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Spectacular advances in superconductors have taken place 
in the past two years. The upper temperature for super- 
conductivity has risen from 23 K to 122 K, and there is 
reason to believe that the ascent is still ongoing. The 
materials causing this excitement are oxides. Those oxides 
that superconduct at the highest temperatures contain 
copper-oxygen sheets; however, other elements such as 
bismuth and thallium play a key role in this new class of 
superconductors. These superconductors are attracting 
attention because of the possibility of a wide range of 
applications and because the science is fascinating. A 
material that passes an electrical current with virtually no 
loss is more remarkable when this occurs at 120 K instead 
of 20 K. 

S UPERCONDUCTIVITY WAS FIRST DISCOVERED IN MERCURY 

metal in 1911. The temperature at which mercury becomes 
superconducting ( Tc) is 4.1 K, very close to the boiling point 

of liquid helium. Subsequently, other materials were discovered to 
be superconducting, with the highest T,'s generally in the interme- 
tallic compounds of niobium (1). A slow but steady rise of highest 
Tc took place resulting in a Tc of 23 K for Nb3Ge in 1975 (Fig. 1). 

The author is with the Central Research and Develo ment Department, E. I. du Pont 
de Nemours & Company, Experimental Station, Wikngton, DE 19898. 
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Subsequently, a period of some disenchantment set in, reinforced by 
theoretical predictions that Tc would never rise above 30 K. 

The field-of oxide superconductors starts in the early 1960s (Fig. 
1 and Table 1) (2-14). Oxides are not generally viewed as having 
good metallic properties although some such as Re03 and RuOz are 
excellent metals. On the other hand, we know that superconductors 
when above Tc generally do not possess the properties of good 
metals. The first oxides found to be superconducting were NbO and 
T i 0  (2). These oxides however may be viewed merely as metals 
which have dissolved some oxygen. They have NaC1-related struc- 

Table 1. History of oxide superconductors. 
- -- - -- -- 

Compound Tc Date discovered Reference 

Ti0,NbO 1 K 1964 
SrTi03-x 0.7 K 1964 

(2) 

Bronzes 
(3) 

AxWO~ 6 K 1965 
AXMoO3 4 K 1969 

(4 )  

AXReO3 4 K 1969 
(5) 

1 K 1966 
(5)  

Ag708X 
LiTi204 13 K 1974 

(6)  

Ba(Pb,Bi)03 13 K 1975 
(7) 

(La,Ba)2Cu04 35 K 1986 
(8)  

YBa2Cu307 95 K 1987 
( 9 )  

BiiSriCulO 22 K 1987 
(10) 

BiiSriCalCulO 90 K 1987 
(11) 

TVBalCdCulO 122 K 1988 
(12) 

WBalBiiO 30 1988 
(13) 
(14) 
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tures, but the direct metal-metal interactions are sufficiently strong 
to produce metallic properties. For the other oxide superconductors, 
the direct metal-metal interaction is too weak to give metallic " 
properties such as high conduction (15). Instead, the conduction 
band is based on strong covalent bonding between oxygen and a 
metal. Initiallv. all such oxide su~erconductors were based on 

, A  

transition metal cations having an average of a fraction of one d 
electron per cation (16). For example, Nao,2W03 has 0.2 5d electron 
that is delocalized in a conduction band made UD of W 5d and 0 2a 
states. A breakthrough occurred when superconductivity at 13 K 
was found in the BaPbl-,Bi,03 system (17). It was now evident 
that superconductivity could also occur in oxides where there were 
on average a fraction of one s electron per cation. For BaPbo,7- 
Bi0,303, there are 0.3 6s electrons per Pb-Bi atom; alternately, the 6s 
conduction band is 30% occupied. In retrospect, we might have 
expected from svmmetn7 considerations that a fraction of one 
electron in a d band could be equivalent to a fraction of one hole in a 
d band and that thus certain oxides of copper and silver might also 
be superconducting. In fact, we already had examples of supercon- 
ductivity in the Ag7O8X phases in 1966 (6). It has taken twenty 
years to extend this concept to the oxides of copper. 

Oxidation States 
The chemistry of oxide superconductors cannot be discussed 

without reference to oxidation states. The system of oxidation states 
forms the cornerstone of systematics for inorganic chemistry. The 
term oxidation state is based on the nature of bonding of oxygen in 
compounds. By definition, the oxidation state of oxygen in com- 
pounds is two (0-"), unless oxygen forms discrete bonds to itself, 
for example peroxide, 0-I-0-I. Oxidation states are equivalent to 
real charges for the case of 100% ionicity, but no real compounds 

Fig. 1. Highest T, versus date. 
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are 100% ionic. In fact, even in the highly ionic oxide MgO, the real 
charges on Mg and 0 are reduced to about + 1.5 and - 1.5. In 
highly covalent oxides, the real charge on oxygen is actually less than 
one; nonetheless, the oxidation state remains -11 by definition. 
Oxidation states are not real charges rounded to the nearest integer 
or even real charges rounded to the next highest integer. Instead, the 
oxidation states form a system whereby chemists predict which 
ratios of elements will form compounds and can also predict much 
about the structure and properties of such compounds. There would 
be no systematics for inorganic chemistry if it were not for the 
concept of oxidation states, equivalent to valence states. Real 
charges on cations and anions have no such value, but they can be 
calculated through the system of electronegativity. Real charges are 
represented here as arabic superscripts, for example, 0- I , ' .  Oxida- 
tion states are represented as Roman numerals, for example Cu"'; 
they may not take on fractional values, but mixed vakncy (for 
example CU"-"') is possible. 

There is no inconsistency in describing the oxidized copper oxides 
both as cu"'-O-" and as CU+~-0- ' .  The former is the correct 
oxidation state representation; the latter is the real charge represen- 
tation where the superscripts have been rounded off partly because 
they are never accurately known. Both of these representations have 
their place. The oxidation state representation is used in this article 
because the definition is clearer. Nonetheless, it needs to be 
recognized that the real charges on both Cu"' and 0 - I 1  are in fact 
some noninteger values less than two. 

