the waving of the rock salt-type layers has 
been the subject of many publications (see, 

for review, Ref. (72)). Although of great in- 
terest it will not be discussed here. Never- 
theless, it must be emphasized that several 
issues concerning the origin of incommensu- 
rability, such as the role of the 6s2 lone pair 
of Bi(II1) or the excess oxygen with respect 
to the ideal formula, are still not clear. 

As in the other superconductive cuprates, 
the superconducting properties of the bis- 
muth cuprates are sensitive to the gazeous 
atmosphere used for the synthesis. The best 
results are generally observed for prepara- 
tion in air, whereas annealing in an oxygen 
flow tends to kill superconductivity. Very 
sharp transitions can be obtained like for 
thallium cuprates. 

An important difference of the bismuth 
cuprates with other superconductive cu- 
prates and especially with respect to YBa, 
Cu,O, deals with the disappearance of criti- 
cal currents at very low magnetic fields due 
to the flux flow phenomenon. In a recent 
study of the lead doped “2223’‘-cuprate, De 
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FIG. 22. Bi,-,Pb,SrzCa&u3010: magnetization vs 
temperature in different applied fields. Note the linear 
variation of M vs T in the reversible region and the 
abrupt change of the slope at r”. 

Rango et al. (73) have shown from the mag- 
netization measurements versus tempera- 
ture at different fields (Fig. 22) that the dia- 
magnetism below T* increased dramatically 
suggesting a phase transition from a normal 
to a superconducting state. But the main 
experimental point observed by these au- 
thors deals with the experimental decrease 
of the irreversibility line which they have 
fitted with the equation H* = 147 000 eeT' 
13.3 (Fig. 23). This phenomenon was interpre- 
ted as the result of a breakdown field in 
which superconductivity induced by a prox- 
imity effect is destroyed. Thus, the layered 

10 ” ,/, 
0 20 40 60 60 100 T(K) 

FIG. 23. Biz-xPb,Sr2Ca2Cu1010: irreversibility line. 
The data (+ ) correspond to the temperature TL below 
which a strong increase of the zero field magnetization 
is observed in different applied fields H. Note the expo- 
nential decrease of H* vs T: H* = 147 000 e-r”3.3. Near 
T,, W has been extrapolated with a (1 - T/T,)3’z law 
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govern superconductivity in copper oxides 
remain up to now to dimensionality of the 
structure and mixed valency of copper as 
previously stated (77). 
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