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'We stand today on a bright oasis of knowledge in an illimitable desert of the unknown." 

Lord Salisbury 

Since the discovery1 in 1911 of superconductivity2 in 
Hg with a superconducting transition temperature (TJ 
of 4.2 K, the holy grail of researchers in the field has 
been both to understand the mechanism involved and 
to increase T, (high-T,!) to more manageable temper- 
atures. The vast technological potential (zero resistance 
electrical power lines, magnetically levitated high-speed 
trains, superfast electrical circuits, and miniature com- 
puters, etc.) of high-Tc materials has also greatly stim- 
ulated research. Thus, the search for high-Tc super- 
conductors has led to the synthesis of many novel su- 
perconducting materials including various "low- 
dimensional" systems, heavy fermion compounds, 
transition-metal compounds with the so-called A-15 
structure such as Nb3Ge, and even organic supercon- 
ductors. While the highest T, obtained in the elements 
is 9 K in Nb, it has reached 8 K in S-based organic 
superconductors,3 and a maximum T, of 22.3 K was 
previously achieved over a decade ago4 in the metal 
alloy Nb3Ge. 

A relatively unexplored field of research in super- 
conducting materials, in general, has been inorganic 

The Argonne authors of this article are members of a group led by Dr. 
Wllllams and engaged In the synthesis. structure, electrical conductivity, and 
design of both inorganic and organlc superconducting solids. Dr. Wlillams is 
an Associate Edkor of Inorganic Chsmlshy. The North Carollna State au- 
thors are engaged in theoretical studies of conducting soilds under the direc- 
tlon of Prof. Whangbo. 
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oxide systems. Perhaps the best known example is 
mixed-valent BaPbl,Biz03 (0.05 I x 50.30, maximum 
T, = 13 K at  x = 0.3).5 In late 1986, an amazing 
breakthrough occurred with the discove$ by Bednorz 
and Miiller of superconductivity in oxygen-deficient 
perovskite type compounds (vide infra) in the La-Ba- 
Cu-0 (LBCO) system with overall composition 
LakzBa$u505(3-y). The original LBCO materials6 were 
three-phase mixtures which exhibited broad supercon- 
ducting transitions with an onset Tc of -35 K and with 
zero resistance achieved at  -13 K. This remarkable 

(1) Onnes, H. K. Commun. Kamerlingh Onnes Lab. Unio. Leiden, 
Suppl. 1913,34B, 55. 

(2) The electrical conductivity (u in Q-' cm-') of solids has a range of 
values greater than 20 orders of magnitude with insulators having u N 

10-22-10-'6 Q-' cm-', semiconductors having thermally activated conduc- 
tivity (conductivity rises with increased temperature, u N 10*-10-2 0-' 
cm-'), and metals having conductivity (U = lO-lO' n-' cm-' ) that in- 
creases with decreased temperature. The phenomenon of superconduc- 
tivity is usually characterized by the following three physical properties: 
(i) sample electrical resistance (p) drops to zero (u - -), (ii) magnetic 
fields are expelled by the sample (the Meissner effect), and (iii) the 
sample specific heat rises exponentially upon the onset of supercondu- 
tivity a t  T,. 

(3) Williams, J. M.; Beno, M. A.; Wang, H. H.; Leung, P. C. W.; Emge, 
T. J.; Geiser, U.; Carlson, K. D. Acc. Chem. Res. 1986,18, 261. 

(4) Gavaler, J. R. Appl. Phys. Lett. 1973, 23, 480. 
(5) Sleight, A. W.; Gillson, 3. L.; Bierstedt, P. E. Solid State Commun. 

1976, 17, 27. 
(6) Bednorz, J. G.; Muller, K. A. 2. Phys. B.: Condens. Matter 1986, 

64, 189. Author's note. For this pioneering work Bednorz and Muller 
were awarded the 1987 Nobel prize in physics. 
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microstructure (see following articleB). In thm Account 
we focus on research on synthesis, structure, electrical 
properties (conductivity and superconductivity), and 
band electronic structure calculations of the newly 
discovered high-T, inorganic oxide superconductors. 

Synthesis 
Perovskite oxides have traditionally been prepared 

by high-temperature solid-state reaction of the binary 
oxides or suitable oxide precursors such as carbonates, 
nitrates, oxalates, citrates, etc."?% We have evaluated 
the coprecipitation of metal ion carbonates, oxalates, 
or citrates from solution followed by their decomposi- 
tion, and we have found that the pH-adjusted carbonate 
route is advantageous because intimate component 
mixtures with the desired metal ratios are achieved and 
the final oxide is more h o m o g e n e ~ u s . ~ ~ ~ ~ ~  Decompo- 
sition of solid mixtures of metal nitrates or acetates has 
also been used, but these have serious limitations due 
to component volatility problems, thus making it dif- 
ficult to maintain the desired metal ratios. Our studies 
and those of others demonstrate that the keys to the 
successful preparation of pure, single-phase perovskite 
oxides appear to be (i) the high purity of the starting 
materials, (ii) taking precautions to maintain the 
start ing metal ratios, and (iii) maintaining high intimacy 
of the mixtures during the high-temperature solid-state 
reaction. 

The oxygen stoichiometry in the 30-40 K supercon- 
ductors La2,M,Cu0, (M = Ba, Sr) is close to 4 (i.e., 
y - 0-0.1) and appears to be fairly insensitive to the 
stoichiometry x of M (Ba or Sr). On the other hand, 
in YBa2Cu307, and related perovskites, we27128 and 
0 t h e r s ~ ~ 9 ~ ~  have discovered that y is quite sensitive to 
annealing temperature, to atmosphere, and to the 
cooling rate subsequent to the annealing due to the 
reversible oxygen intercalation in these defect per- 
o v s k i t e ~ . ~ ~  For oxygen determination, thermogravi- 
metricm and iodometric titration methods% have been 
employed. Attempts at increasing oxygen stoichiometry 
above 7 under high oxygen pressures appear marginally 
successful in the sense that neither the oxygen content 
nor Tc can be raised s u b ~ t a n t i a l l y . ~ ~ * ~ ~  

Substitution in LBCO and YBCO Materials 
Although the parent compound La2Cu04 was initially 

found to be semiconductive at  low temperatures, it has 
recently been shown to become superconducting near 
40 K if it is prepared by high-pressure O2 annealing.31i32 

(23) Holland, G .  F.; Stacy, A. M. Acc. Chem. Res., following paper in 
this issue. 