Chemistry of Copper, Silver, and Gold 
Copper, silver, and gold are in the same column of the periodic 

table and thus have similarities in their chemistries. They all possess 
both the univalent and trivalent oxidation states, for example, Cul, 
Au"'. The environment in the trivalent state is normally square 
planar for very well understood reasons (1 7). The common coordi- 
nation of the univalent state in oxides is two-fold linear, again for 
well understood reasons (17). Note, however, that four-fold coordi- 
nation of Cul and Agl is also well known (18). The divalent state, for 
example, Ag", is ~7et another oxidation state that can exist for this 
series of coinage metals, but the stability of the divalent state 
decreases on going down the column Cu, Ag, Au. In fact, Ago  must 
be represented as Ag1Ag"'02, and Au" rarely exists except where it 
forms a bond to itself. On the other hand, CU" is so stable relative to 
disproportionation that compounds containing mixtures of CU' and 
CU"' have not been well established. Nonetheless, we should expect 
that the tendency for Cu" to disproportionate will be enhanced by 
high covalency of Cu-0 bonds which in turn is enhanced by the 
presence of highly electropositive cations such as Ba" (19). There is 
in fact evidence that YBa2C~306,5 contains both CU' and CU"' as 
well as CU" (20). 

Divalent copper usually forms four short bonds to 0-" which are 

SCIENCE, VOL. 242 



0 0 0 0 0 0  Fb. 9. The Cu-0 sheet are perfidy flat and square in the case of R2Cu04 phases where 
0  0  0  0  0  0  0  =\ t°K4n2gi; R = Pr, Nd, Sm, and Gd. However, these phases are not metallic or 
0  0  0  0  0  0   pa Eirg 0- m ~ o n d -  m n w h e n h p e d  (22). 

0  0  0  0  0  0  0  6lkd cirdes uc copper. The b e n w  of a l - 0 - C ~  bonds and resulting budding of the 

0 0 0 0 0 0  
Cu-O sheets may well be of importance to superconducting proper- 
ties. In the ionic limit, the Cu-O sheets composed of ions would be 

0.0.0.0.0.0.0 expected to be flat and square. However, the Cu"-0-" bond is 
0 0 0 0 0 0  highly covalent and the strongly antibonding nature of the w bond 

cannot bc ignored. This antibonding interaction is strongest for 
180" Cu-O-Cu angle and is relaxed as the bond angle bends away 

nearly coplanar with Cuu. However, it is also common to have a h m  180" The principle is the same as for an ether, where the w* 
fifth oxygen ligand to Cu" forming a square pyramidal coordination interaction between the p orbitals on carbon and oxygen force a bent 
or a fifth and sixth oxygen forming a distorted octahedron. The fifih G0-C bond angle. For the Cu-OGu bond, it is a w* interaction 
and sixth oxygens are normally at longer distances. between oxygen p orbitals and Cu filled 3d orbitals. When the Cu- 

A schematic energy level diagram for a square planar CuW4 unit 043 bond is dose to 180°, it is unstable and exhibits soft-mode 
is given in Fig. 2. This is simply the molecular orbital diagram behavior (23). There are various reasons to believe soft-mode 
chemists would anticipate, but with the energy levels broadened into behavior of the Cu-O-Cu bond could be related to superconductiv- 
bands because of the "infiniten nature of a .solid. Although there ity. The orthorhombic-to-terragonal transition ofLa2Cu04 is driven 
have been some suggestions (21) that the w* level can be higher than by the bendmg of Cu-O-Cu bonds. Substitutions of the type 
the o+ level, most calculations have conhnd the general features Laz,A,Cu04, where A is Ba, Sr, Ca, or Na (24), produce metallic 
indicated in Fig. 2. I will r&r to this band simply as the conduction properties and superconductivity but they also lower the ortho- 
band, not as a Cu 3d band or as an 0 2p band. In fact, it is essential rhombic-to-tctragonal transition temperature. As this transition 
to emphasize that this band only exists as a result of a strong temperature dcueases, Tc increases. However, when the tetragonal 
admixme of the Cu 3d and 0 2p wave functions. Strictly speaking, phase becomes stable at all temperatures, superconductivity diiap 
there are no Cu 3d bands or 0 2p bands in the copper oxide-based pears. It is thus tempting to believe that the mechanism for 

superconductivity involves coupling to the soft mode ofthe Cu-0- 
Because the conduction band shown in Fig. 2 is halffiled, we Cu bond hen* However, this conclusion is complicated by the 

might have expeaed metallic properties as predicted by band fact that the Cu concentration also increases with increasing x. 
structure calculations. However, at present only insulating or semi- 
conducting propemes are observed at this half-lilled condition Thii 
localized behavior is now presumed to be related to high htcratomic 
electron correlations that also result in antiferrornagnetism. 

As one removes electrons fiom the conduction band, metallic 
properties frequently, but not always, develop. If the metallic 
properties develop, superconductivity also usually occurs. If the 
conduction band was a broad band which supported metallic 
conductivity at the half-filled level, we would not be much con- 
cerned about whether the states depopulated were Cu 3d or 0 2p on 
ranoval of electrons h m  this band. In fict, the holes are delocalizui 
and must spend time on both Cu and 0. Whether the holes spend 
more time on Cu or 0 can depend on saucnval details such as the 
Cu-0 distance. I shall return to this question later in the discussion 
of mechanisms for superconductivity. 

