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of an alkyne complex into a dialkylidyne complex either
from theoretical analysis on cobalt or from experimental
evidence on rhodium and iridium. If Ru, Co, Ir, and
Mo behave differently than Ni, Pd, (W)}, it may be, as
pointed out by Saillard et al.% from the plot of relative
electron distribution as a function of electron count,
that, at the right side of the transition series, surfaces
should be negative relative to the bulk, and at the left
side of the transition series, surfaces shouid be positive.

Qur general conclusions will then be that possible
surface intermediates in alkane reactions on metallic
catalysts have only indirect proof in their support;
however, they account for many experimental facts. We
proposed an agostic precursor species which initiates

. the formation of o-alkyl or carbene species to explain

(a) the bond-shift, the cyclic, and the hydrogenolysis
reactions: (b) less dehydrogenated species on the sur-
face, 4 in agreement with the kinetic model proposed
by Frennet et al.;! (c) dicarbyne mobility on the surface
as proposed in ref 29. The aay triadsorbed species
proposed by Leclercq et al® and Anderson et al. 7%
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Furthermore, the surface reconstructions of piatinum
single crystals by hydrogen correlated to change in the
selectivity in isomerization and hydrogenolysis reactions
reinforce the proposed agostic precursor.

More generaily, our proposal for an agostic precursor
species has the advantage of simplifying the interpre-
tation of the different reaction mechanisms for isom-
erization and hydrogenolysis via a limited number of
precursor species. It also allows us to account for the
first steps of adsorption as well on platinum, palladium,
and iridium catalysts as on bimetallic or alloy catalysts
and agrees very well with the kinetic model proposed
by Frennet,® where a reactive adsorption step occurs,
followed by reactive surface dehydrogenation steps
without any release of the sites occupied by adsorbed
hydrogen.

We are groteful to Dr. David Godbey, Department of the Novy,

Naval Research Laboratory, Washington, DC 20375, for extensive
discussions,

(60) Loclercq, G.; Leclercy, L; Maurel, R. J. Catal. 1977, 50, 81.
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Introduction

High-temperature superconductivity constitutes the
most sensational discovery of recent times. Since these
new superconductors are complex metal oxides, chem-
istry has had a big role to play in the investigations. For
the first time, stoichiometry, structure, bonding, and
such chemical factors have formed central themes in
superconductivity, an area traditionally dominated by
physicists. These oxide superconductors have given a
big boost to solid-state chemistry.
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The first group of high-temperature superconductors
discovered! were oxides of the type La,.(Ca.Sr,-
Ba),Cu0, with T, values in the 25-40-K range, soon
followed by the so-called 123 oxides of the general
formula LnBa,Cuy0; (Lo = Y, Nd, Sm, Eu, Gd, Dy, Ho,
Er, Tm, ot Yb) with 7T, values in the 90-K region. The
chemistry of these two classes of oxide superconductors
has been reviewed recently.>” The discovery of ma-

U'ConhibuﬁunmﬂSﬁomthnthd’ State & Structural Chemistry
mit.
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Oxygens (0) 02,03 @D 0.0t 3 o105 when disordereg

Figure 1. Structure of YBa,CuyO,y: (a) § = 0.0, orthorhombic with oxygens ordered on O1 sites; (b) § = L.0, tetragonal with fully
depieted O1 sites: (¢) disordered structure where both 01 and O35 sites are occupied. }

terials with Superconductivity above the liqujd-nih'ogen
temperature has raised mych hope and has prompted
intensive search for new classes of oxideg with still
higher Superconducting transition temperatures. Two
New series of layered oxides belonging to the Bi-Ca-
Sr-Cu-0 and Tl-Ca-Ba—Cu-0 systerns and Possessing
the general formula Azca,,ﬂ.,B,CuﬂOz,,ﬂ where A = Bj
or Tland B = Sy or Ba have been found to exhibit
superconductivity between 60 and 125 K518 A g
members of the serjes (n = 1-3) of oxides have been
characterized adequately, although there hgg been some

Cuprates of the type PbASr2Cu303+, (A=LnorLn+
Ca) have been discovered.2!

Itis noteworthy that ail the high-T, cuprates possess
perovskite-related structures with covalent Cu—0 bonds

layer (compared to two TI-0 layers of the earlier series) highlight the structura] relationships as we]l as the
is also known,_15.18-20 Recently, superconducting lead iti

(8) Maeds, H.: Tanaka, Y.; Fukutomi, M Asano, T. Jpn. J. Appl.
Phys. 1988, 27, L20s.
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dimensional K,NiF, structure with tetragonaily elon.
gated Cu-oxygen octahedra; the Cu ions can interact
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Figure 2. Variation of T, with & in (a) YBa,CuyOq, and (b)
LaBa,CuyOy4 Shaded region includes data from different sources.

only in the ab plane. These oxides have a tetragonal
structure at room temperature when x > 0.05 and be-
come orthorhombic around 180 K, well above the su-
perconducting transition temperature (2540 K). T, in
these oxides shows a maximum around a specific value
of x (~0.15 and 0.2 respectively in the case of Ba and
Sr), around which compositions certain structural pa-
rameters also seem to show anomalous features. Parent
La,Cu0Q, (x = 0) is itself orthorhombic and becomes
superconducting (T, ~ 30~40 K) when it has an oxygen
excess or a lanthanum deficiency. The La ion in
La,..Ba,(Sr,)CuQ, can be replaced by rare earth ions
such as Pr, Nd, Eu, and Gd up to a point (<10%)
without losing superconductivity, although T is gen-
erally lowered. Substitution of Cu partly by Ni and Zn
aiso lowers the T

- YBa,Cu,05 and related 123 oxides are orthorhombic
(Figure 1), by virtue of the preferential population of
the O1 sites (along the b axis) giving rise to Cu-0
chains. A disordered orthorhombic structure can result
if both the O1 and O5 sites are occupied (but une-
qually). A tetragonal structure results if the O1 oxygens
are depleted extensively or the Ol and O5 sites are
equally occupied. The tetragonal-orthorhombic tran-
sition is responsible for the formation of twins; across
the twin boundary, the Cu-O chain direction is rotated
by 90°. The orthorhombic structure of YBa;CuyO..,
continues up to § = 0.6 when the structure becomes
tetragonal; YBa,CuyOg is tetragonal and nonsupercon-
ducting. The T of orthorhombic YBa,CuyOy shows
an interesting variation with 8. The T\ is ~90 K up to
& = 0.20; there is a plateau in T, (55 £ 5 K) in the §
range of 0.20-0.40 (Figure 2). The material becomes
nonsuperconducting at § = 0.6. The orthorhombic
structure can be extended to higher values of & by
low-temperature gettering, but the T, values of such
samples are rather low (<40 K). Since the structure in
the piateau region is orthorhombic, the possible oc-
currence of oxygen vacancy ordering has to be exam-
ined. While some evidence for vacancy ordering has

O 0 0

Figure 3. Intergrowths of superconducting “O," domains (Cu0,
square-planar groups) and insulating *Oy” domains (Cu in 2-fold
coordination}.

been found in electron-diffraction patterns, it seems to
depend on the method of preparation of the samples.
Such compositions can be mixtures of orthorhombic Oy
and tetragonal Og structures. More interestingly, in-
tergrowths of O, and O structures can occur in com-
positions with & > 0.50. Occurrence of superconduc-
tivity (T < 45 K) in these compositions (especially &
~ 0.5) is better explained by intergrowths of domains
that are alternately superconducting and insulating
according to the formulation YBay(Cu?*Cu®* Q)1
(Cu,?*Cu'*Qg),.# In Figure 3 we illustrate the nature
of the intergrowth structure of O, and Og units sug-
gested by electron microscopic observations.

Unlike in YBa,Cuy0q, LaBa,Cuy0,; becomes tet-
ragonal for relatively small deviations from stoichiom-
etry (3] < 0.1). Oxygen-excess LaBa,Cu;0, samples
are more readily obtained than in the yttrium system,
but these are almost always tetragonal and nonsuper-
conducting. High T, (~77 K) in LaBa,Cu;0 is found
only when 5 = 0.0 (Figure 2), at which composition the
structure is orthorhombic.%® The sensitivity of T, to
3 in LnBa,Cu,0, depends on the Ln (rare earth) ion.
A plateau at lower T, (~50 K) is seen for § > 0.2 when
Ln = Gd or Dy as well, but the orthorhombic structure
in this § region is different from that in the 90 K T
region (b = ¢/3). All LnBa,Cu,0, compounds become
tetragonal above a certain temperature (e.g-: La, 530
K: Y, 970 K). The larger Ln ions can readily inter-
change sites with Ba, unlike the smaller ions. This is
also true of the more general Liny . Bay,,CuigO144v family
of which the 123 oxides are the x = 1 members. In the
336 family, the structural dependence (orthorhom-
bic/tetragonal) on z depends on the Ln ion; oxygen-
excess compositions of the 336 family generally possess
tetragonal structures 82 :

A variety of studies have been carried out to inves-
tigate the effect of substituting Y, Ba, or Cu by other

* metal jons. The Cu ion in YBayCuyOy can be replaced

by cations such as Zn and Fe, and these substitutions
generally tend to give rise to tetragonal structures ac-
companied by changes in oxygen stoichiometry and
lower T, values.?’ While most high-T, (~90 K) 123