(24) Michel, C.; Raveau, B. Reo. Chim. Miner. 1984,21,407. 
(25) Gopalakrishnan, J.; Rao, C. N. R. New Directions in Solid State 

Chemistry: Structure, Synthesis, Properties, Reactivity and Material 
Design; Cambridge University Prese: Cambridge, 1986. 

(26) Wang, H. H.; Carlson, K. D.; Geiser, U.; Thorn, R. J.; Kao, H.-C. 
I.; Beno, M. A.; Monaghan, M. R.; Allen, T. J.; Proksch, R. B.; Stupka, 
D. L.: Williams. J. M.; Flandermever, B. K.; Poeppel, R. B. Znorg. Chem. 

discovery of unprecedentedly high transition tempera- 
tures has triggered a virtual worldwide gold rush among 
scientists interested in superconductivity! 

Very shortly after the original discovery it was 
S ~ O W I I ~ , ~  that the superconducting phase in the LBCO 
system was of composition La2-,Ba,Cu0, ( x  < 0.2, y 
unspecified but small) which has the tetragonal K2NiF4 
layered perovskite structure. At  the same time, Chu 
et al.9 observed that the onset T, could be increased to 
40.2 K, and later to 52.5 K,IO when samples were sub- 
jected to pressures of -12 kbar. These results sug- 
gested that the effect of pressure, which decreases 
lattice spacings, could be mimicked by replacing the La 
and/or Ba by smaller ionic species. By use of Sr (ionic 
radius -1.13 A) in place of Ba (ionic radius -1.35 A), 
it was subsequently demonstrated1lPl2 that in Lal,85- 
Sro,15Cu04 the T, could be raised to  -36 K with zero 
resistance achieved at -34 K or better. 

Another quantum jump in transition temperatures 
came with the report13 of T, 93 K at ambient pres- 
sure, again in multiphase samples derived from the 
Y-Ba-Cu-0 (YBCO) systems. The superconducting 
phase, which has a structure different from that of the 
LBCO materials, was subsequently identified as 
YBa2Cu307-y Cy E 0.19) by numerous investigators.14-22 
Thus, for the first time, T, exceeded the boiling point 
of liquid N2 (77 K), and sample cooling costs, which are 
an important consideration for technological applica- 
tions, became relatively inexpensive. In the case of 
high-T, oxide superconductors, synthetic chemists play 
a vital role in devising new chemical routes, especially 
since the electrical and mechanical properties vary with 
processing conditions, and structural chemists have an 
essential role in unravelling the structure-property re- 
lationships, because the latter depend intimately on the 

(7) Uchida, S.; Takagi, H.; Kitazawa, K.; Tanaka, S. Jpn. J .  Appl. 
Phys., Part 2 1987, 26, L1. 

(8) Takagi, H.; Uchida, S.; Kitazawa, K.; Tanaka, S. Jpn. J. Appl. 
Phys., Part 2 1987,26, L123, L218. 

(9) Chu, C. W.; Hor, P. H.; Meng, R. L.; Gao, L.; Huang, Z. J.; Wang, 
Y. Q. Phys. Reo. Lett. 1987,58,405. 

(10) Chu, C. W.; Hor, P. H.; Meng, R. L.; Gao, L.; Huang, Z. J. Science 
(Washington, D.C.) 1987,235, 567. 

(11) Cava, R. J.; van Dover, R. B.; Batlogg, B.; Rietman, E. A. Phys. 
Rev. Lett. 1987,58, 408. 

(12) Capone, D. W., 11; Hinks, D. G.; Jorgensen, J. D.; Zhang, K. Appl. 
Phys. Lett. 1987, 50, 543. 

(13) Wu, M. K.; Ashburn, J .  R.; Torng, C. J.; Hor, P. H.; Meng, R. L.; 
Gao, L.; Huang, Z. J.; Wang, Y. Q.; Chu, C. W. Phys. Reo. Lett. 1987,58, 
908. 

(14) Beno, M. A,; Soderholm, L.; Capone, D. W., 11; Hinks, D. G.; 
Jorgensen, J. D.; Schuller, I. K.; Segre, C. U.; Zhang, K.; Grace, J. D. Appl. 
Phys. Lett. 1987, 51, 57. 

(15) Hinks, D. G.; Soderholm, L.; Capone, D. W., 11; Jorgeneen, J. D.; 
Schuller, I. K.; Segre, C. U.; Zhang, K.; Grace, J. D. Appl. Phys. Lett. 
1987,50, 1688. 

(16) Cava, R. J.; Batlogg, B.; van Dover, R. B.; Murphy, D. W.; Sun- 
shine, s.; Siegrist, T.; Remeika, J. P.; Rietman, E. A.; Zahurak, s.; Es- 
pinosa, G. P. Phys. Rev. Lett. 1987,58, 1676. 

(17) Grant, P. M.; Beyers, R. B.; Engler, E. M.; Lim, G.; Parkin, S. S. 
P.; Ramirez, M. L.; Lee, V. Y.; Nazzal, A.; Vazquez, J. E.; Savoy, R. J. 
Phys. Reo. B Condens. Matter 1987,35, 7242. 