The basic building blocks for oxides of CuU and Cum are thus 
Cu04 units that may be isolated as in Bi2Cu04, or these Cu04 units 
may share comers or edges to hrm intinitc structures. The resulting 
structures tend to be sheets or chains (or both) of linked Cu04 
units. Three-dimensional structures of comer shared Cu04 units are 
not possible with a Cu-O-Cu angle close to 180". However, a 
three-dimensional structure of comer linked Ag04 units is known in 
Aga& phases (6), but the Ag-GAg angle is now about 120". The 
Ag#C phases are superconducting but with T,'s of only 1 to 2 K; 
thus, there is reason to suspect that a M-O-M angle dose to 180" is 
fivorable for high T, supemnductivity. 

One of the simplest methods of connecting Cu04 units together 
fbrms the S t e  sheets shown in Fig. 3. This sheet is present in all 
the Cu-O based superconductors. As shown (Fig. 3), this sheet is a 
perkdy flat, square network. In fact, the sheet is normally distorted 
h m  this ideal structure in the h@ Tc superconductors. The square 
network then reduces to a reangular network, and the oxygen is 
slightly out of the copper plane. Thc oxygen atoms may bc k one 
side ofthe Cu plane as they arc in YBa2Cu3@, TI2Ba2CaCu2O8, and 
Bi2Sr2CaCu208, or the oxygcn may be alternately above and below 
the copper plane as in h 2 i = ; 0 4  and Bi2Sr2CuOa. ~ h c  w sheets W. 4. * smffturcs of (A) YBa2Cu3o6 uld (B) YB~~CU~O,.  
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With very high covalency of Cu-0 bonds, the Cu-0-Cu bond 
bends further from 180" to produce completely different structures 
(25). This gives us the hope for three-dimensional structures such as 
found in Ag7O8X phases where the Ag-0 bonds are more covalent 
than Cu-0 bonds. Although strong three-dimensional bonding 
gives rise to some very desirable properties, present evidence 
suggests that the bent bonds required result in lower Tc. 

RBa2C~306+x Phases 
The structural chemistry of YBa2C~306+x phases is best under- 

stood by first examining YBa2Cu306. This compound is an antifer- 
romagnetic insulator, and we may indicate the oxidation states as 
~ " ' ~ a ~ ' C u ~ ' C u ' 0 ~ .  The structure (Fig. 4) may be viewed as the 
infinite CuI1-0 sheets of Fig. 3 propped apart by 0-cul-0 sticks 
with Cul in its favored two-fold linear coordination. The oxygen 
from these sticks brings the Cu" coordination in the sheets up to 
five, but this fifth Cu-0 distance is considerably longer than the 
four forming the square around copper. 

Thermodynamic stability is greatest for YBa2C~306+x ,phases 
where x is close to zero; however, under most synthesis conditions x 
is already about 0.3. When YBa2Cu306 is annealed in an oxygen- 
containing atmosphere at about 400°C, it acquires oxygen to form 
YBa2Cu307 which is metallic and superconducting with a Tc of 
about 95 K. Compounds prepared by such intercalation reactions 
are generally not thermodynamically stable phases, and there is 
compelling evidence that YBa2Cu307 is not thermodynamically 
stable at any condition of pressure and temperature (26). Thus the 

synthesis of YBa2Cu3O7 requires two steps: first, YBa2C~306+x 
(small x )  is formed; and second, oxidation to YBa2Cu307 is carried 
out at a lower temperature. Although synthesis of YBa2C~306+x is 
normally carried out at about 900°C, this temperature may be 
decreasdd to about 650°C if the oxygen partial pressure is lowerkd to 
prevent x from becoming too large (27). There have been reports of 
low-temperature one-step synthesis of thin films. However, the 
effective-surface tempera&; of a growing film is generally much 
higher than the substrate temperature. Thus, the two synthesis steps 
may take place in one continuous process. Still one cannot rule out 
the possibility of directly synthesizing a metastable film as is 
currently being accomplished with diamond. In such cases, the 
results are dependent on the nature of the substrate. 

When oxygen diffises into YBa2Cu3O6 to form YBa2Cu3O7, the 
0-Cu-0 sticks are converted to square planar Cu04 units that 
share corners to form chains (Fig. 4). It was thought that these 
chains somehow caused the unusually high T, in these materials. 
However, we now have materials with higher Tc's and without Cu- 
0 chains. The oxidation states of YBa2Cu307 may be written as 
YBa2Cu~1Cu1110 7. To a crude approximation, we could say that Cu 
in the sheets has remained divalent and that the Cu in the chains is 
Cu"'. However, both the sheets and the chains now have delocal- 
ized electron behavior and both should be represented as having the 
Cu", Cu"' mixed states. 

The tetragonal symmetry of YBa2Cu306 is destroyed by the chain 
formation along either the a or b axis. Since the a and b cell 
dimensions are no longer equal to each other, a crystallite undergo- 
ing this oxidation and symmetry reduction would have to change 
shape if it were to remain a single crystal. This is energetically 

n=  1 n = 2  

Fig. 5. The structures of (TIO)2Ba2Ca,-lCu,02,12 for n = 1, 2, and 3. 
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unfavorable relative to formation of twins whereby the Cu-0 chains Table 2. Summary for (AO),M2Can-1C~,02n+.2 phases. 
run alternately along the a and b axes of the original tetragonal cell. 
The chains then intersect at 110 planes, and the twinning reduces 
the strain that would otherwise result during a crystallite shape 
change. 