Iﬁ(f‘;sﬂ.;mu.m Michel, C.; Hervieu, M.; Provost, J. Physica C 1988,
155, 3.
(25) Ganapathi. L.; Ganguli, A. K.; Mohan Ram; R. A; Rao, C. N. R.
J. Solid State Chem. 1988, 73, 593; J. Solid State Chem. 1388, 75, 235.
(26) Umarii, A. M.; Somasundaram, P.; Ganapathi, L.; Reo, C. N. R.
Solid State Commun._ 1988, 66, 177.
(27) Ses, for example: Bordet, P.; Hodeau. J. L.; Strobel, P; Marezio,
M.; Santoro, A Solid State Commun. 1988, 66, 435.
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Figure 5. Variation of T, in Bi and TI cuprates with the number
of Cu~0 layers, n.

oxides are orthorhombic, certain tetragonal 123 com-
Positions with high T, values have been prepared, 229
Orthorhombicity is not a necessary criterion for high
‘T The tetragonal superconducting samples, however,
show orthorhombic microdomains in electron micro-
graphs. PrBa,Cu,0, is orthorhombic, but not super-
conducting %

When Ba in YBa,Cu,0, is progressively replaced by
Sr, the T, is lowered. Substitution of Y by Pr has a
similar effect until superconductivity is lost at ~60%
Pr. In YBa,_,La,Cu;0,., the structure becomes tet-
ragonal with increase in x and the T, of the ortho-
rhombic phase decreases with increase in x. The lability
of oxygen is reduced by partial substitution of By by

(28) Langen, J.; Veit, M.; Galffy, M_; Jostarndt, H. D.; Erle, A;
gslu{;;’;nréder. S.; Schmidt, H.; Zirngiebl, E Solid State Commun., 1988,

{29) Maeno, J.; Fujita, T Physice C 1988, 153-155. 1105 Also see:
ding, J.; Beig, J; H.; Haia, Y.; Gonssr, Y.; Gatlich, P; Jakobi,
R. Solid State Commun. 1988, 66, 727.

(30} Ganguli, A. K Reo, C. N.R. Z, Phys. B: Condens. Matter, in
press. -

{b) . (c) .
Figure 4. Comparison of the structures of (a) Bi,Tiy0,, (Aurivillius phase), (b) Bi;(Ca,Sr)4Cu,0, (after Subramanian et al."'}), and

La, a factor that may be useful in materials processing.?!
In oxides such as GdBa,Cu;0,, superconductivity
coexists with magnetism, 3

Bi-Ca-Sr-Cu-0 and TI-Ca~-Ba-Cu-0
Systems®203342

After the initial report of superconductivity (maxi-
mum T, =~ 22 K) in Bi:Sr,CuQs.; by Michel et al., 3
Maeda et al.® reported high T, with onset in the 100 K
region in a Bi-Ca~Sr-Cu-0 composition. Since then,
several compositions of the Bi-Ca-Sr-Cu-0 system
belonging to the Biy(Ca.Sr),41Cu,0,, series have been
investigated widely. Then = 2 member of this series,
Bi;(Ca,Sn)yCu,04,,, with zero-resistance T, of ~90 K,

n characterized by several workers both in
polycrystalline and single-crystal forms. The exact
composition of the phase, however, seems to vary from
one laboratory to another, The n = 2 member seems
to be the most stahile phase in this series. The bismuth
cuprates are orthorhombic and have structures some-
what similar to those of the Aurivillius family of oxides,

(31) Somasundaram, P; Napjundeswamy, K. §.; Umarji, A. M.; Rao
C. N. R. Mater. Res. Buil. 1988, 23, 1133. Manthiram, A;Tang, X. X.;

39,
Goodenough, J. B. Phys. Rev. B 1988, 37, 174,
(32) Duniap, B. D.: i, M.: Hi 3 ; , M.,
K-;sz.c-:cl'lbtn_e.c. 31.;Kwok.W.K.;Ml.lik.S.K.;Sdmﬂzr.

rishoan, J; Askew, T. R.; Flippen, R. B.; Mocrasey ; , K. J; Chowdbry, U.;

s"(i:f?)t' S N‘é"'c' Emm'm' Calabrese, J. C.; Gopalak
orTardi, - Su ian, M. A; L C.; .

r'-hnn,J.:McCannu.E.M.:Mari-ay.K.J.:th.T. :

(40) Harview. M.; Maignan, A; Martin, C.: Miche, C Provet, J;
Ra:nﬂ.u.cs. Mod. Phxy;a.N Lete. B 1938, 2, 1}?% Reo, C. N.R. Ph c
41) Ganguli, A. ¥_; anjundaswamy, . . . yaica
1928, /56, 788. Ganguli, A, K_; Nagarajan, R.; Nanjundaswamy, K. S.;

R‘?.‘S:{q R Maur.MRu. Bull., in press.
o (42) Hervieu, M.; Michel, C.; Maignan, A.; Martin, C:Ravesu,B.J.
Solid State Chem. 1988, 74, 428
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- (Big09)**(A,-1Bn0341)*. In Figure 4, we compare the
structures of Bi,T1;0,; and Biy(Ca,Sr);Cu,04, both of
which have similar ¢ parameters in the region of 30 A.
The main difference is that the cuprate does not have
Bi,0; layers, but instead has BiQ layers separated by
~3.25 A; cleavage between the two layers yields
charge-neutral sections.! This is probably why the
bismuth cuprates have mica-like morphology. The Cu
coordination, although pyramidal, tends to be essen-
tially square-planar in Biy(Ca,Sr);Cu,0O5 and Q4.3
Electron micrographs of Bi~Ca-Sr~Cu~0 oxides clearly
show evidence for modulation in the structure; super-
lattice structures are seen in the diffraction patterns.
The micrographs also show the presence of extensive

dislocations and intergrowths of different layered se-
guences.

While most workers have characterized the n = 2
member of the Bi-Ca-Sr—Cu—0 system, there has heen
considerable difficulty in obtaining pure monophasic
materials especially of the n = 3 member.3¢
BiyCaSrCuQgy (n = 1) has a T, of 60 + 20 K, the actual
value depending on the Ca/Sr ratio. We find that
starting Ca-rich compositions tend to yield more mon-
ophasic products. Initial reports of two T, values
around 80 and 110 X in some of the compositions as
well as the occurrence of very low T, in some others are
clearly due to the presence of different phases. While
very low T, values could arise from Bi,Sr,CuQg.; and
such phases, the ~110-K T is almost certainly due to
the presence of a small proportion of the n = 3 mem-
ber.*® Biy(Ca,Sr),Cu30,p+s (up to ~20%) in mixture
with the n = 2 member shows a T, of ~105 K.37 Pure
r = 3 member (T, ~105-110 K) has been characterized
recently; substitution of Bi by Pb {up to 25%) favors
the formation of this phase,!?

On the basis of the characterization of a variety of
compositions of the Bi~-Ca~Sr-Cu~O system, it appears
that the T, values of the n = 1, 2, and 3 members are
around 60 + 20, 85 + 5, and 107 %+ 3 K, respectively,'?
the orthorhombic ¢ parameters being ~25, 31, and 37
A, respectively. The T. clearly increases with the
number of Cu—0 layers up to n = 3 (Figure 5). The
n = 4 member, synthesized recently, has a T, only
slightly higher than that of the n = 3 member.!?> It
appears that T, does not increase with the number of
CuO sheets beyond three. Attempts have been made
to synthesize recurrent intergrowth structures,® in-
volving a periodic arrangement of different layered
phases at the unit-cell level. Unfortunately, it has not
been possible to prepare such ordered intergrowth
structures involving members of the Bi,(Ca,-
81),+1Cu,02,4,4 series, unlike in the case of the Auri-
villius family of bismuth oxides.®

Superconductivity in the TI-Ca-Ba—Cu-~-0 system
was first reported by Sheng and Hermann.!® These
tetragonal oxides have the general formula
T1,Ca,. Ba;Cu,0y,+, In this series, T1Ba,CuQOg, Tlo-
CﬁBﬂgCUgOg, and TlgcagB&gcu:;Om corresponding ton
= 1 2 and 3 with ¢ parameters of ~23, 29, and 36 A
respectively are known to show T, values of around 80,
110, and 125 K. Structures of the T1-Ca~-Ba~-Cu-0
superconductors are similar to those of the Bi-Ca—-Sr-
Cu-0 system. In Figure 4, we compare the structure
of Tl,CaBa,Cu,04 with that of Bi,(Ca,Sr);Cu,04. These
thallium cuprates have essentially corner-sharing

- S’

Rao and Raveau

square-planar CuQ,, groups oriented to the (001) planes
just as in the bismuth cuprates, but the copper—oxygen
polyhedra are more distorted in the latter. There are
no oxygen atoms between the Cu—O sheets. The Cu—0
distance in T1,Ca,_;Ba;Cu, 04, decreases with increase
in n, accompanied by a small decrease in the a param-
eter; the intersheet T1-O bonds are ~2.0 A in length,
and the separation between two T layers is 2.2 A.34.%
Crystals of the Tl cuprates are therefore difficult to
cleave and are rod-shaped. Increasing the T, in the
T1-Ca-Ba—Cu-0 system to much higher temperatures
by increasing n seems difficult since the n = 4 member
has a T, of 104 K. "Electron-diffraction patterns of
the n = 5 member have been obtained, but the pure
phase has not been isolated. Electron micrographs show
defects and intergrowths of different sequences in the
T! cuprates as well.