(18) Syono, Y.; Kikuchi, M.; Oh-ishi, K.; Hiraga, K.; Arai, H.; Mataui, 
Y.; Kobayashi, N.; Sasoka, T.; Muto, Y. Jpn. J. Appl. Phys., Part 2 1987, 
26, L498. 

(19) Hazen, R. M.; Finger, L. W.; Angel, R. J.; Prewitt, C. T.; Ross, N. 
L.; Mao, H. K.; Hadidiacos, C. G.; Hor, P. H.; Meng, R. L.; Chu, C. W. 
Phys. Reo. B Condens. Mutter 1987, 35, 7238. 

(20) Greedan, J. E.; OReilly, A. H.; Stager, C. V. Phys. Reo. E: Con- 
dens. Matter 1987, 35, 8770. 

(21) Beech, F.; Miraglia, S.; Santoro, A.; Roth, R. S. Phys. Reu. B: 
Condens. Matter 1987, 35, 8778. 

(22) Rao, C. N. R.; Ganguly, P.; Raychaudhuri, A. K.; Mohanram, R. 
A,; Sreedhar, K. Nature (London) 1987, 326, 586. 

_ _  
1987,26,1474. 

H.; Monaghan, M. R.; Williame, J. M. Inorg. Chem. 1987,26, 1834. 
(27) Kini, A. M.; Geiaer, U.; Kao, H.-C. I,; Carbon, K. D.; Wang, H. 

(281 A ~ ~ e l m a n .  E. H.: Mom. L. R.: Kini. A. M.: Geiser, U.: Umezawa, 
A.; 'Crab&, G. W.; Ca&on, K. D. Inorg. .Chem.- 1987, 26, 3237. 

(29) Tarascon, J. M.; McKinnon, W. R.; Greene, L. H.; Hull, G. W.; 
Vogel, E. M. Phys. Rev. B Condens. Mutter 1987,36, 226. 

(30) Tarascon, J. M.; Greene, L. H.; Bagley, B. G.; McKinnon, W. R.; 
Barboux, P.; Hull, G. W. In "Novel Superconductivity"; Proceedings: 
International Workshop on Novel Mechanisms of Superconductivity, 
Berkeley, CA, 22-26 June 1987; Wolf, S. A., Kresin, V. Z., Eds.; Plenum: 
New York, 1987; p 705. 
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The superconducting transition is more conveniently 
obtained by Ba61778t12 or Srl1*l2 doping. In La2-,Sr,Cu04 
materials, T, varies with x and reaches a maximum of 
-36 K for x N 0 . 1 ~ 5 - 0 . 2 . ~ ~ ~  Beyond x 0.25 multiple 
phases are r e p ~ r t e d . ~ ~ ~ ~ ~  Ca doping results in much 
lower T, (18 K).35 Complete replacement of La by 
other Ln (Ln = lanthanide) elements in the LBCO 
msterials results in the loss of superconductivity due, 
apparently, to changes in structure. However, replacing 
-5-10% La with other Ln elements produces only 
minor changes in properties. Replacing Cu at the 5% 
level by other first-row transition metals, however, de- 
presses superconductivity substantially because the 
two-dimensional Cu-0 conduction layer (discussed in 
the next section) is di~rupted.,~ 

In the YBC013-21*37 system, the ionic radii of Y3+ and 
Ba2+ are distinctly different (0.93 and 1.35 A, respec- 
tively) so that Y does not substitute for Ba, in contrast 
to the LBCO system where a region of solid solution 
exists. In the YBCO system, replacing Y with Ln (ex- 
cept Ce, Pr, Tb) results in the same high T;s (-90 
K).,-l Doping the Y3+ sites with up to 50% Pr4+ 
causes T, to drop monotonically presumably due to a 
reduction of the Cu3+ concentrat i~n.~~ Our attempts 
at replacing Y with other tetravalent cations (Zr4+, W+, 
Pb4+) have led to multiphase mixtures.& Substitution 
of Ba, which prefers a high oxygen atom coordination 
number, by Sr (up to 50%) leads to a monotonic de- 
pression in T, which is thought to be caused by oxygen 
deficiency due to the smaller Sr ions and decreased 
oxygen atom coordination number.44 Our work on 
doping of Ba sites with alkali-metal ions (K, Rb, Cs) 
resulted in the formation of YBa2Cu307, along with 
other phases, and the mixture exhibits T, - 90 K 
without incorporation of alkali Replacing Cu 
by Ni or Co decreased T, s~bs tan t ia l ly .~~ Reports of 
much higher T;s in materials such as YBa2Cu3F2OY (155 
K),& and unknown phases of the Y-Ba-Cu-O system& 

(31) Beille, J.; Cabanel, R.; Chaillout, C.; Chevalier, B.; Demazeau, G.; 
Deslandes, F.; Etourneau, J.; Lejay, P.; Michel, C.; Provost, J.; Raveau, 
B.; Sulpice, A,; Tholence, J.-L.; Thornier, R. C. R. Seances Acad. Sci., 
Ser. 2 1987,304, 1097. 

(32) Grant, P. M.; Parkin, S. S. P.; Lee, V. Y.; Engler, E. M.; Ramirez, 
M. L.; Lim, G.; Jacowitz, R. D.; Greene, R. L. Phys. Rev. Lett. 1987,58, 
2482. 

(33) Kanbe, S.; Kishio, K.; Kitazawa, K.; Fueki, K.; Takagi, H.; Ta- 
naka, S. Chem. Lett. 1987, 547. 

(34) Tarascon, J. M.; Greene, L. H.; McKinnon, W. R.; Hull, G. W.; 
Geballe, T. H. Science (Washington, D.C.) 1987,235, 1373. 

(35) Kishio, K.; Kitazawa, K.; Sugii, N.; Kanbe, S.; Fueki, K.; Takagi, 
H.; Tanaka, S. Chem. Lett. 1987, 635. 