The YBa2C~306+x system has been extensively studied for values 
of x from 0.0 to 1 .O. The T, decreases as x decreases from 1 .O, but 
the details depend very much on synthesis conditions (28). The 
position of the interstitial oxygen, as well as its concentration, affect 
T,. Electron diffraction studies show various superstructures that 
are presumably related to ordering of the oxygen interstitials (29). 
Indeed, a series of discrete phases has been proposed between the 
limiting compositions YBa2Cu307 and YBa2Cu3O6 (28, 30). The 
details of these structures have not been elucidated primarily because 
the structures are well ordered only in the two dimensions perpen- 
dicular to the c axis. Nonetheless, structures can be proposed bBsed 
on the guiding principle that Cu atoms coordinated to only three 
oxygens must be kept to a minimum. Thus, there is always a 
tendency to form chains even for low values of x. A finite x value 
will then destroy the tetragonal symmetry of YBa2Cu306 on a local 
basis (31). Presumably, fragments of chains start forming at low 
values of x and grow as oxygen content increases. The local 
symmetry is no longer tetragonal, but the average symmetry of 
many unit cells as measured by diffraction experiments remains 
tetragonal until the chains become sufficiently organized to all align 
in the same direction. In some systems, Lal+,Ba2-,Cu306+,, for 
example, essentially complete formation of chains apparently occurs 
within a given sheet, but the chains run randomly in different 
directions ;n the different sheets (32). Therefore, there is an average 
tetragonal symmetry with well developed Cu-0 chains. 

Although YBa2C~306+x phases can exist over the entire region 
from x = 0.0 to 1.0, there is no convincing evidence that such 
phases can exist for lower or higher oxygen contents, such as 
YBa2Cu308. All attempts to oxidize YBa2C~306+x phases beyond 
x = 1.0 have led to the destruction of this structure. There is no 
difficulty oxidizing more copper to the trivalent state. Indeed, 
YCu"'03 with the perovskite structure may be prepared under high 
oxygen pressure. In the Lal+yBa2-yCu306+x system, x values in 
excess of 1.0 can be achieved and apparently cannot be avoided as y 
increases. This extra oxygen beyond x = 1.0 must bond the Cu-0 
chains together bringing some of the chain copper coordination to 
five or six or both. 

Many substitutions into YBa2Cu307 have been attempted. Some 
have been successful; none have increased Tc. Almost any rare earth 
may be substituted for Y, and there is very little change in 
properties. Neither Ce nor Tb have been substituted for La, 
pre&mably because both Ce and Tb have a stable tetravalent state. 
Although PrBa2Cu307 has been prepared with the YBa2Cu307 
structure, it is not superconducting. This lack of superconductivity is 
likely related to the Cu"' + Pr"' g C u "  + PrIV couple. 

Substitutions into YBa2Cu307 for Ba have been successful with Sr 
and some of the larger rare earths, especially La. All these substitu- 
tions result in lowered Tc with eventual loss of superconducting 
properties. There have been many partial substitutions for Cu, both 
transition metals and nontransition metals. In all cases, Tc drops and 
superconductivity ultimately disappears. 

The only anion that could be expected to substitute for oxygen 
and support the trivalent state for copper is fluorine. However, there 
are no examples of electron delocalization through the fluoride 
anion. Thus, although fluorine substitutions for oxygen have suc- 
ceeded (33), the superconducting properties are degraded as expect- 
ed. There are some reports of sulfur substitution for oxygen, but 
these are not convincing. Furthermore, CU"' cannot exist in the 
presence of S-"; thus, sulfides of copper would not appear promis- 

Compound 4 )  4) Tc(K) 

*Not superconducting. tCeU dimensions are for an idealized subcell. 

ing for superconductivity. However, we must remember that both 
CuS [CL&~U~' (S2)2-'IS2-"] and CuS2 [Cu" (S2)-'I] are supercon- 
ducting both with T,'s of about 1.6 (34, 35). 

YBa2Cu408 and Y2Ba4Cu7OI5 
The YBa2Cu408 phase was first detected by electron microscopy 

(36) as an intergrowth in YBa2Cu307. Later, single-phase YBa2- 
Cu4O8 was prepared as a thin film on a SrTi03 substrate (37). The 
structure solved from x-ray diffraction on a thin film (38) was shown 
to be similar to the structure of YBa2Cu307. The chains in YBa2- 
Cu3o7 consist of Cu04  units that share corners. However, in 
YBa2Cu408, the chains are formed from Cu04  units that share edges 
to form double chains. Recently (39), there has been success in 
preparing bulk RBa2Cu408 phases where R can be a variety of the 
rare earths and the T,'s range from 57 to 81  K. 

Investigation of the YiBdCulO system at high pressure led to the 
discovery of Y2Ba4Cu7OI5 (40) with a Tc of about 40 K. The 
structure may be viewed as a 1 :  1 ordered intergrowth of YBa2- 
Cu307 plus YBa2Cu408. The same structure has been found for 
Yb2Ba4Cu7OI5 (Tc - 86 K) prepared by oxidizing a YbiBdCu alloy 
(41). 

Thallium-, Lead-, and Bismuth-Copper-Oxide 
Superconductors 

Many of the most recently discovered superconductors may be 
represented as (AO),M2Can-lCu,,02,,+2 where M may be Ba or Sr. 
The cation (A) may be TI, Bi, a mixture of Bi and Pb (42), Bi and TI 
(43), or TI and Pb (44) (Table 2). The structures contain the Cu-0 
sheets of Fig. 3, and the number of such copper sheets which have 
stacked consecutively is indicated by n. The number of consecutively 
stacked A 0  sheets is indicated by m, which may be 1 or 2 for A = TI 
but only 2 for A = Bi. The environment of the A cation is highly 
distorted octahedral. There may be some substitution for Ca by Sr 
or Y. For n = 0, there is no Ca and the structure is a single Cu-(3 
layer structure very similar to the La2Cu04 structure. There is no 
n = 0 phase, but (Ca,Sr)Cu02 is the n = co phase, which is not 
superconducting (45). 