The n = 2 and 3 members of the T1Ca, ,Ba,Cu,0p,.
series containing only one T1-0 layer have been isolated
and characterized.!*1%2! These oxides have T, values
lower than those of corresponding members of the
T1,Ca,  BayCu,0y,44 series (Figure 5), suggesting a role
for the Tl layers. Recently, members of the T1,__Pb,-
{Ca,Sr),,+1Cu,04,+3 series of high-T. superconductors
have been characterized; substitution of Ca partly by
Y in TI and Bi cuprates lowers the T, markedly.*!
TlCao_sLno,SSrzCuﬁg {Ln = Y or rare earth), however,

represents a series of 1122-type superconductors (T, ~
90 K).

Structural Relationships in the Cuprates

A feature common to all the high-T, cuprate super-
conductors is the high covalency of the Cu-O bonds and
the two-dimensional character of the copper-oxygen
framework closely related to that of the perovskites.
Thus, La,_,(Ca.Sr,Ba),Cu0, as well as the Ba—Ca-Sr-
Cu-0 and T1-Ca-Ba—Cu-0 oxides can be considered
to belong to the same structural family involving the
intergrowth of multiple oxygen-deficient perovskite
layers, ACuO,_,, with rock-salt-type layers, AO, leading
to the general formula [ACu0,_].[AQ],.
La, ;M,Cu0Q,,'* BiySr,CuQ¢,* and T1,Ba,CuO¢' rep-
resent the n = 1 members formed of single perovskite
layers according to the formulas [La,_.M,Cu0,.]-
[Lal-_,.M§0], [SrCu0,][(Bi0)4(8r0)], and [BaCuQy}-
[(T10),(Ba0)]. They differ from one another in the
thickness of the rock-salt-type layer. One indeed ob-
serves single [La, Ol. layers in La,CuQ,-related
oxides (Figure 6a) and triple rock-salt layers {(rn’ = 3)
in the other two oxides (Figure 6b) formed by a mon-
olayer of [SrO] or [BaO] and bilayers of [(Bi0),] or
[(T10);). The n = 2 members are represented by the
three oxides TlCaBagCuQO-,,“’” BigCﬂSl’zCi}gO&mw
and T1,CaBa,Cuy04.1¢3%4 Here, the double oxygen-
deficient perovskite layers (n = 2) are formed by two
layers of corner-sharing CuOj pyramids interleaved with
a piane of Ca ions leading to the formulas [CaBa-
(CUOg__r,Do‘g)z][(BQO)(TIO)], [CaSr(CuO,ﬂ-,Do,s)z]-
[(Sr0)(BiQ),}, and [CaBa(Cu0,B, ,),]){(Ba0)(T10),},
where O represents an oxygen vacancy. Thus, TICa-
Ba,Cu,0, (Figure 6¢) exhibits a double rock-salt layer
(n” = 2) formed of monolayers of (BaO) and (TIO)
whereas triple rock-sait layers (n’ = 3) formed of double
[(BiO),] or [(T10},] and a monolayer of [SrO] or [BaO)
are present in Bi,CaSr,Cu,04 and T1,CaBa,Cu,04
(Figure 6d). Triple oxygen-deficient perovskite layers
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(n = 3) are obtained in T1Ca,Ba, Cu,0,, 1420 Ti;Cay-
BagCuz,Om,”'”'" and BiZCaQSrZCu30m.1mm In these
structures, the triple perovskite layer is formed by one
layer of corner-sharing CuQ, square-planar groups
sandwiched by two layers of corner-sharing CuQ; pyr-
amids; two planes of Ca jons are interleaved between
these layers. There are two rock-salt layers (n’ = 9) in
T1Ca,Ba,Cuy0, and three (r” = 3) in the other two
oxides are illustrated in Figures 7a and 7b, respectively.
Thus, the general formula of these three oxides can he
written as (BaCay(Cu0, .0, Qz(Cuozn)ll(AO}lw(BO)],
where B = Sr or Ba and A = Bj or TL

It is worth noting that the rock-salt layers, (T10) and
(Bi0), are distorted compared to La,,M,O layers in
La,Cu0Q,-type oxides. The (T10) layers are much less
distorted than the (BiO) layers; the distance between
two layers is indeed much larger in the latter. The
[Cu0,). layers of corner-sharing CuQ, square-planar
groups forming the basal planes of the octahedra or
square pyramids are much less puckered in the

2CuO,-type oxides and in the thallium cuprates
compared to the bismuth cuprates. This behavior of
bismuth cuprates may be associated with the fone pair
(68%) of bismuth, which may also be responsible for the
modulation of the structure.

YBa,Cu;0, and related 123 oxides can be considered
to constitute the n’ = 0 members of the general struc-
tural class of oxygen-deficient perovskites described
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above. The ordering of oxygen and anionic vacancies
in the perovskite framework (Figure 7¢) leads to a layer
structure that bears considerahle similarity to the other
cuprates. We can recognize similar layers of corner-
sharing CuOj; pyramids interleaved with planes of yt-
trium ions. The main difference in the 123 oxides is
that two pyramidal layers are connected through rows
of corner-sharing CuO, square-planar groups resulting
in the formulation [YBa(CuOQ_SDO_s)z][BaCuOQD].
YBa,Cu, 0y (124) with two Ca0 chains (T, ~ 80 K) is
also known

States of Copper and Oxygen

Superconducting La, M.CuO, and LnBa,Cu,0,
would nominally be expected to contain a fajr propor-
tion of Cu® jons. Such g nominal Cu(II)-Cu(Ill) mixed
valence has been considered to play an important role
in the superconductivity of these oxides. Supercon-
ductivity in YBa,Cu;0,; cannot be explained by taking
into account the charge balance based on elementary
chemical considerations alone. Thus, YBa,Cu;04
which should formally contain only Cu(Il), should not
be superconducting, but it shows a T.of ~45 K. A
possibility is that there is intergrowth of O, and O¢
domains as suggested earlier, requiring the presence of
Cu(III), Cu(ID), and Cu(I) states. What is interesting
is that the T, values of the La,CuO,-type oxides as weil
as YBa,Cu;0,; show a proportional increase from 30

8). However, this would not be the case in the Bi and
Tl cuprates. We do not as yet fully understand the role
of nonstoichiometry as well as of the TIO and BiQ
layers in the superconductivity of these cuprates.
Considerable effort has been made to understand the
nature of copper and oxygen ions in the different cup-
rates since all the essential phenomena (magnetic
properties and superconductivity) are confined to the
CuO, sheets. It is well understood that localized Cu3*
ions cannot exist in the structures of these cuprates.54
The excess positive charge (holes) is likely to be delo-
calized over the Cu—0 framework as indicated by the
metallic behavior of the cuprates. An important
<question that arises is whether the holes appear mainly
on copper leading to the Cu(Ill) state (g® electron
configuration) or whether they appear elsewhere, The
answer from electron and X-ray spectroscopic studies
is that all the excess holes end up as holes in the oxygen
band or O'- with 2p® electronic configuration. -
On the basis of X-ray absorption (Cu K or L edge)
spectroscopy, many workers initially came to the con-
clusion that Cu?* wag present in YBa,CuyO4,. Later
measurements have, however, shown this not to be
correct. The presence of a Cu®ligand hole state has
been established by X-ray absorption spectroscopic
studies; a 1s — 2p transition in the oxygen-edge spec-
trum confirms the presence of holes in the oxygen band,

and this has also been verified by electron energy loss
spectroscopy. 447

(43) Marsh, P.; Fleming, R M.; Mandich, M. L.; De Santolo, A. M;
Kwo. J.; Hong, M.; Miranda, L. J. M. Nature 1988, 34, 141.

(44) Shafer, M. W.. Penoey, T.; Olson, B. L. Phys. Rev. B 1987, 36,
4047

(45) Nicker, N.; Fink, J.; Fuggle, J. C.; Dutham, P. J.; Temmerman,
W. M. Phys. Rev. 8 1988, 37, 5158,

(46) Fuggle, J. C.; Weijs, P, J. W.; Schoorl, R.. Sawatzky, G. A.; Fink,
J. Ngacker. N.; Durham, P. J.; Temmerman, W. M, Phys. Rev. B 1988,
37,123,
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We have investigated the nature of holes in the su-
perconducting cuprates for some time by employing
X-ray photoelectron (XP) and Auger electron spec-
troscopies.*®**® Cu(2p) X-ray photoelectron and Cu
L;VV Auger spectra of YBa,Cuy0gq as well as the Bi
and T cuprates show the presence of only the Cul* and
Cu?* species in the ground state of these oxides, with
no detectable amount of Cu’*.

The O(1s) core-level spectra of the cuprates show the
presence of features with binding energies of around
529 531, and 533 eV, respectively.* The normally ex-
pected oxide species, 0%, with the filled 2p® configu-

(47) Bianconi, A.; Castellano, A C.; De Santis, M.; Rudolf, P.; Lagarde,
P.: Flank, A. M.; Marcelli, A. Solid State Commun. 1987, 63, 1009;
Physica C 1988, 153155, 1760.

(48) Sarmas, D. D.; Rao, C. N. R Solid State Commun. 1988, 65. 47.

{49) Chakraverty, B. K.; Sarma, D. D Rao, C. N. R. Physico C 1988,

156, 413.