(36) Hasegawa, T.; Kishio, K.; Aoki, M.; Ooba, N.; Kitazawa, K.; Fueki, 
K.; Uchida, S.; Tanaka, S. Jpn. J. Appl .  Phys., Part 2 1987, 26, L337. 

(37) Stacy, A. M.; Badding, J. V.; Geselbracht, M. J.; Ham, W. K.; 
Holland, G. F.; Hoskins, R. L.; Keller, S. W.; Millikan, C. F.; zur Loye, 
H.-C. J. Am. Chem. SOC. 1987,109, 2528. 

(38) Engler, E. M.; Lee, V. Y.; Nazzal, A. I.; Beyers, R. B.; Lim, G.; 
Grant, P. M.; Parkin, S. S. P.; Ramirez, M. L.; Vazquez, J. E.; Savoy, R. 
J. J. Am. Chem. SOC. 1987,109, 2848. 

(39) Fisk, Z.; Thompson, J.; Zirngiebl, E.; Smith, J.; Cheong, S.-W. 
Solid State Commun. 1987, 62, 743. 

(40) Porter, L. C.; Thorn, R. J.; Geiger, U.; Umezawa, A.; Wang, H. H.; 
Kwok, W. K.; Kao, H.-C. I.; Monaghan, M. R.; Crabtree, G. W.; Carlson, 
K. D.; Williams, J. M. Inorg. Chem. 1987, 26, 1645. 

(41) Moodenbaugh, A. R.; Suenaga, M.; Asano, T.; Shelton, R. N.; Ku, 
H. C.; McCallum, R. W.; Klavins, P. Phys. Reo. Lett. 1987, 58, 1885. 

(42) Soderholm, L.; Zhang, K.; Hinks, D. G.; Beno, M. A.; Jorgensen, 
J. D.; Segre, C. U.; Schuller, I. K. Nature (London) 1987,328,604. 

(43! Wang, H. H.; Allen, T. J.; Kini, A. M.; Kao, H.-C. I.; Carlson, K. 
D.; Williams, J. M., unpublished results. 

(44) Veal, B. W.; Kwok, W. K.; Umezawa, A,; Crabtree, G. W.; Jor- 
gensen, J. D.; Downey, J. W.; Nowicki, L. J.; Mitchell, A. W.; Paulikas, 
A. P.; Sowers, C. H. Appl. Phys. Lett. 1987,51, 279. 

(45) Ovshinsky, S. R.; Young, R. T.; Allred, D. D.; DeMaggio, G.; Van 
der Leeden, G. A. Phys. Rev. Lett. 1987,58, 2579. 

Figure 1. Crystal structure of Lal,92Sro,,&u04 as determined by 
X-ray diffractionam (90% thermal ellipsoids). Layers are formed 
by corner-sharing, tetragonally elongated CuOs octahedra. 

(240 K), have not been confirmed nor duplicated,lW but 
they have stimulated the search for new high-T, ma- 
terials. 

Structural  Aspects of LBCO and YBCO 
Materials 

Most known superconducting oxides are closely re- 
lated to the perovskite structure (ABO,) or one of its 
variants, the layered perovskite (A2BO4) or K2NiF4 
structure (Figure 1). These structure types are adopted 
by numerous mixed-metal oxides as well as a fair num- 
ber of halides and sulfides. Both prototypes contain 
infinite planar nets of corner-sharing octahedra with 
the smaller metal ion (B) at the center of six oxygen 
atoms. The larger metal ions (A) are positioned in the 
oxygen pockets above and below the nets. The ABO, 
and A2BO4 types differ in the relative arrangements of 
the layers: In the ABO3 structure, adjacent layers 
combine so as to share the oxygen atoms and the A 
cations between the layers, and the resulting structure 
is cubic with linear B-0-B bridges in three dimensions. 
In the layered perovskite structure, the layers remain 
separated and are stacked in a staggered way so as to 
form a body-centered tetragonal structure with B-0-B 
bridges only in the two dimensions within the layers, 
but not between the layers. 

La2,M,Cu04 (M = Sr or Ba). The strontium- or 
barium-doped L%CO materials belong to the layered 
A2B04 structural type.* The parent compound, La2- 
Cu04, at room temperature possesses an orthorhombic 
superstructure of the tetragonal prototype with ortho- 
rhombic lattice constants47 a, N bo N v’/Za,, c, N ct. 
The superstructure is due to a concerted washboard-like 
tilting of the Cu-0 octahedra with respect to the c axis. 

(46) Chen, J. T.; Wenger, L. E.; McEwan, C. J.; Logothetis, E. M. 

(47) Grande, B.; Muller-Buschbaum, H. K.; Schweizer, M. 2. Anorg. 
Phys. Reo. Lett. 1987, 58, 1972. 

A&. Chem. 1977, 428, 120. 
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At elevated temperatures the crystals become tetrago- 
nal,48 with an undistorted K2NiF4 structure. 

Doping of La2Cu04 with the alkaline earth metals Sr 
or Ba suppresses the orthorhombic-tetragonal phase 
transition to below room temperature. The results of 
our single-crystal X-ray d i f f r a c t i ~ n ~ ~ * ~  investigation of 
Lal,ESro.wCu04 (Figure 1) are in good agreement (same 
structure, etc.) with powder neutron diffraction results51 
on samples with twice the doping levels of Sr or Ba. 
The lattice parameters depend on the doping level x ,  
90 that for x < 0.2 a steady increase of the cla ratio with 
increasing x is The c / a  ratio also 
correlates with Tc such that the higher the value of c / a  
(up to -3.50), the higher3, the T,. 