In the (T10)2Ba2Can-~C~n02n+2 series, the structures (Fig. 5) for 
n = 1, 2, and 3 have been well determined from both single-crystal 
x-ray diffraction data and neutron powder diffraction data (46, 47). 
The structures with n = 2 and 3 have tetragonal symmetry with an a 
axis of 3.85 A. For n = 1, both tetragonal and orthorhombic 
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symmetry have been observed at room temperature (48), indicating 
a range of stoichiometry for this phase. As the degree of orthorhom- 
bic distortion increases, Tc decreases eventually leading to a nonsu- 
perconducting insulator (49). With an increasing number of copper 
layers, the c axis increases and Tc increases (Table 2). Electron 
microscopy studies show regions with n = 5, and these may be 
responsible for superconducting onset behavior at about 140 K. The 
highest value of zero resistivity reported in the TVBalCdCulO 
system is 122 K. In the (T10)IBa2Can-1C~n02n+2 series, electron 
microscopy evidence for n = 1,2,  and 3 phases has been given (50), 
and the n = 2 phase has been synthesized as nearly a single phase 
(51). However, only the structure of the n = 3 phase (Tc -110 K) 
has been well determined from single crystal diffraction studies (52). 
The n = 4 and m = 1 phase has also been reported with a Tc of 122 
K (43). The (T10),Ba2Ca,- 1C~1102n+2 phases have given us high 
Tc examples with tetragonal symmetry and flat Cu-0 sheets. 
However, there are highly correlated displacements of atoms within 
the T1-0 sheets such that the true local symmetry is not tetragonal 
(53). 

For the (Bi0)2Sr2Can-1C~,0211+2 series, only the n = 1 and 2 
phases have been prepared as crystals or well-crystallized single- 
phases (47, 54). However, heating periods of about one week can 
produce a nearly single phase material with n = 3, This poorly 
crystalline product has a T, close to 110 K. 

The structures of (BiO)2Sr2Can-1C~,02n+2 phases are much 
more complicated than those of the analogous T1-Ba phases. The 
symmetry has dropped to orthorhombic or possibly lower. There 
are now complex superstructures that are incommensurate with the 
primary subcells. These superstructures are related to displacements 
in the Bi-0 layers along both the a and c axes (55, 56). These 
displacements appear to create a typical ~ i " '  coordination with three 
short Bi-0 distances of about 2.2 A. The wave created in the Bi-0 
sheets also results in static wave formation in the Cu02  sheets (55). 
Some substitution of Sr for Ca occurs such that the n = 2 phase 
should be formulated as (Bi0)2Sr3-xCaxC~206 (54, 57). The in- 
commensurate modulation in these phases is not very sensitive to 
cation or anion stoichiometry although another modulation has also 
been reported (58). 

The pseudo-tetragonal symmetry of the orthorhombic (BiO)2 
Sr2Can-1C~n02n+2 phases gives rise to the possibility of the 110 
twinning so prevalent in YBa2Cu307. In fact such nvinning is not 
common in these bismuth phases, but a 90" misorientation defect is 
common in both YBa2Cu307 and (Bi0)2Sr2Can-1C~,02n+2 phases. 
This is distinct from twinning in that it causes strain instead of 
relieving it. In the (BiO)2Sr2Ca,-1Cu,02n+2 phases, this 90" mis- 
orientation defect is largely a stacking defect whereby the a and b 
axes interchange along the c axis direction. Such a defect is expected 
to be highly pronounced in view of the pseudotetragonal symmetry 
with a and b cell edges that are nearly identical. 

The formula ( A 1 1 1 0 ) 2 ~ 1 1 ~ a ~ ~ l C u f ~ ~ 2 , ' ~ 2  is an ideal one and does 
not allow for the presence of CU"'. Based on our understanding of 
copper-oxide superconductors, we are compelled to find evidence 
for CU"'. In fact, chemical analysis of the n = 1 and 2 phases where 
A"' is Bi indicates the presence of Cul" (54). Thus, it was initially 
proposed that there are oxygen interstitials, for example in 
(Bi0)2Sr2CaC~206+y, and recent structural evidence has been 
found for such interstitial oxygen in some, but not all, crystals (59). 
However, such interstitials between adjacent BiO layers result in 
decreased T,. It appears that CU"' might also result from a 
deficiency at the Sr sites, that is ( B ~ O ) ~ S ~ ~ - , C ~ C U ~ ' - ~ C U ~  O6 (60) 
or a deficiency on the Bi site (55). Another type of defect that could 
give Cu"' is suggested by the observation that T1 and Ca substitute 
on each others' sites. Thus, Cu"' could be created according to 
T ~ ~ - , c ~ , B ~ ~ c ~ ~ c u : ~ , c u ~ ~ ~ o ~ .  Still another mechanism for Cul[' 

Flg. 6. The structure of 
Pb2Sr2(Ca,Y)Cu308. 
Metal atoms arc shaded; 
Cu-0 and Pb-0 bonds 
are shown. Oxygen at- 
oms in the PbO sheets 
are dotted because they 
are not localized on the 
ideal sizes. 

production in the case of the T1 phases would be the partial 
oxidation of Cul' by ~1"'. The (T10)1Ba2Ca,-ICu,02,+2 phases 
would normally be formulated as (Tl" 'O)~ai '~a~~-~Cu"'* 
C U ~ ' - ~ O ~ , + ~ .  This then suggests a higher concentration of Cu"' 
which in turn might be expected to lead to higher T,'s. Since higher 
T,'s are not observed (Table 2), it would seem that the concentra- 
tion of CU"' is more related to defects and the presence of the TI 6s 
band at the Fermi level. 

Although the ( A " ' o ) ~ M ~ C ~ , - ~ C U , O ~ ~ + ~  phases for A"' = TI 
and Bi are very similar to each other, there are important differences. 
The bismuth compounds are much more layer-like and have a 
pronounced micaceous nature. This is undoubtedly related to the 
lone pair of electrons (6s2) on ~ i ' "  which are not present in TI"'. 
This lone pair of electrons normally hybridizes with the 6p levels and 
moves off to one side of the ~ i " '  cation thus forcing very weak 
bonds to oxygen on that side. For these layered bismuth corn- 
pounds, we may then assume that the lone pairs of many ~ i " '  
cations are pointed essentially in the direction of the interlayer 
spacing between the two adjacent BY0 layers. Thus, these layers are 
far apart (3.2 A) and only weakly bonded to each other. The 
analogous TV0 layers have much shorter interlayer spacings (2.0 A) 
and thus are much more strongly bound to each other. This also 
means that electron delocalization along the c axis is much easier in 
the TI relative to the Bi phases. 