..3.,

ration is associated with the 529-eV feature. The O
species {corresponding to the presence of a hole in the
2p band) is expected to have a higher binding energy
than 0%, but the position of this O(1s) feature is likely
to be in the 529-531 region. Unfortunately, CO,* and
OH", which are almost always present in such oxides,
give an intense peak around 531 eV. We, however, find
an oxygen species with a binding energy of 533 eV
which could be considered to be due to the dimerization
of O holes giving peroxide-like species. The proportion
of the dimerized holes seems to increase substantially
with decreasing temperature, and the phenomenon is
reversible.*%? Although there is some uncertainty re-
garding the assignment of the 533-eV feature, it should
be noted that a few other workers have recently as-
signed this to peroxide-like species.’%! The dimerized
hole species could play an important role in the mech-

- anism of superconductivity of these oxides. The pres-

ence of Cu'* in the superconducting state of YBa,-
Cu,04 dictates that a considerable proportion of the
oxygens be present in the hole state. Furthermore, the
d!®(Cu'*) state favors such oxygen holes.3? It is in-
teresting that Takura et al.® have recently correlated
T, of the cuprates with the [Cu—0] charge in the sheets.
The charge, p, of (Cu**-0™)P is determined by z and

" m;since z = 3, we can only have (a) (Cu?*Q*)!*, (b)

(Cu?*0*)°, and (c) (Cu'*0!")? species. It seems possible
that the relative proportions of b and ¢ will determine
whether a particular oxide is superconducting or insu-
lating for a given charge, p. It is noteworthy that the
new superconducting lead cuprates® are required tc

{50} Chang, C. C.; Hegde, M. S.: Tarascon, J. M.; Venkatesan, T.
Inam, A.; Wu, X D.; Mc Laan, W. L. Appi. Phys. Lett, 1988, 53, 2099

(51} Dai, Y.; Manthiram, A.; Campion, A.; Goodenough, J. B, Phys
Rev. B 1988, 38, 5091,

{52} Rao, C. N. R,; Hegde, M. S;; Ganguly, P; Sarma, D. D. J. Am
Chem. Soc. 1987, 109, 6893.

(63) Takura, Y.; Torrance, J. B.; Huang, T. C.; Narzal. A. L Phys. Reu
B 1983, 38, 7156.
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have a reasonable proportion of Cu®* by virtue of their
stoichiometry,
i
Concluding Remarks

We have attempted to point out the common struc-
tural features of the different families of cuprate su-
perconductors. Besides being structurally related, we
have shown that the cuprates are likely to have a com-
mon mechanism of superconductivity involving holes
on oxygen. These holes seem to have mainly p, char-
acter.®  Such holes may also be present in many
other transition-metal oxides, especially those where the
- d electrons are itinerant 4952

There are many chemical aspects of the oxide su-
perconductors that are yet to be fully understood.
Many new classes of oxides as well as other materials
are yet to be explored. There are indications that many
simple oxide systems may show superconductivity;

(54) Himpsel, F. J.; Chandrashekhar, G. V.; Shafer, M. W. Phys. Rew,
B 1988, 38, 11946.
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other layered systems with Lu, Ga, In, etc., are yet to
be explored. One possible strategy to follow would be
to synthesize oxides or possibly other chalcogenides
where anionic holes are favored. Chemically this means
that we need to have systems with small anion to metal
charge-transfer energy. Instead of being in a high oxide
State, the metal would rather accept electrons from the
anion {oxide) and create an anion {oxygen) hole. Re-
sides oxides containing Bi and Pb, it would be worth
investigating oxides containing Ni, V, Nb, Ti, Zr, Pd,
and so on. There is also need to investigate three-di-
mensional oxide systems for superconductivity since
Ba, K.Bi0; has a T, of ~30 K2 There is every hope

t chemists will one day find a material with T, close
to room temperature. Their synthetic skills®® will be
of great value in this gold rush,

One of us (CN.RR) acknowledges the Department of Science
and Technology and the University Grants Commission for
support of this research,

(55} Rao, C. N. R.; Gopelakrishnan, J. Aec. Chem. Res. 1987, 20, 228,
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Recent spectroscopic data, especially based on electron speclroscopic measurements, have identified that the carriers in the
normal state of the high-temperature superconducting cuprates are holes in the oxygen p-and rather than holes on copper in the
form of Cu’*. We show that these oxygen holes can form a special kind of singlet pair {which we designate peroxitons) composed
of O~ —Cu*-0-) type species and essentially involving a resonating bond between the hree sites. Bose condensation of these
peroxitons as well as their effect on magnetic properties are discussed and it is shown tha! such oxygen holes are fundamental to

the mechanism of superconductivity of the high T cuprates.

1. Introduction

Ever since the discovery {1) of the high-temper-
ature oxide superconductors, there has been 2 flood
of theoretical speculations, prominent amongst which
has been the resonating valence bond (RVB) model
[2,3] of positive charge carriers moving through the
copper lattice sites in the copper—oxygen plane. The
plethora of recent spectroscopic data [4-7] have
drawn however the opposite conclusion that we have
in these oxides, charge carriers which really are holes
in the oxygen p-band (i.e. ligand holes rather than
holes in the copper Sg-shell} and that these p-holes
are somehow directly responsible for superconduc-
tivity in these oxides.

In this article, we shall first present some of the
spectroscopic evidence for the oxygen holes and dis-
cuss the valence state of the copper ions. We shall
then show the nature of pairing of these holes and
address ourselves to the formation of the peroxiton
pair. We shall discuss the relevance of the peroxitons
to superconductivity and to magnetic properties of
these oxides.

* On leave from Groupe des Transitions de Phases, CNRS,
Grenoble, France.
» To whom all correspondence should be addressed.

2, State of copper and oxygen

The archetype nor-superconducting (actually, in-
sulating) oxide of the family is stoichiometric
La;CuQ,, where every copper atom is in the Cu2*
state (¢’ i.c. | hole iv. the d-band) and oxygen is O~
(p° i.e. no hole in the p-band). Since the d-hole re-
sides in an antiboncling |d,:.,:> orbital, which is
haif-filled and ought to be metallic, it is generally ac-
cepted that the insulating state results from strong
Mott-Hubbard {8] correlation ¥, between g-holes
on the same cation, which neatly splits the
|ds2_,2) bands into two bands (completely filled
lower Mott—Hubbard band separated by the gap Vg
from the upper band). It is also established that &ll
the essential phenomena (superconductivity, mag-
netism and normal state properties) are confined to
the CuO, plane; in any subsequent modification
brought in due to chemical or stoichiometry change
such as introduction of ~ 15% Sr** in place of La®*,
one introduces |5% holes or excess positive charge
in the basal plane anc| obtains a T, of ~ 35 K_ In the
so-calied 123 material (YBa,Cu,0,), the mobile hole
concentration is = 3%, with a T, of =90 K. The fun-
damental question we have to answer is whether the
holes introduced result in a Cu®* state (¢ config-
uration ), in which case, discussion of the deviation
from a strictly half-filled Hubbard band (and su-

0921-4534/88/%$03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division )
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perconductivity ensuing from it) is relevant, or
whether the holes appear elsewhere. This is a ques-
tion that the spectroscopists have asked themselves
and answered. The answer is that all the excess holes
introduced end up as holes in the oxygen band (i.e.
p' state for hole) or O'~ with 2p° electronic config-
uration. We therefore have to dea! with a partially
filled p-band and the physics has little to do with that
of almost half-filled Hubbard situation. Let us look
at some of the available evidence.

Based on X-ray absorption (Cu K or L edge ) spec-
troscopy, many workers [9-12] initially came to the
conclusion that Cu** was present in YBa,Cu,0
and La, 4,81, ,sCuQ,. Later measurements [13-15]
have, however, shown this not to be correct. The 21
eV feature in the Cu K-edge (ls—o41_) spectrum) ear-
lier attributed to Cu®*, is actually due to the poorly-
screened satellite of the 15 eV feature which is its
well-screened counterpart. In the absence of Cu’+,
the only possibility is that the holes reside on the ox-
ygen orbitals [5,16]. A 1s—2p transition has indeed
been identified in the oxygen K-edge spectrum, con-
firming the presence of holes in the oxygen band
[17,18].

We have been investigating the nature of holes in
the superconducting cuprates for some time. For this
purpose, we have employed photoelectron and Au-
ger clectron spectroscopies which provide direct in-
formation on the electronic structure [4,5,19]. Since
the different valence states of copper would be as-
sociated with different binding energies, it becomes
possible to determine the nature of the copper spe-
cies by means of X-ray photoelectron Spectroscopy
{XPS) and Auger electron spectroscopy. Cu (2p)
spectra as well as L,VV  Auger spectra of
La, 4s8r;,sCuQ, and YBa,Cu,yO4, show the pres-
ence of only Cu'* and Cu®* species in the ground
state of these oxides, with no detectable amount of
Cu’* (figs. 1 and 2). The Cu (2p) spectra show an
intense peak due to Cu'* (3d'°final state) at 933
€V and a weaker feature due to Cu2+* (3d°-final state)
at 942 eV,

Since these superconducting cuprates contain ex-
cess holes due to oxygen-excess stoichiometry, ab-
sence of Cu’* would imply that the excess holes
reside in the oxygen derived p-band. The O{1s) core
level spectra of these cuprates show the presence of
features with binding energies of around 529, 531
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Fig. 1. Cu {2p,,,) region in the XPS of YBa,Cu,0, ,: (2} at 300
K: (b) after cooling to 80 K: (¢) after warming the sample (b)
back to 300 K. In the inset we show the Cu(2p) spectra of (a)
TI;C&;B&;CU;O,O and (b) Bl;(Ca, Sr);Cu;O. at 300 K.

and 533 eV, respectively (fig. 3). The normally ex-
pected oxide species, O2-, with the filled 2p® con-
figuration is associated with the 529 eV feature. The
O'~ species (corresponding to the presence of a hole
in the 2p band) is expected to have a slightly higher
binding energy than O~; unfortunately CO3- and
OH~ which are inevitably present on such oxide sur-
faces show features around 531 eV. Scraping the
sample surface decreases or nearly eliminates the 53]
eV feature. We however find an oxXygen species with
a binding energy of ~ 533 eV which we consider to
be due to the dimerization of O~ holes. While
La, §81,,CuQ, showed only a small contribution due
to the dimerized hole species at 300 K in the O(ls)
spectrum, the 533 eV signal due to this species is
somewhat higher in YBa,Cu,0,,. We have studied
the O(1s) spectra of a large number of samples of
YBa,Cu,0, and all of them inevitably show the ~ 533
eV feature; non-superconducting YBa,Cu,0,, on the
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Fig. 2. Cu(L,VV) Auger spectrum of YBa,Cu,0, ¢ (a) at 300
K; (b) afier cooling to 80 K; {c} after warming the sampie {(b)
back 10 300 K. In the inset, we show the Cu{L,VV) spectrum of
Bi;(Ca, 5r),Cu,0, at 300 K.

other hand, does not show this feature. Furthermore,
our experiments with water have shown that this fea-
ture is not due to any species arising from interac-
tion with H,O. The assignment of the 533 eV O(1s)
feature to dimerized oxygen holes O3, is based on
the fact that ordinary peroxides and oxygen ad-
sorbed on metal surfaces in the peroxo form show
this feature.