A phase transition to lower symmetry has been de- 
tected in our single-crystal X-ray diffraction 
and in other studies involving synchrotron X-ray dif- 
fraction,53 high-resolution X-ray powder d i f f ra~t ion ,~~ 
and powder neutron diffraction55i56 for both the Sr- and 
Ba-doped systems. The transition temperature depends 
on the doping level54 and is about 190 K for La1.85- 
Sro.15Cu04. We observed that single crystals exhibit 
extensive twinning upon cooling through the phase 
transition but become single again when warmed to 
room temperature.w The structure of the low-tem- 
perature phase, as determined by neutron powder dif- 
fraction,s5@ is essentially that of the parent ortho- 
rhombic compound LazCu04 at  room temperature. 
Thus, the effect of the alkaline earth metal is to depress 
the phase transition temperature, probably through a 
decrease of unfavorable electrostatic interactions in the 
tetragonal A high-resolution synchrotron 
X-ray powder diffraction study63 indicates the presence 
of more than one perovskite-like phase at low temper- 
ature and monoclinic symmetry below -150 K. In 
Lal.&%.15Cu04, a sudden decrease of the orthorhombic 
splitting ratio, ( b  - a ) / ( b  + a) ,  at 75 K, in addition to 
the tetragonal-orthorhombic phase transition at 180 K, 
indicated the possibility of a second t r a n ~ i t i o n . ~ ~  

YBa&u307-,,. The structure of the high-temperature 
(T, > 90 K) superconductor YBa2C~307-y, as deter- 
mined by several neutron powder diffraction stud- 
ies,14*20~21~59-61 can be regarded as an oxygen-deficient 
supercell of an ABO, cubic perovskite (see Figure 2). 
The resultant orthorhombic unit cell comprises three 

(48) Lmgo, J. M.; Raccah, P. M. J. Solid State Chem. 1973, 6,  526. 
(49) Wang, H. H.; Geiser, U.; Thorn, R. J.; Carbon, K. D.; Beno, M. 

A.; Monaghan, M. R.; Allen, T. J.; Proksch, R. B.; Stupka, D. L.; Kwok, 
Crabtree, G. W.; Williams, J. M. Inorg. Chem. 6987,26,1190. 

(50) Geiser, U.; Beno, M. A.; Schultz, A. J.; Wang, H. H.; Allen, T. J.; 
Monaghan, M. R.; Williams, J. M. Phys. Rev. B Condens. Matter 1987, 
35,6721. 

(51) Jorgensen, J. D.; Schuttler, H. B.; Hinks, D. G.; Capone, D. W., 
II; Zhang, K.; Brodsky, M. B.; Scalapino, D. J. Phys. Rev. Lett. 1987,58, 
1024. 

(52) Gubser, D. U.; Hein, R. A,; Lawrence, S. H.; Osofsky, M. S.; 
Schrodt, D. J.; Toth, L. E.; Wolf, S. A. Phys. Rev. B Condens. Matter 
1987,35,5350. 

(53) Moss, S. C.; Forster, K.; Axe, J. D.; You, H.; Hohlwein, D.; Cox, 
D. E.; Hor, P, H.; Meng, R. L.; Chu, C. W. Phys. Rev. B: Condens. Matter 
1987,35, 7195. 

(54) Fleming, R M.; Batlogg, B.; Cava, R. J.; Rietman, E. A. Phys. Rev. 
E: Condens. Matter 1987,35, 7191. 

(65) Paul, D. McK.; Balakrishnan, G.; Bernhoeft, N. R.; David, W. I. 
F.; Harrison, W. T. A. Phys. Rev. Lett. 1987,58, 1976. 

(56) Cava, R. J.; Santoro, A; Johnson, Jr., D. W.; Rhodes, W. W. Phys. 
Rev. B: Condens. Matter 1987,35,6716. 

(57) Evain, M.; Whangbo, M.-H.; Beno, M. A.; Geiser, U.; Williams, 
J. M. J. Am. Chem. SOC., in press. 

(58) Evain, M.; Whangbo, M.-H.; Beno, M. A.; Williams, J. M. J. Am. 
Chem. SOC., in press. 
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Figure 2. Structure of YBa2Cua07-y as determined by neutron 
diffraction investigations. Two Cu02 planes are linked by CuOs 
one-dimensional chains and  enclose two Ba2+ t o  form a 
BazC~307,3- conducting slab. 

cubic perovskite blocks stacked along the crystallo- 
graphic c axis with copper atoms at the B sites and with 
the A sites occupied by Ba2+ cations in the first and 
third blocks and Y3+ in the central perovskite unit. The 
result is an ordering of the A site cations in the sequence 
Y3+Ba2+Ba2+Y3+Ba2+Ba2+ .... 

Oxygen vacancies occur on the yttrium atom plane 
(at z = lI2, resulting in a layered structure) and along 
the a axis between adjacent Cul atoms (at z = 0). The 
latter vacant sites are responsible for the orthorhombic 
distortion of the unit cell, since partial population of 
this site with oxygen atoms results in a tetragonal unit 

In the stoichiometric compound (J.J = 0), the 
distorted square-planar coordination observed for Cul 
results in the formation of one-dimensional (1D) CuO, 
chains along the b axis. The coordination of Cu2 is 
square-pyramidal, resulting in dimpled Cu02 layers in 
which the Cu2 atoms are capped by the 04 atoms of 
the CuO, chains. Each Y3+ cation has square-prismatic 
coordination while the Baz+ cations are 10-coordinate. 
Since there is no direct path for electronic transport 
along the crystallographic c axis, the structural unit in 
YBazCu307, responsible for high- Tc superconductivity 
is the two-dimensional (2D) slab Ba2C~307-,,3- formed 
by two Cu02 layers which sandwich one Cu03 chain and 
two Ba2+ cations per unit cell. 

For values of y ranging from 0.02135g to 0.461 partial 
oxygen vacancies may occur at the 01 and 0 2  positions. 
At  values of y 1 0.5, a transition from the orthorhombic 
phase to a tetragonal phase is observed.62 This phase, 

(59) Capponi, J. J.; Chaillout, C.; Hewat, A. W.; Lejay, P.; Marezio, M.; 
Nguyen, N.; Raveau, B.; Soubeyroux, J. L.; Tholence, J. L.; Tournier, R. 
Europhys. Lett. 1987,3, 1301. 