Another new series of superconductors can be represented by the 
formula Pb2Sr2(Ca,R)Cu3O8+, where R can be a variety of rare 
earths (61, 62). Although onset behavior in this series has been 
noted at temperatures as high as 77 K, zero resistance has not yet 
been found at temperatures higher than 55 K (62). The structure for 
this new series (Fig. 6)  shows the presence of the familiar CuOz 
sheets, two such layers being stacked consecutively. The PbO layers 
are joined by the O-Cul-0 sticks found also in YBa2Cu306. This 
new system thus represents a second system where superconductiv- 
ity exists for an average copper oxidation state less than two. 
However, in both cases, it seems safe to assume that the average 
oxidation state for copper in the Cu02  sheets is greater than two. 

Correlations with T, 
Various correlations benveen material properties and Tc have 

developed as oxide superconductors have been so intensively stud- 
ied. Some of these correlations are so interdependent that it is 
difficult to ferret out the truly meaningful correlations. Very early in 
the investigation of copper-oxide superconductors, it was recog- 
nized that T, increases with decreasing Cu-0 distance for the 
La2.-,A,Cu04 superconductors (63). This increase in T, could be 

IS24 SCIENCE, VOL. 242 



I 
c! 

BaP 

Fig. 7. Schematic phase 
diagram for Barbl-,. 
Bi,O,. Vertical axis is 
temperature. 

Metallic Semiconducting 

Fig. 8. Antiferromagne- 
tism and superconduc- 
tivity for La2-,A,CuO.,, 
YBa2Cu3O6+, and Biz- 
Sr3-,Y,Cu208 systems. 
Vertical axis is tempera- 
Nre. 

lncreas~ng Cu oxidat~on state - 
observed with the application of pressure (64). Also, the A cation 
substitution of Ba, Sr, Ca, or Na caused a decreased Cu-0 distance 
and an increase in Tc (24, 63). However, in this case increasing x in 
La2-,AXCuO4 also increases the Cul" content or the carrier concen- 
tration, and there is in general a correlation of higher Tc for higher 
Cul" content. A higher CU"' content actually causes a decreased 
Cu-0 distance because a Cul"-0 distance is shorter than a CU"-0 
distance owing to the removal of antibonding electrons from the 
Cu-0 bond.  onet the less. the hiah-pressure studies show that " L 

decreasing the Cu-0 distance increases Tc without increasing the 
Cul" content. Another correlation with Tc is covalency of Cu-0 
bonds (19), but again this is highly correlated with the Cu-0 
distance. Although Tc increases with the number of adjacent Cu02  
layers in any given (A11'O),A~'Can-IC~,02n+2 series, the Cu-0 
distance also decreases with increasing n. 

(Ba,K) (Bi,Pb)03 Superconductors 
The BaPbl-,BiXO3 system (8) represents a classic case of super- 

conductivity occurring at the metal-to-insulator boundary (Fig. 7). 
Metallic properties are obsenred for BaPb03, presumably because it 
is a zero-gap semiconductor; that is, the "empty" Pb 6s band has 
overlapped the "filled" 0 2p band. On the other hand, BaBi03 is a 
semiconductor even though one might have expected metallic 
properties attributable to a half-filled 6s band. Both BaPb03 and 
BaBi03 possess perovskite structures although the symmetry is 
always lower than cubic, at least at room temperature and below. 
Essentially, a complete solid solution can be formed between 
Barb03 and BaBi03, although at equilibrium there are presumably 
two-phase regions that would become significant at lower tempera- 
tures if equilibrium were achieved. 

With increasing x in the Barbl-,BiXO3 system, electrons are 
added to the 6s band composed of Bi 6s, Pb 6s, and 0 2p states. 
There is already superconductivity at x = 0 (that is BaPb03), but 
the Tc is only 0.5 K (65). As x increases the Tc increases, reaching a 
maximum of about 13 K at x = 0.27. With a further increase in x, 
Tc rapidly drops and the properties become semiconducting. For 

the highest values of x for which superconductivity is observed 
(x -0.3), there is a semiconductor-to-superconductor transition in 
accordance with Fig. 7. These semiconductor-to-insulator transi- " 
tions are also observed for the copper-oxide superconductors. 
Whether such transitions are intrinsic properties of homogeneous 
materials, or are instead related to inhomogeneities intrinsic to any 
solid solution, remains an unsettled issue. 

The compositions from BaPbo,7Bio,303 to BaBi03 are all insulat- 
ing for reasbns that become clear on examination of the structure of 
BaBi03. Neutron diffraction studies (66) show two types of Bi in 
BaBi03 which may be designated as ~ i " '  and ~ i ' .  This interpreta- 
tion does not impk a real charge difference of two at the different Bi 

A d " 
sites. In fact, the covalency is so high in this system that the real 
charges of both ~ i " '  and ~ i '  are much reduced. The Bin'-0 
distances are longer than Biv-0 distances because the cr antibond- " 
ing 6s electron density has been removed from the Biv-0 bond and 
localized in the ~ i " ' -0  band. Thus, this disproportionation of ~ i " '  
into B"' and ~ i '  causes pairing of the 6s electrons. Many analogous 
situations are well known in Sb chemistry where the mixed Sbn'- 
SbV oxidation states are verified by Mossbauer spectroscopy. Thus, 
the insulating properties of BaBi03 are understood. The chemist's 
description of disproportionated ~ a ~ ~ i " ' B i " 0 ~  is fully equivalent to 
the physicist's description of a charge density wave in BaBi03 where 
the charges on the two inequivalent bismuth cations are both much 
lower &an the formal oxidation state values. Recent muon experi- 
ments have confirmed that BaBi03 is not antiferromagnetic Ba- 
BiIVo3 (67). 