The variation of the O( 1s) signal intensity due to
cach species has been studied as a function of tem-
perature in several samples. In fig. 4, we show typical
temperature dependence of the 533 eV feature due
to the dimerized hole species in the case of
YBa,Cu,0; ,. The proportion of dimerized holes in-
creases substantially with decreasing temperature; the
phenomenon is reversible. Accompanying such an
increase of the hole dimers with loweripg of tem-
perature, the surface conductivity as measured by
energy loss spectroscopy [7] increases. We feel that

(a) {c
300K 1-szmev 300K
11 531 ey
111 522 Sev

1 SM 5y
i1 530 0ev

[t 521.0ev
Iv 532 6ev

(b) )
SOK 90K
513 s
{e) 400K (f00K

Fig. 3. O(1s) spectra of YBa,Cu,O,, at (a) 300 K and (b) 100
K decomposed into three gaussians; in (¢) and (d) we show the
O(1s) spectra of unscrapped T1;CaBa,Cu,0, at (¢) 400 K and
(f) 100 K. The ~533 eV feature is seen in all the spectra.

this dimer species plays an important role in the
mechanism of superconductivity of these oxides. The
preponderant presence of Cu'* in the supercon-
ducting state is a noteworthy feature which dictates
that a considerable proportion of the oxygens be
present in the hole state. The average charge on ox-
yeen would therefore be between one and two while
the electron occupation of the g-orbital of Cu would
be around 9.5.

Room-temperature Ci(2p) spectra of
T1,CaBa,Cu,04 {T.~110 K) show a weak feature
around %42 eV due 1o 3¢°-related final states and an
intense feature around 533 eV due to 3g'%related
states (fig. 1). Cu'* appears to be the prominent
species in the thallium cuprates as well. Cu(2p)
spectra of Bi,(CaSr};Cu,0;.5 (T.~90 K) show

=/l -
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Fig. 4. Temperature variation of the 533 eV feature due to the
peroxide-like species in three independent measurements desig-
nated (2), {(b) and (c). Temperature variation of the 529 eV
O’ feature is shown in one case,

similar results (fig. 1}; the Cu (LVV) spectrum of
this oxide also shows the presence of Cu'* (fig. 2).
The proportion of Cu'™* seems to increase on low-
ering the temperature in all these cuprates. It must
be noted here that we do not actually expect Cu** to
be present significantly in the Bi and TI cuprates
based on stoichiometry considerations. Further-
more, both Bi and Tl are in the 34 state in the cu-
prates as found by X-ray photo emission and
chemical means [20]. Presence of Cu'* {and oxy-
gen holes) in the Bi and TI cuprates therefore as-
sumes considerable significance. The O(1s) spectrum
of T1,CaBa,Cu,04 reveals that the 533 eV feature
due to hole dimers is present even at 400 K and be-
comes more prominent on cooling (fig. 3), the
changes being reversible. {Note the H,O related spe-
cies would not be stable above ~240 K.)

3. Pairing states of oxygen holes,

Now that we have established that holes intro-
duced reside on oxygen, it suffices to look at the

=~ 12 -

square plane of 4 oxygens with a copper atom in the
middle (fig. 5). The four linear combination of the
two p, (at sites 1 and 3) and two p, (at sites 2 and
4) are,

(1> =p;+p} +pi+p),
125 =px—pi —Pi+P}. (1)
13>=pi=p; +pi-P;,
14> =pL+p; —pi—Pp; .

In fig. 5a we show these energy levels; note that only
the configuration |2} (of B,, symmetry) will hy-
bridize with the Cu?* |d,._,. ) orbital. This is shown
in fig. 5b (in a recent publication of Zhang and Rice
{21}, there seems to be an error in their fig. 1, which
actually has zero hybridisation with |{d,:_,: ). Fig.
5¢ shows, how the oxygen electrons (O?-) sprea-
dout in a filled two-dimensional band. Fig. 6a shows
a partially filled O~ band, while fig. 6b depicts it as
hole states filled upto the hole Fermi level Er.
There is the possibility of pairing of the oxygen
holes in the k-space, through the intermidiacy of the
Cu’* spin, as shown by Emery [22] and Hirsch [23].
Can there also be real-space pairings? With two elec-
trons per orbital of the oxygen band, the ground state

wectrons in 02 band

D <4t ty)
3
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2> 4 {1ty
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I B

@ Oxygen p,and pv.l2>
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Fig. 5. (a) Energy levels of oxygen orbitals; (b} hybndization of
Culd,:_,:» and oxygen p, and p, asin |2); (¢) electrons in 07~
band.

-



B.K. Chakraverty et al. / High-temperature superconducti vity of cuprates 417

c

8 Cu-—-myom e £

;] — 77

<& &> 1>
e ¥
o [<]
p-1 electrons £
‘OI. w
o~ tHoles
_ 5
1> Er LTSS LI SITS
JA Il'> 2
———d2-— ~€, Cu

{a)

(b

Fig. 6. (a) Electrons in a partiaily filled O°- band and (b) the corresponding hole piciure.

15 a filled non-bonding band of electrons unaffected
by local lattice deformation. But as soon as holes are
added to the top of the electron band (or holes to the
bottom of the hole band, fig. 6b), effective bond or-
der is added to the interatomic regions and the lat-
tice responds (see fig. 7) by local bond contraction,
which may pull out the empty state below the bot-
tom of the hole band - this is a hole polaron or a hole
bipolaron (O~-0- dimer). But whether such a
bound state will actually occur or not depends crit-
ically on the intersite Coulomb repulsion terms be-
tween two near neighbour holes, ¥,, and ¥,,

ELECTRON ENERGY

depending on whether both are p-holes or one is a
p{O™) the other a d-hole {Cu*). In fig. 8(a) and
(b) we show two possible configurations of (0O
O~ ) hole pairs which we call bipolaron and perox-
iton, respectively. If 1 is the energy measured from
the bottom of the oxygen-hole band, as the coupling
energy gained as the pair localises due to deforma-
tion, the net binding energy in the two configura-
tions are:

Ebipouron = _A+4Vpd + Vpp ’ (Za)
Epero:i\on=—2+2Vpd+ Vpp +4. (2b)

a—Filled axygen bong [Charge « 2}

Fig. 7. Bonding and antibonding levels of a filled band are shown on the top part. The inter-atomic distance contracts as electyons are
removed from antibonding orbital (a; <4, < o). Splitting-off a bound empty (2-hole) state above the antibonding oxygen level is shown

at the bottom of the figure.
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b~

Binding energy —»
4

Fig. 8. Configurations of (a) bipolaron and (b) peroxiton; ar-
rows indicate local deformation; (c) binding energies of bipola-
ron and peroxiton as functions of electron-phonon coupling, 4,
and intrinsic Coulomb repulsion, Vea-

Assuming V,;=0, to compare (2a) with (2b), we
show the position of the binding energies of the
bound states in the parameter space (1/ Vea) in fig,
8c. The zero of energy is again the bottom of the ox-
ygen-hole band. Because of the large inter-site Cou-
lomb repulsion (Vpg~1 eV), the bipolaron would
have difficulty in forming a true bound state while
the peroxiton (O~~Cu*-0~) pair would have much
lower energy. We can also see that the peroxiton
binding energy goes abruptly to zero, at some critical
value of /¥, ~ 1. At or above such a critical value,
peroxiton formation will spontaneously occur, as
shown in the energy diagram of fig. 8, where the hole
polaron and hole bipolaron levels are also indicated.
In a recent publication, Chakraverty et al. [24]have
developed the peroxiton hamiltonian in the small p-
d hybridisation limit and constructed a new ground
state out of ‘squeezed phonon vacuum® such that the
peroxitons will have an effective mass, m*=4-10 m.
These real-space hole pairs can now Bose-Condense
at a T, given by the conventional formlae

3.31 #?
T.= W"ﬁ”. (3)

where #, is the number of peroxitons/cm?, # the
Planck constant and &y the Boltzmana constant.
For m*~35, and n,~5x10*/cm?® T. comes out
~ 100 K. Note that the conventional effective mass
of a classical bipolaron ~ 100-1000 m and this gives
a7l ~0.