(60) David, W. I. F.; Harrison, W. T.; Gunn, J. M. F.; Moze, 0.; Soper, 
A. K.; Day, P.; Jorgensen, J. D.; Hinks, D. G.; Beno, M. A.; Soderholm, 
L.; Capone, D. W., 11; Schuller, I. K.; Segre, C. U.; Zhang, K.; Grace, J. 
D. Nature (London) 1987, 327, 310. 

(61) Katano, S.; Funahashi, S.; Hatano, T.; Mataushita, A.; Nakamura, 
K.; Mataumoto, T.; Ogawa, K. Jpn. J. Appl. Phys., Part 2 1987, 26, 
L1046. 
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initially identified by high-temperature X-ray powder 
and by electron micro~copy,l~9~~ also 

occurs at ambient t e m p e r a t u r e ~ ~ ~ * ~ s ~  in samples which 
are rapidly quenched from temperatures >700 "C and 
is probably nonsuperconducting.69 Neutron powder 
diffraction studies at high temperaturesa2 on quenched 
 sample^^^*^^ demonstrate that at y = 0.5 the 01 atoms 
partially occupy the position at  (1/2,0,0), which is com- 
pletely vacant in the orthorhombic phase. In the tet- 
ragonal phase with y 1 0.5, the 01 and (1/2,0,0) site 
positions are equivalent by symmetry and are observed 
to be 525% occupied. Thus, the 1D Cu03 chains found 
in orthorhombic no longer exist in the 
tetragonal phase and are replaced by highly oxygen 
deficient Cu-0 layers which, in the limit of y 1.0 
(YBa2Cu306),68 contain 2-coordinate Cu+ atoms. These 
findings suggest that the Cu03 chains are essential to 
the occurrence of superconductivity at  T, > 90 K. 

Normal-State and Superconducting Properties 
La2,M,Cu04, (M = Ca, Sr, Ba). The normal-state 

conductive properties of La2-,Sr,Cu0, are typical of 
this class of oxide superconductors. Room-temperature 
resistivities, p(300 K), are r e p ~ r t e d " * ~ ~ * ~ ~  to be of the 
order of 1000 pQ cm but vary widely from sample to 
sample, and the temperature dependence of p ranges 
from metallic-like (dp/dT > 0) to semiconductive, de- 
pending on compositional variables and, probably, 
sample inhomogeneities. The balance between metallic 
and semiconductive behavior has been attributed to the 
O2 partial pressures during the annealing process such 
that oxygen deficiencies (from low partial pressures) 
favor the semiconductive behavior along with lower 
values of T, and broader superconducting transi- 
ti0ns.8Jl9~~ The principal charge carriers between room 
temperature and the superconducting transition tem- 
perature are holes (positive ~ a r r i e r s ) , ~ * ~ l  and there 
generally is little, if any, change in the resistivity arising 
from the tetragonal-to-orthorhombic phase transition 
near 200 K. 

Zero resistances within instrument resolution for Ca-, 
Sr-, and Ba-doped derivatives of La2Cu04 have been 
reported to be as high as -16, 34, and 28 K, respec- 
tively, for optimum concentrations of the d0pants.ll9~~ 

(62) Jorgensen, J. D.; Beno, M. A.; Hinks, D. G.; Soderholm, L.; Volin, 
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Figure 3. Relative resistivities as a function of temperature for 
the orthorhombic phase (curve A, y 0.19) and tetragonal phase 
(curves B and C, y N 0.5) of YBazCu30,,. The semiconductive 
behavior in curve C extends to the lowest temperature measured, 
-12 K. 

Somewhat lower transition temperatures (by several 
kelvin) are frequently observed, and the resistive tran- 
sition widths (defined as the temperature interval be- 
tween the onset of superconductivity and zero resist- 
ance) are typically -4-5 K or even larger for specimens 
which exhibit semiconductive behavior near the onset 
temperature. Applied hydrostatic pressure (up to 20 
kbar) increases the temperatures for zero resistance by 
-0.2 K/kbar and more dramatically increases the onset 
temperatures for superconductivity.10~73~74 The 
Meissner effect (see following articleB for more details), 
which is the expelled magnetic flux as a fraction of that 
expelled by a perfect superconductor (volume diamag- 
netic susceptibility is -1/4a), amounts to -30-40% at 
5 K,11*34 indicating a large fraction of bulk supercon- 
ducting phase. Magnetic susceptibility studies dem- 
onstrate that bulk superconductivity begins near the 
resistive superconducting transition temperatures.34 

Measurements of the lower and upper critical mag- 
netic fields, H,, and Hc2, respectively, indicate that these 
materials are extreme type I1 superconductors with 
considerable anisotropy of the  field^.^^?^"^^ The an- 
isotropy is consistent with the two-dimensional-layer- 
like nature of the structures. Determinations of the 
superconducting energy gap, A (the energy to break a 
Cooper pair and a quantity which is important for es- 
tablishing the superconducting mechanism), by infrared 
reflection and transmission as well as 
point-contact tunneling measurements:' have yielded 
values from less than the weak-coupling BCSa2 limit 
(2A/kTc = 3.5) to values much larger by about a factor 
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of 2. These variations may be the result of considerable 
anisotropy in the gap. 