In the metallic region of the BaPbl-,BiXO3 system, the bismuth 
oxidation state is given as ~ i ' "  because the 6s electrons are delocal- 
ized. However, with increasing x the tendency of ~ i ' ~  to dispropor- 
tionate increases. Beyond x = 0.3, this disproportionation of ~ i "  
into Bil" and ~ i "  has largely occurred, resulting in localized electron 
properties. The long-range ordering of Bi"' and ~ i '  does not occur 
because of the disruption of the lattice caused by having Pb on "Bi 
sites". The suestion-that I will come back to in the next section is 
whether the;endency of ~ i "  to disproportionate at low x values is 
directly related to superconductivity. 

 any substitutions into BaPb l -x~ ix03  were attempted about 
fifteen years ago. None produced higher Tc's although alkali 
substitution for Ba, as in Bal-,K,Pbl-,BiXO3 for instance, did 
promote stronger and sharper transitions (8). An obvious analogy to 
the BaPbl-,Bi,03 system would be Bal-,KXBiO3. This was also 
attempted in the mid- 1970s, but no evidence of superconductivity 
was found. However, with appropriate synthesis conditions (14), 
superconductors with T,'s of 29 K may be obtained. Very recently 
(68), the Tc in the (Ba,K)Bi03 system has been pushed up to 34 K. 

Mechanisms for Superconductivity 
The recent dramatic increases of Tc have given reason to believe 

that some totally new mechanism for superconductivity is operating 
in the oxides of Cu and Bi. Indeed there is certainly something new 
at work in these oxide superconductors. However, it is known that 
the electrons responsible for superconductivity are still paired with 
spins antiparallel as in the traditional BCS theory of superconductiv- 
ity. Before the advent of the high Tc oxide superconductors, it was 
believed that this electron pairing was always mediated by an 
electron-phonon interaction, which had been verified in some cases 
by studying the variation of Tc with isotopic substitution. Since the 
isotope effect on Tc for YBa2Cu307 is extremely small, the electron- 
phonon coupling mechanism for superconductivity has been ques- 
tioned for this type of material. However, it is theoretically known 
that the isotope effect on Tc can disappear for a strong electron- 

I6 DECEMBER 1988 ARTICLES 1525 



phonon interaction. Thus, it is possible that a unique aspect of the 
new high Tc superconductors is a very strong electron-phonon 
coupling. One current problem with this approach is identifying the 
phonon involved. The only soft phonon so far found in these 
materials is associated with bending the Cu-0-Cu bond (23) and it 
appears that this mode does not couple sufficiently to the conduc- 
tion electrons to result in a mechanism for high Tc. 

One significant conclusion about the new oxide superconductors 
is that there is a short coherence length for the electron pair; thus, 
we may think of this pair as existing in real space instead of 
momentum space. An example of a real-space mechanism for 
superconductivity would be disproportionation of a certain type: 

These spin-pairing disproportionation reactions can lead to electron 
localization as well as superconductivity (19, 69, 70). In fact, it 
appears always necessary to dilute the 2 states with the empty - 
state to prevent the complete disproportionation to the insulating 
state. It should be noted that this mechanism only works for the d9 
situation if the degeneracy between the d,2 and d,2-,2 levels is lifted as 
happens for square planar copper. Thus, one prediction of this 
mechanism is that superconductivitv will not occur for octahedral 
copper. In fact, the LaCu03-., perovskite containing octahedral 
copper is metallic but not superconducting. Octahedral copper 
presurnablji forms in the Lal+yBa2-yCu306+,y system for x values 
greater than one and could then be the reason why superconductiv- 
ity disappears. This model for superconductivity can be applied to 
nearlv all known oxide su~erconductors as well as all the suDercon- 
ductors based exclusively on post-transition elements, SnP for 
instance. Although the disproportionation mechanism may be 
viewed as a nonphonon mechanism for superconductivity (70, 71), it 
appears more likely that it in fact is related to strong coupling of a 
breathing mode phonon to the conduction electrons. For both the 
Cu- and and Bi-based oxide superconductors, the conduction band 
is sigma antibonding in character, which might then give rise to an 
especially strong electron-phonon coupling. 

Other real-space mechanisms for spin pairing can be referred to as 
magnetic-like. That is, electrons on different sites are paired through 
the same type of interactions that can give rise to magnetic order. 
We know for example that the 180" Cu"-0-Cul' linkage tends to 
couple the spins on Cul' antiparallel, which then gives an antiferro- 
magnetic structure in, for example, La2Cu04. We further know that 
the magnetic ordering temperature (TN) in both the LazCuO4-, 
and Y B ~ ~ c u ~ o ~ + ,  syGems decreases as we approach the supercon- 
ducting state (72, 73). Locally however, there will still be a tendency 
for spin pairing between CU" cations that could be the spin pairing 
required for superconductivity. A schematic phase diagram is then 
suggested for copper oxide systems that exhibit both antiferromag- 
netism and superconductivity (Fig. 8). As the copper oxidation state 
increases, the magnetic ordering temperature (TN) decreases. Soon 
after TN reaches 0 K, superconductivity appears and Tc increases 
with increasing Cu"' content. Ultimately, there is saturation and Tc 
decreases. This behavior is also observed in the Bi2Sr3-,YxCu2O8 
system (74, 75). 

We can also consider the possibility that the electrons that pair to 
give superconductivity reside mostly on oxygen. Thus, we are 
considering formally the species 0-', a species which is completely 
unknown in concentrated systems. However 0-' could be viewed as 
existing: as a dilute and mobile s~ecies in a Cull-0" lattice. Several 

V 

mechanisms for spin pairing the'se 0-' species have been proposed 
as mechanisms for superconductivity (21, 30, 76, 77). 