4. Discussion

Peroxides are not new to chemistry. Ordinary per-
oxides such as BaO, containing well-defined 0-O

-bonds with a bond order of unity are insulators. The

possibility of the existence of peroxide-type species
in nominal oxide materials was proposed recently
[25] to explain the nature of oxygen excess in
La,NiQ,, ;. It was suggested that some of the oxygen
in this oxide was present as O}~ instead of some of
the nickel as Ni**. A study of several oxides where
the transition metal is expected 10 be in a high ox-
idation state (e.g. LaCuQ,, Ba,Cu,0,, Ba,Ni;0;) has
shown the presence of holes in the oxygen 2p band
giving rise 10 O~ species, the metal being present in
the normal low-oxidation (2+) state of the transi-
tion metal [20]. Superconducting Ba (Pb, Bi 3O,
similarly seems to have Bi**, Pb?* and oxygen holes.
The recent discovery [26) of relatively high 7, ( ~ 30
K) superconductivity in Ba, _,K,BiO; which has no
copper is also explained on the basis of oxygen holes
(O~-Bi**~0O~). While the evidence for the pres-
ence of holes in the oxygen 2p bands of oxides may
be considered to be of a recent origin, the occurrence
of holes in sulphides, selenides and tellurides form-
ing S-S, Se-Se and Te-Te bonds has been known for
some time [25,27]. These homopolar specics arising
from hole dimerization are favoured in the presence
of ¢'° ions such as Cu'*. These holes are involved
in imparting unusual electrical properties to these
chalcogenides. In the light of this information, what
we propose here in the case of the superconducting
Cuprates seems only natural, although energetically
we would expect oxygen hole dimers to be less stable
than the chalcogen hole dimers (which would follow
the order O-O < $-8<Se-Se<Te-Te.

Just as the oxygen holes give risc to superconduc-
tivity, they also act 10 hinder the antiferromagnetic
state by progressively killing the superexchange [28]
which takes place though filled oxygen ion, O2. This

- 14~
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is shown in (i) and (ii) of fig. 9 for ordinary su-
perexchange which shows that the excited state, by
transfer of a spin to a from O?~, can have a fa-
vourable admixture of the O~ spin with the cation
spin at b, if b is antiparallel 10 O, thus favouring an
overall antiferromagnetic ground state of g3 and b
spins. This situation is completely changed if the
middle ion is a O~ as shown in the diagram (iii) in
fig. 9. Now we see, if the Cu?* ions have parallel
spins, both can equally overlap with O~ making the
ferromagnetic spin alignment of lower energy. One
easily understands why the Mott insulating antifer-
romagnetic state of the non-superconducting oxides
gets easily destroyed as oxygen holes are introduced.
Once again, one does not need to invoke any devia-
tion from the half-filled Hubbard band to explain the
magnetic results.

In conclusion, we are now in a position to state
that the superconductivity and magnetic properties
of the high-T, cuprates can be explained fairly sat-
isfactorily by invoking the presence of peroxitons in-
volving Cu'* and O~ (or paired O~ ) species. Takura
et al. [29] have recently correlated T, of cuprates
with the [Cu-0O] charge in the sheets. We feel that
the main {Cu*-0™- }” species to be considered are,

CUJ. 0}- Cu 2
! T |

(a} (i)Ground slate (b

' 0" '’
i t |

(@) (i) Excited siate {b)

e 0 Cul‘

a) {in}Ground staote ®)

Fig. 9. Interaction of Cu®* and oxygen spins.

- ?5’

p=1" with z=2+ or 3+ and m=1 or 2 and p=0
with z=1+ or 2+ and m=1 or 2. The actual charge
P is given by the relative proportions of the different
species. Since z=3+ can be ignored, the supercon-
ducting or insulating nature will be determined by
the relative proportions of (Cu'*-0'-) and (Cu?*-
o),
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High-temperature superconductivity in oxides of the type (La, Ln);_,Ba(Sr),CuQ,, Y(Ln)Ba:Cu,0,._;,

La,_,Ba,.,CuQOy,, and related systems is discusse

d with emphasis on aspecis related to experimental

solid-state chemistry. All of these oxides possess perovskite-related structures. Oxygen-excess and
La-deficient La,CuO, also exhibit superconductivity in the 20—40 K just as La, ,Ba,(Sr,}Cu0Q,; these
oxides are orthorhombic in the superconductivity phase. The crucial role of oxygen stoichiomeltry in
the superconductivity of YBa,Cuy0r o (T, =95 = 5 K} is examined: this oxide remains orthorhombic
up to & = 0.6 and becomes tetragonal and nonsuperconducting beyond this value of 5. Oxygen
stoichiometry in this and related oxides has to be understood in terms of structure and disorder. The
structure of La;_,Ba,. ,CucQ,, is related to that of YBa;CuyO,, the orthorhombic structure manifesting
itself when the population of O] oxygens (along the Cu~0-Cu chains) is preponderant compared to
that of O5 oxygens (along the a-axis}), nearly equal populations of O1 and OS5 sites give rise to the
tetragonal structure. A transition from a high-T. (95 K) superconductivity regime to a low-T, (~60 K)
Tegime occurs in YBa,Cu:0,_; accompanying a change in §. There is no evidence for Cu®* in these
nominally mixed valent copper oxides. Instead, holes are present on oxygens giving rise to O~ or 03"
species, the concentration of these species increasing with the lowering of temperature. Certain
interesting aspects of the superconducting oxides such as domain or twin boundaries, Raman spectra,
microwave absorption, and anomalous hi -temperature resistivity drops are presented along with the
important material parameters, Preparalive aspects of the superconducting oxides are briefly dis-
cussed. Phase transitions seem to occur at T, cas well as at ~240 K in YBa,Cu,0,. © 198 Academic Press,

Inc.

1. Introduction

The phenomenon of superconductivity
has been an area of vital interest for the
past few decades. Metals, alloys, molecular
compounds, and polymers have been inves-
tigated for superconductivity, but the tran-
sition temperature did not cross the 23 K
threshold until the beginning of 1987. The

* Contribution No. 494 from the Solid State and
Structural Chemistry Unit.
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average rate of increase in 7, was about 3 K
per decade. The highest T.’s in the 20 K
region were exhibited by AlS compounds
such as Nb;Ge. Some of the more interest-
ing chemical systems examined were
Chevrel phases, organic donor-acceptor
systems, and charge-transfer salts. Among
the metal oxides, the highest T.’s were
found in LiTi,O, (1) and BaPb,_,Bi,0; (2),
both close to 13 K. The possibility of high-
lemperature superconductivity in metal ox-
ides was first demonstrated by Bednorz and

0022459688 §3.00
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Miiller (3} in the La-Ba-Cu-0 system. It
was soon found that these oxides had the
general formula La,_,Ba,CuQO, and pos-
sessed the quasi-two-dimensional K:NiF,
structure ; the analogous Sr compounds also
showed high T. superconductivity, the
maximum T, (20-40 K) in the Sr and Ba
systems being at x = 0.2 and 0.15, respec-
tively (4—6). Soon after this discovery, su-
perconductivity above liquid nitrogen tem-
perature was reported in the Y-Ba-Cu-0
system (7); the phase responsible for super-
conductivity in this system was found to
have the composition YBa;Cu;O0,_5 with a
defect perovskite structure (8, 9).

The discovery of superconductivity
above the liquid nitrogen temperature in
metal oxides has raised much hope because
of obvious technological implications. Of
equal importance is the fact that this has
given a big boost to research in the solid-
state chemistry of metal oxides. The un-
precedented excitement caused by the dis-
covery of high 7_ oxide superconductors as
well as the flood of research publications
and conference proceedings on the subject
appearing in the last few months have
prompted me to write this brief overview
article, to highlight the major experimental
findings (up to November 1987) of rele-
vance to solid-state chemistry. In writing
such an article, it was necessary to exercise
the difficult discipline of quoting only repre-
sentative references which would permit
the reader to obtain the necessary details. If
I have ignored some important references, 1
apologize for any errors in judgment.

2. La;,CuO, and Its Derivatives

Oxides of the general formula A,BO, pos-
sess the K;NiF,; structure wherein the B
ions interact only in the ab plane. The
structure and properties of oxides of the K,
NiF, structure have been examined in some
detail recently (10). La,CuQ, which is a
member of this family, exhibits low resistiv-

C. N.R.RAO

T, K

FiG. 1. Superconducting transition in La-deficient
La,CuQy; {from Ref. (14)].

ity (~1 ohm - cm) at room temperature, but
the resistivity increases with decreasing
temperatures, with a tendency to become
antiferromagnetic. Electrical and magnetic
properties of La,CuQ, are very sensitive to
oxygen stoichiometry. Antiferromagnetism
in La;CuQ, has been recently established
by neutron diffraction and scattering; Ty is
close to 290 K with a low-temperature Cu
moment of 0.43 ug (17). The oxide under-
goes an orthorhombic-tetragonal distortion
at 505 K. It has been suggested that La,Cu
0O, is in a two-dimensional quantumn fluid
state wherein the spins are ordered instan-
taneously over long distances, but no mea-
surable time-averaged moment has been
detected (/7). More interestingly, oxygen-
excess La,CuQ, prepared under high oxy-
gen pressure or by plasma oxidation be-
comes superconducting near 40 K (12, 13);
lanthanum deficiency (e.g., La,¢CuQy)
gives rise to superconductivity even with
ordinary ceramic preparations (/4) as
shown in Fig. 1. It is to be noted that both
oxygen-excess and La-deficiency give rise
to a2 nominal mixed valency of Cu as in
La;_,Ba,CuQ,.