YBazCu3O7,. Room-temperature resistivities of 
YB2Cu307, are of the order of 1000 psZ cm16p833” but 
may be an order of magnitude larger for samples with 
substantial amounts of impurities. The samples are 
p-type (hole) conductors.16 The temperature depen- 
dence of p ,  even for impure samples and various rare 
earth ions, is typically metallic-like with an essentially 
linear behavior down to the onset of superconductivi- 
ty.13J6J7727340,83 However, semiconductive behavior has 
also been observed17 as a result of the presence of the 
tetragonal phase.27y63i69 

Figure 3 illustrates the temperature dependence of 
resistivities that we have measured for the orthorhom- 
bic and tetragonal phases obtained by slow cooling in 
O2 or by quenching in air, re~pectively.~~ The ortho- 
rhombic phase gives metallic behavior and a sharp su- 
perconducting transition near 90 K. The two tetragonal 
samples give a semiconducting behavior for one sample 
(curve C) and mixed metalliesemiconductive behavior 
for another (curve B) which exhibits a broad super- 
conducting transition near 60 K. As for the LBCO 
superconductors, O2 partial pressure in annealing and, 
therefore, the oxygen stoichiometry, are regarded to be 
important factors in obtaining the highest T, in 
Y Ba2C~307-y. 17927930964 

The highest quality orthorhombic materials have 
resistive transition midpoint T:s of 91-93 K with 
narrow transition widths of 1-2 K. Inductive mea- 
surements on ceramic specimens,16 as well as single 
c r y ~ t a l s , ~  show that diamagnetism (superconductivity) 
begins very near the same values of Tc. In contrast to 
the LBCO materials, applied pressure has little effect 
on Tc.86*87 Meissner effect measurements, with values 
typically in the range 20-80% ,13*16717@ indicate that 
orthorhombic YBa2Cu307-,, is a bulk superconductor. 
On the other hand, our studies of the tetragonal phase 
represented in Figure 3 yield Meissner effects of <4%, 
indicating little bulk superconductivity and possibly the 
presence of orthorhombic phase impurity (curve B).28 
Measurements of the critical magnetic fields show ex- 
treme type I1 b e h a v i ~ r . ’ ~ * ~ * ~ ~  The superconducting 
energy gap, as determined from infrared reflectanceseigO 
and point-contact tunneling  measurement^,^^ ranges 
from the weak-coupling BCS8?+ limit to exceptionally 
large values, 2A/kTc  N 13. 
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Figure 4. Top three d-block bands calculated for the ortho- 
rhombic YJ3a2Cu307 phase with (a) the Cul-04 distance of 1.850 
8, and (b) the Cul-04 distance of 1.890 A. In (a) the CuOp layer, 
x2 - y2 bands are each half-fiied, and in (b) they are slightly less 
than half-filled because the bottom of the Cu03 chain band is 
below the Fermi level. 

Crystal Structure-Band Electronic Structure 
Correlation 

LazCu04 and Laz_,M,Cu04 (M = Sr or Ba). Band 
electronic structure calculations92~94 on tetragonal 
La2Cu04 reveal that its x 2  - y2 band (i.e., the highest- 
lying d-block band) is half-filled as expected from the 
formal oxidation Cu2+(d9), that the Fermi surface (FS) 
of this band is well-nested, and that this FS nesting is 
quickly destroyed as electrons are removed from the x 2  
- y2 band. In general, the electronic instability asso- 
ciated with an FS nesting gives rise to either a Peierls 
distortion or an antiferromagnetic (AFM) ordering. 
Due to the twofold screw rotation symmetry along the 
c axis of orthorhombic LazCu04, the tetragonal-to-or- 
thorhombic (T - 0) distortion of La2Cu04 at 533 KM 
cannot open a band gap at the Fermi Thus, 
band electronic structure calculations on orthorhombic 
La2Cu04 show the FS of its half-filled x 2  - y2 band to 
be well-nested as in tetragonal La2Cu04, and conse- 
quently the T - 0 distortion is not a Peierls distor- 
t i ~ n . ~ ~  

At  high temperatures the electrical conduction of 
La2Cu04 is poorly m e t a l l i ~ , ~ ~ ~ ~ ~  while the low-tempera- 
ture properties of LazCu04 are strongly affected by 
oxygen and lanthanum atom v a c a n c i e ~ . ~ ~ - ~ ~  Thus, a 
sample of LazCu04 exhibits either AFM orderingg“lo1 
or high-T, superconductivity32J02 as in La2-,M,Cu04. 
This observation may be rationalized in terms of the 
x2 - y2 band occupancy, f ,  by writing the accurate 
composition of “La2CuO4” as La2-,Cu04- . Within a 
rigid band model, f = 0.5 - 1 . 5 ~  + y for ia2$u0,. 
Since the FS nesting responsible for an AFM ordering 
occurs when f = 0.5,% the presence of b AFM ordering 
in La2-rC~04-y implies that 1 . 5 ~  = y. Such an 
La2-,CuOq-y sample can be made superconducting by 
annealing it under oxygen.31>32J02 The resulting sample 

(92) Whangbo, M.-H.; Evain, M.; Beno, M. A.; Williams, J. M. Inorg. 

(93) Mattheiss, L. F. Phys. Reu. Lett. 1987, 58, 1028. 
(94) Yu, J.; Freeman, A. J.; Xu, J.-H. Phys. Rev. Lett. 1987,58, 1035. 
(95) Singh, K. K.; Ganguly, P.; Goodenough, J. B. J. Solid State 

(96) Welch, D. 0.; Emery, V. J.; Cox, D. E. Nature (London) 1987,327, 

(97) Daviea, A. H.; Tilley, R. J. D. Nature (London) 1987, 326, 859. 
(98) Raveau, B., private communication. 
(99) Johnston, D. C.; Stokes, J. P.; Goshorn, D. P.; Lewandowski, J. 

Chem. 1987,26, 1829. 

Chem. 1984,52,264. 

278. 

R., private communication. 
(100) Mitauda, S.; Shirane, G.; Sinha, S. K.; Johnston, D. C. Phys. Rev. 