All the copper oxide-based superconductors apparently have 
holes in the conduction band that could be represented as Cu"' or 
Ow'. Without any intent to distinguish between these two possibili- 
ties, I have adopted the usual chemistry convention and referred to 
these holes as Cu"'. Without holes, as in La2Cu04, the materials are 
antiferromagnetic insulators with no superconductivity. The holes 
may be introduced into the Cu-0 sheets in various ways. The 
common way in ~ a ~ C u " 0 ~  is to dope a lower valent cation on the 
La site, as for instance in L ~ ~ - , S ~ , C ~ ~ L , C ~ ~ ~ ~ O ~ .  For 
phases, holes develop in the Cu-0 sheets as x increases and the Cu- 
0 chains form. Indeed the only iinportant role of the chains may 
be that their formation results in Cu"' in the Cu-0 sheets (78). 

A very interesting possibility for creating CU"' exists with the 
(A11'O)mA11Can-ICun02n+2 phases where A"' is Bi or TI. The 
oxides Pb02,  BaPb03 and all formally should be semiconduc- 
tors with a filled oxygen 2 p  band and an empty 6s conduction band. 
However, they are black materials with metallic properties and it is 
apparent that 6 s  and 2 p  bands are overlapped. Thus, in (TIO),- 
Ba2Can-1Cun02n+2 phases we may expect that the TI 6 s  band 
overlaps the Cu 3d band at the Fermi level. This is the same as 
oxidation of Cu" by TI"'. Thus, some Cu"' is produced and there 
are electrons in the TI 6 s  band making the (TIO),Ba2Can-,. 
Cun02n+2 phases good conductors in all three dimensions. In fact, 
the partially filled 6 s  band should promote superconductivity just as 
in BaPbl-,Bi,03. 

Band structure calculations on Bi2Sr2CaCu20s have indicated that 
the Bi 6 p  band also overlaps the Cu 3d band at the Fermi level (79). 
However, this is chemically unreasonable because it is akin to 
oxidation of Cul' by ~ i " '  which would not normally occur. This is 
not to say the band-structure calculation is incorrect for the structure 
assumed. The real structure for Bi2Sr2CaCu2O8 significantlji differs 
from the ideal structure in having shorter Bi-0 distances that would 
cause the Bi 6 p  band to move up away from the Fermi level. Recent 
resonance inverse photoemission data also place the Bi 6 p  band well 
above the Fermi level (80). This is not to say, however, that there are 
not Bi 6p or Bi 6s states at the Fermi level as a result of covalency 
effects. o n e  must still consider the possibility of a Bi 6s-type band at 
the Fermi level as occurs in the Barbl-,BiXO3 system. To answer 
this question we need to know the exact structure and composition 
of "Bi2Sr2CaCu20sf). If there is some tendency for Cu"' to oxidize 
Bin', this could result in a Bi 6 s  band at the Fermi level. 

Conclusion 
The new high-temperature superconductors are not currently 

understood, but there is much optimism that the essential under- 
standing will emerge within the next year. The chemistry and 
physics of these materials have been fascinating in numerous ways. 
For condensed matter science, the best scientific minds of the world 
are being challenged in an unprecedented manner. 

Lacking a mechanistic understanding, we can develop guidelines 
based on current observations and correlations (81). Such guidelines 
or rules can lead to the discovery of new compounds as well as lay 
the basis for theoretical understanding. One guideline has been that 
superconductivity tends to occur at the boundary between localized 
and delocalized electron behavior. Various mechanistic approaches 
would suggest that the same basic mechanism can cause either 
superconductivity or electron localization. With this in mind, it is 
not surprising that superconductors above their Tc have anomalous 
properties and are not good metals. 

Another characteristic of oxide superconductors is that they all 
contain mixed-valent cations. It would even seem that three oxida- 
tion states need to be accessible; for example, ~i" ' ,  BiIv and BiV or 
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Cul, Cu" and CU"'. This is of course a requirement of the 
disproportionation mechanisms for superconductivity. This is also 
the same as saying that we are always dealing with a band that 
becomes filled with just two electrons, and that there is some extra 
stability at the empty, half-filled and completely filled levels. Such 
bands are rare; s bands are our best examples. For d bands, this 
situation arises for the d9 situation when the symmetry is noncubic. 
It can also occur for low-symmetry d l  situations (17). 

Magnetic interactions have historically been considered destruc- 
tive of superconductivity. Certainly, as the number of unpaired 
electrons per cation increases above one, superconductivity usually 
disappears, presumably because magnetism then dominates super- 
conductivity. 

High-temperature superconductivity only occurs in oxides where 
there is very high covalency. In part, we can simply say that this 
covalency is necessary to develop bands capable of supporting 
metallic behavior. Thus, we might be able to develop all other 
conditions for superconductivity, such as appropriate mixed valency, 
but the system would simply be too ionic to allow delocalized 
electron behavior. Conversely, a very broad conduction band might 
be expected to produce only low T, superconductors. 

Basic or electropositive cations such as Ba" and the ~ a " '  seem to 
help in the formation of superconducting oxides. In part, this may 
be simply that they make certain Cu-0 networks possible; for 
example, networks with 180" Cu-0-Cu connections. However, 
these electropositive cations have other effects that seem to be 
important. They increase the covalency of the Cu-0 bond (17). 
They also stabilize high oxidation states of cations, CU"' and ~ i ' ,  
for example. This is actually an indirect effect; the basic cations so 
stabilize the 0 2p levels that high oxidation states are possible (17). 

On the basis of our guidelines for superconductivity, we can 
expect to see T,'s continue to rise somewhat for Cu-0 systems. 
Certainly, we can expect to discover new superconducting systems 
that are not based on copper and oxygen. However, we have no way 
to predict which new discoveries might lead to even higher T,. 
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