When La in orthorhombic La,CuQ, is
partly replaced by Sr or Ba, the structure
becomes tetragonal at room temperature,
for x > 0.05 in La,_,Ba{Sr,)CuQ,. These
oxides exhibit superconductivity in the 20~
40 K range (4-6), the T, peaking near x =
0.15 and 0.2 (nom.) for Ba and Sr, respec-
tively. A Meissner effect up to 70% of the

-17 -



HIGH-TEMPERATURE OXIDE SUPERCONDUCTORS

08 - 2
‘E.’ -".QI
13 [
06— Fyve aa
fo Jsga b ' 00
= L] ra®
E . ..‘." 0025
Q 04 : 008
a . .
o Lentt®
[ L] L]
02 . e
. o

10 20 0 40 50
T(K)

149

asl ©
.E -".0'2
«"®
E os| s
ED J-.......--n1
E -
e “
* s
. Q25
R A T
nz|- !-."
LE ] .
J S S | 1 1
10 2 30 40 50
T{K)

Fic. 2. (a) Resistivity data of (La,. Pr,); Sr; ,Cu0, for different values of ¥. {b) Resistivity data of
{Lao sPrg )2, Sr,Cu0, for different values of x {Ref. (15)).

ideal value has been reported in these ox-
ides. La,_,Ca,CuQ, also exhibits supercon-
ductivity, but the T, values are much lower
(15, 16); for example, the maximum value
of 7. is 20 K for x = 0.1 (compared to 26 K
when x = 0.2 Sr). The room-temperature
structure of La, gsSrp sCuQ, involves cop-
per atoms with a tetragonally elongated oc-
tahedral coordination and Cu-O distances
of 1.898 and 2.406 A; La and Sr sites have
ninefold oxygen coordination (17). Super-
conductivity is found in the 15-30 K region
in oxides of the type {La,_,Ln,),_,Ba,(Sr,)
CuO, where Ln = Pr, Nd, Eu, Gd, etc. (15,
16, 18) as shown in Fig. 2. In all such sys-
tems, 7, reaches a maximum at a particular
value of x suggesting the importance of
strong correlations (/9).

La,_,Ba,(Sr,)CuQ; undergoes a tetrago-
nal-orthorhombic distortion near 180 K,
the orthorhombic distortion increasing
smoothly (through 7.) down to 30 K (20).
Static and dynamic aspects of the tetrago-
nal-orthorhombic distortion in La,_,Sr,Cu
O4 have been studied by neuron scattering
and other techniques and a classical soft
phonon behavior involving CuQ, octahedra
has been observed (27). ESR studies have
thrown light on the microscopic magnetic
interactions in these oxides (22).

The replacement of Cu in La,_.Ba,(Sr,)
CuOQ, by Ni even to a small extent lowers
the T. and superconductivity is destroyed

at ~5% substitution; Zn substitution has a
similar effect although the ionic sizes of
Zn?* and Ni?* differ from that of Cu?* in the
opposite directions (/3, 15).

It is noteworthy that electrical resistivity
values of La;_,Ba,(Sr,)CuQ; in the normal
state are generally in the 10-2~10-? ohm -
cm range which correspond to Mott’s mini-
mum metallic conductivity (/8). These ox-
ides are typical type Il superconductors
with H, = 400 Oe (4.7 K); H,, is in the
range 40-70 T (23). Far infrared measure-
ments show the superconducting gap to be
~50 cm™! {24). The magnetic penetration
depth in La, ssBag ;sCuQ, is reported to be
~2000 A (25).

3. YB#;Cu,0,_; and Related Oxides

Superconductivity above liquid N, tem-
perature was reported in Y, ,Bay CuO, by
Wu et al. (7) who prepared this composi-
tion by analogy with the La,_,Ba,Cu0Q, sys-
tem, expecting that the smaller Y ion would
increase T. due to chemical pressure ef-
fects. This composition was actually bi-
phasic consisting of green (insulating)
Y:BaCuQ; and a black oxide. Since Y,Cu
O, itself is not known to crystallize in the
K;NiF, structure, Rao and co-workers (9)
examined the Y-Ba—-Cu-0 system starting
with compositions of the type Ys_,Bai.,
CugOyq-5, by analogy with the defect pe-
rovskite La;. Ba;.,CuO,4-s described by

~ 13-
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1170 K but is interrupted by melting 1200 K. The hatched line shows a region of apparent solid solution
and the dotted lines emanating from it refiect uncertainty in end-member composition. We have shown
the 336 oxide Y;Ba;Cu,O,, or the Y(Ba:,Y,)Cu,(, system although this system is likely to be stable
around 1120 K or lower. (b) Phase diagram of the Same system al 1240 K from Roth ¢; al. (76).

Er-Rakho e af, (26}. The perovskite phase
responsible for high 7, (95 + § K) supercon-
ductivity in the Y-Ba-Cu-0 system is
orthorhombic YBa.CuiQ,_;5 (8, 9). the high-
est Meissner effect found hitherto in this
oxide is ~80%. The phase diagram of the
Y,04-BaO-Cu0 system has been investi-
gated by several workers [see, for example,
Ref. (27)). and among the many phases,
only YBa,Cu;0,_, has been clearly estab-
lished to be a high-7; superconductor (Fig.
3). Yg_,Ba_mCuﬁO“_a with x = 0.0-0.5 also
seems to be Superconducting, although the
phasic purity of these compositions is not
fully established.

Superconductivity in YBa,Cu,0,_, is ex-
tremely sensitive to OXygen stoichiometry.
Samples where the OXygen conteni is
higher than 7 have also been made and they
show T, =~ 90 K up 1o 7.2 (28). When § =
0.6, the oxide becomes tetragonal and non-
superconducting; oxygen is feadily interca-

lated into the oxygen-deficient samples un-
til the stoichiometry becomes close to YBa,
Cu;0,. In Fig. 4, the variation of the unit
cell parameters of YBa,Cu;0;_5 with § is
shown; notice how the structure becomes
tetragonal at 8 =~ 0.6. The unijt cell volume
increases with & from ~173.7 A3 (5 = 0.0} 1o
~176.2 A? (5 = 1.0).

The structure of orthorhombic YBa,
Cu;Q,_; is interesting. It has corner-linked
CuO, planar Broups connected not only as
sheets in the ab plane, but also as chains
parallel to the b-axis (29, 30) as shown in
Fig. 5(a). Of the two sets of Cu atoms, one
is surrounded by four oxygens at 1.929 and
1.960 A; a fifth oxygen is located at2.30 A,
giving rise to a square-pyramidal coordina-
tion for Cu, forming puckered Cu0, sheets.
In the other set, the Cu atoms are sur-
rounded by four oxygens at 1.942 A and
1.845 4. here, the oxygen atoms form near
rectangles connected by vertices, and re-

-19-
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sulting in the chains along the b-axis. These
chains are responsible for the orthorhombic
structure. In the tetragonat YBa,CuyO4 (6 =
1.0}, the chains are missing as shown in Fig.
5(b} and the oxygens occupy only two-
thirds of the perovskite anion sites and are
ordered in such a manner that one-third of
the Cu atoms is twofold coordinated while
two-thirds is fivefold coordinated (37, 32):
the Cu-04 bond in this oxide is indeed very
short (~1.80 A). In Fig. 5(c), we also show
a tetragonal phase where oxygen disorder
(6 = 0.3-1.0) can give rise to distorted
CuOs octahedra (33). Oxygen nonstoi-
chiometry in YBayCu;0,_; has to be under-
stood in terms of both disorder and struc-
tural distortion. If the Ol sites {oxygen
along the chains) are predominently popu-
lated relative to the OS sites (along g-axis)
the structure is orthorhombic and the mate-
rial is a superconductor. If the O1 and O5

01.05 When disordered

FiG. 5. Structures of YBa;Cu;0_;: (a) orthorhombic structure of the superconducting phase with
& =0.0; (b} tetragonal structure of the nonsuperconducting phase with & = 1.0; (c) disordered structure
of the tetragonal phase involving CuQ, octahedra with a small site occupancy. If the chain oxygen (O1)
sites are predominantly occupied relative to oxygens along the a-axis (05 sites), the structure will be

orthorhombic: equal population of 01 and OS sites

makes it tetragonal. The Cu~-O4 distance varies

with stoichiometry. in (a) the O1-04 distance is quite short (~2.6 4).
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FiG. 6. Meissner effect (a1 50 G) of YBa,Cu,Q-_, for different values of & {from Ref. (39)].

sites are equally populated, the structure is
tetragonal. Ordering of oxygens in the
chains seems cruciat for high-7, supercon-
ductivity. A slight off-site displacement of
the O1 (possibly of O5) oxygens also must
be considered. Quenching YBa,Cu;0; from
high temperature resuits in oxygen loss and
the associated orthorhombic-tetragonal
transition occurs in the 620-700 K range,
depending on the oxygen pressure, around
8 =0.5(33).

Superconducting oxides of the general
formula LnBa,Cu;0; with Lr = Nd, Sm,
Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu have all
been prepared; they are all orthorhombic
similar to YBa;CuyO; with T, = 90 K (34-
37). Magnetic states seem to coexist along
with superconductivity in the oxides con-
taining paramagnetic lanthanides such as
Gd (38). Oxides of this general composition
with the variable valence elements Ce, Pr,
and Tb are not superconducting and their
structures seems to be different. LaBa,Cu,
0,3 (orthorhombic) also contains Cu-O-
Cu chains and is superconducting: the T.,
however, varies widely (40-90 K) depend-
ing on the preparative conditions. Observa-
tion of high-7, superconductivity in a num-
ber of Janthanide compounds analogous to

Y Ba,Cu,0; indicates that the Y/Ln ion does
not have a major role to play in the super-
conductivity except to hold the structure
together. At T, there appears to be an iso-
structural phase transition, at least in YBa,
Cu;0,, as revealed by specific heat, nuclear
quadrupole resonance, thermal expansion,
and other measurements.