B Condens. Matter 1987,36, 822. 
(101) Freltoft, T.; Remeika, J. P.; Moncton, D. E.; Cooper, A. S.; 

Fischer, J. E.; Harshman, D.; Shirane, G.; Sinha, S. K.; Vaknin, D. Phys. 
Rev. B Condens. Matter 1987, 36, 826. 



Vol. 21, 1988 Inorganic Oxide Superconductors 7 

is close to La2-$!u04 in stoichiometry, and therefore, 
f deviates from 0.5 (Le., f N 0.5 - 1.5% 0.5). In a 
similar manner, suppression of the AFM ordering by 
decreasing the x 2  - y2 band occupancy to slightly less 
than 0.5 would be the primary role of the alkaline earth 
cations M2+ in La2-xM,Cu04 (i.e., f = 0.5 - 0.5;~ < 0.5). 

YBa2Cu30,,. Within a rigid band model, the elec- 
tronic structure of orthorhombic YBa2Cu307, (y N 

0.19) is simulated by that of orthorhombic YBa2Cu307 
upon adding 2y electrons to the d-block bands of the 
latter.lo3-lo5 As illustrated in Figure 4a, the band 
electronic structure calculated for the equilibrium 
structure of orthorhombic YBa2Cu307 shows103J0e that 
the top three d-block bands consist of two half-filled 
x 2  - y2 bands solely derived from the Cu02 layers and 
one empty z2 - y2 band solely derived from the Cu03 
chains. Although the chain Cul  atom has a lower co- 
ordination number than does the layer Cu2 atom, the 
chain z2 - y2 band lies higher in energy than the layer 
x 2  - y2 bands because the z2 - y2 orbitals are raised in 
energy due to the strong antibonding character in the 
short Cul-04 distance." Thus, the copper oxidation 
state is higher in the chains (close to Cu39 than in the 
layers (close to Cu2+). In essence, the x 2  - y2 bands of 
the Cu02 layers in orthorhombic YBa2Cu307, are 
identical in nature with those of the CuO, layers in 
La27MxC~04.103 Nevertheless, the T, of the former is 
higher than that of the latter by about 60 K. Therefore, 
orthorhombic YBa2Cu30, must possess some special 
electronic features not present in La2-zM,C~04.103J04 

Within each Ba2Cu307?* slab (see Figure 2), the Cu2 
atoms of one Cu02 layer do not interact with those of 
the other Cu02 layer, if the capping oxygen atoms 0 4  
remain on the Cu2-Cul linealM The 0 4  atom orbitals 
have zero overlap with the Cu2 atom x2  - y2 orbital due 
to the node of the x2  - y2 orbital along the Cu2-Cul 
axis. When the 0 4  atoms are slightly displaced (on the 
order of 0.04 A) out of the Cu2-Cul line, the 0 4  atom 
z orbital can have nonzero overlap with the Cu2 atom 
x2  - y2 orbital, thereby allowing the Cu2 atoms of the 
two separated Cu02 layers to interact via the Cu2- 
04-Cul-04-Cu2 linkages.lM Figure 4b shows the top 
three d-block bands of orthorhombic YBa2Cu307 in 
which the capping oxygen atoms 0 4  are slightly dis- 
placed away from their equilibrium positions.lMJOe A 
small increase in the Cul-04 distance (-0.04 A) lowers 
the bottom of the chain x2  - y2 band below the Fermi 
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level, so that some electrons flow from the Cu02 layers 
into the Cu03 chains. Thus, lattice vibrational modes 
involving the 04 atom displacement would give rise to 
slight valence fluctuations of the copper atoms and 
hence strong electron polari~ation. '~~ As the Cul-04 
distance increases, the p orbitals of the chain 0 4  atoms 
overlap better with those of the layer 0 2  atoms so that 
the chain z2 - y2 band acquires a two-dimensional 
character.lo4 In addition, the lowering of the chain z2 
- y2 band bottom to the Fermi level enhances the 
density of states a t  the Fermi level.lo4 All of those 
special electronic properties of orthorhombic 
Y B B ~ C U ~ O ~ - ~ ,  brought about by a slight displacement 
of the capping oxygen atom 04, are absent in 
La2-,M,Cu04. 

The electronic structure of tetragonal YBa2Cu307, 
(y k 0.5) can be simulated by that of ordered YBa2- 
C U ~ O ~ . ~  structures which contain no Cu03 chains.lo6 
This study suggests that, in the tetragonal phase, ran- 
dom distributions of the 01 atoms in the plane of the 
Cul atoms, and the low average coordination number 
of the Cul atoms, cause all the d-block levels of the Cul 
atoms to lie below the bottom portion of the CuOz layer 
x2  - y2 bands. Consequently, in tetragonal YBa2Cu307, 
(y k 0.5) the d-block levels of the Cul atoms with low 
coordination number are all filled so that the oxidation 
state of such Cul atoms is +l. Therefore, tetragonal 
YBa2C~307-y (y 5 0.5) does not possess the special 
electronic properties of orthorhombic YBa2Cu307, (y 

0.19). 

Concluding Remarks 
The remarkable discovery of high- T,  superconduc- 

tivity a t  temperatures exceeding 90 K has generated a 
large amount of attention, both in the public press, 
where possible technological developments are em- 
phasized, and in the scientific community, where well 
over 1200 journal publications and submissions have 
appeared since January 1987. However, in spite of this 
attention, we still do not yet have an accurate theory 
nor do we understand the mechanism involved and why 
these copper oxide perovskites have such high super- 
conducting transition temperatures. In addition, we do 
not know to what extent these materials are unique or 
if there are other classes of compounds yet to be dis- 
covered with even higher Tis. What we can confidently 
predict, as suggested in the epigraph, is that this is a 
field which will remain highly active and exciting for 
years to come. Finally, whatever the eventual theory 
that explains high-T, superconductivity, it will owe an 
enormous debt to solid-state chemists because their 
synthetic and structural studies are propelling the 
current revolution in superconductivity. 
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