The variation of the superconducting
transition temperature of orthohombic
Y Ba>Cu;0;_; with §(0.0-0.6) is most inter-
esting. In Fig. 6, the magnetic susceptibility
data of YBa,Cu;O;_; for different values of
& (39) are shown. In Fig. 7, resistivity data
(40) of different compositions are pre-
sented. We have plotted the T, values from
resistivity and susceptibility data against &
in Fig. 8. While T, remains nearly constant
near 90 K when 8 = (.0-0.2 it drops to a
lower value (~60 K) above & = 0.2 showing
a plateau-like behavior. Since in this pla-
teau region, the Cu-O-Cu chains of YBa.
Cu;0; are deficient in oxygen, it is possible
that the ~60 K plateau is more characteris-
tic of the CuQ; sheets in the orthorhombic
structure, the 90 K T, being more character-
istic of the Cu-O-Cu chains in the pres-
ence of the CuO, sheets (the sheets getting
coupled through the chains). Figure 8 may
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Fic. 7. Electrical resistivity behavior of YBa.Cu,
O, for different values of & [from Ref. 40)].

be taken to signify a transition from chain-
type superconductivity to sheet-type super-
conductivity jn YBa,Cu;0,_,, brought
about by a change in oxygen stoichiometry.
Accordingly, the Hall coefficient and the
volume fraction subject to the Meissner ef-
fect are also insensitive in the plateau re-
gion; Although the actual T. values at dif-
ferent & vary slightly among different
workers (47), there is littje doubt regarding
the presence of the constant low-T, plateau
at ~0.2 = § < ¢.5. Whether there is a
unique structyral feature in the plateau re-
gion is not yet certain, although certain su-
perlattice spots in diffraction patterns {or
diffuse scattering) seem to have been no-
ticed in this composition range. Electrical
resistivity and magnetic susceptibility re-
flect the unique nature of the compositions
in the plateay region,
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Several workers have in recent months
synthesized a variety of derivatives of YBa,
Cu;0;_;5. The Y/Ba or Ln/Ba ratio in Y(Ln)
Ba;Cu;0; has been varied (37, 42), with a
slight alteration of T.. Ba has been partly
replaced by La causing a decrease in the
lability of oxygen. Substitution of Ba by Sr
or Lnin YBa,Cu;0,_, lowers the T, (43).
Cu in YBa,Cu;0,_; has been partly substj-
tuted by Zn, Ni, Co, Fe, and other jons,
and such substitutions generally lower T, or
destroy the superconductivity, the struc-
ture tending to be tetragonal or/and oxygen-
deficient (see, for example, Refs. (13, 441)).
Weakly orthorhombic or nearly tetragonal
samples prepared by low-temperature
methods exhibit low T. or no superconduc-
tivity. Oxygen-deficient YBa,Cu;0,_; (5 up
to 0.7) have been prepared in the or-
thorhombic structure by the low-temper-
ature Zr-getter technique; these samples
show superconductivity with 7, exhibiting a
plateau in the § = 0.3-0.45 region (45 ) T,
however, decreases markedly when § >
0.45. The question then arises as to whether
the orthorhombic structure (with Cu-0-Cy
chains) is necessary to achieve a high T..
There are some unconfirmed reports of te-
tragonal analogs of YBa,Cu,0, exhibiting
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FiG. 8. Varnation of T. with 5. Magnetic measure.-
ments of Johnston er af. [Ref. (39)) are indicated by the
Cross-hatched region. Our resistivity data is shown by
full dark circles.
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high 7. in the 80-90 K range (e.g., YBa;
Cu;_,Ga,0;); structures of such oxides
however need to be confirmed by neutron
studies, since X-ray diffraction alone would
not be able to establish unequivocally the
tetragonality of the structure. Another pos-
sibility is that the tetragonal structure arises
from a randomness of Cu-O chains (along
a- and b-axes) or that it is due to the ab-
sence of long-range order with respect to
the Cu-O chains.

Samples of YBa.CuyO,.; which show
high-T. superconductivity exhibit fairly
high resistivity (Mott's minimum metallic
conductivity range) in the normal state (18).
The absolute thermopower and Hall effect
measurements of the samples with § < 0.5
show that oxides of these compositions are
p-type (hole) conductors. The electronic
properties of YBa.Cu;0-_; [as well as of
La;_,Ba,(Sr,}CuO,] are anisotropic. A **su-
perconducting glass-type™ behavior has
been noticed in these oxides by Miiller and
others based on magnetic measurements.

Some of the important properties of this
type 11 superconductor are summarized be-
low (46);

Hall carrier density: 4 x 10%! cm—? (for a
material of resistivity ~ 400 uQ} cm just
above the 7.).

dH/dT = 2T/K; BCS coherence length
= 1.4 nm; London penetration depth = 200
nm; mean free path =~ 1.2 nm.

HA(O) = IT.

H(0) = 120T.

Critical current density: In ceramic sam-
ples, ~10° A/cm? at 77 K; in films (on Sr
TiOy) ~ 10° A/em? at 77 K: at 4.2 K, ~10°
A/cm? (in crystals and films).

Depairing current density: 107-10% A/cm?
(estimated).

A critical current density of ~10° A/cm? is
essential for viable magnet and other appli-
cations at 77 K. A magnetic penetration
depth of 225 + 75 A has been recently re-
ported as an upper limit for YBa.Cu;0,

C.N.R. RAO

(25). Recent specific heat (¢) measurements
on YBa,;Cu;0; show Ac/T, to be ~48 ml/
mol - K? giving rise to a Ac/yT, of 1.33;
there is a large temperature dependence of
the Debye temperature, probably due to the
large vibrational amplitudes of the loosely
bound O1 and 02 oxygens in the ortho-
rhombic structure (7). It is interesting to
consider whether this feature has a bearing
on the tendency to form peroxide species
(see Section 4). It is to be noted that the
O1-04 distance is rather short (Fig. 5a).

Oriented thin films of superconducting
YBa;Cu;0;_; have been prepared by em-
ploying electron beam or pulsed laser evap-
oration (48). The substrate used is generally
SrTiOs. Since these films show sharp tran-
sitions and high critical currents, their po-
tential in electronic applications seems
promising.

Raman and infrared spectra of Y Ba,Cu,
0,-5 and related oxides have been exam-
ined by several workers (49-57). There has
however been considerable disagreement in
the assignments. Many workers report Ra-
man bands close to 340, 440, 500, 580, and
630 cm !, of which the last is somewhat of a
mystery peak with variable intensity from
sample to sample. The 630-cm~! band has
not been reported by some workers: the
band is also not found in Y Ba\Cu;0¢. The
630-cm™' Raman band has been assigned to
the Raman-inactive Cu-0 chain stretching
mode and also to ‘*defect clusters,” but this
band could also arise from the O--O stretch-
ing mode of a peroxide-like species or due
to an impurity such as Y,Cu.Os. The 580-
cm~! band shows an increase in intensity
with increasing §, while the 500-cm~' band
shows evidence of softening. The 500-cm-!
band is most likely due to the Cu-O
stretching mode involving the short Cu-0
bonds along the c-axis. The 370- to 330-
cm~! bands are due to Cu-O deformation
modes. There is some uncertainty regard-
ing the assignment of the 430- and 580-cm -
Raman bands which have been attributed to
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Cu-O stretching in the sheets. The infrared
spectrum of YBa,Cu;0; shows only a few
bands instead of the expected 21. We are
able to assign an infrared band around 580
cm~! to a mode involving the Cu-0O (chain)
stretching in YBa,Cu;0; and a band close
to 600 cm~! in YBay;CuyO4 due to Cu-O
stretching involving the short Cu-0 bonds
(along the c-axis or possibly the disordered
CuOs octahedra in the tetragonal struc-
ture). In YBa>Cu;0- an IR band close to 190
cm™! (associated with Y) and another at 140
cm~! (associated with Ba or with a Cu=0
chain bend) are seen clearly, just as in the
Raman studies. Far infrared studies have
been reported to show a superconducting
gap starting at 210 cm™' (49), but there
seems to be some uncertainty about this ob-
servation.

4. Nature of the Cu Species and the Role
of Oxygen

We have seen earlier how oxygen plays a
crucial role in the superconductivity of
YBa,Cu;0,-5. Careful studies by employ-
ing photoelectron and Auger spectrosco-
pies have thrown much light on this aspect.
Ultraviolet photoemission spectroscopy
studies show some changes in the 12-eV re-
gion in the case of YBa,Cu;0; on cooling
the sample to 80 K. The valence band re-
gion clearly shows a low density of states at
the Fermi level and indicates the presence
of strong correlations. Variable-tempera-
ture X-ray photoelectron spectroscopy
studies on La, 4Srg ,CuQ, and YBa,Cu;0; in
the O(1s) and Cu(2p) regions (52, 53) indi-
cate the presence of molecular oxygen spe-
cies with a high O(ls) binding energy of
~533 eV alongside of features due to the
oxide and O~ or/and impurity) ions around
529 and 531 eV, respectively (Fig. 9). The
proportion of species responsible for the
333-eV feature increases with the lowering
of temperature (Fig. 9). This oxygen spe-
cies is identified as a peroxide-like unit (al-
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Fic. 9. Temperature-variation of O(1s) peak inten-
sity due to O~ and O} species (at 529 and 533 eV,
respectively) in YBa,Cu;0,. Temperature-variation of
the intensity of He 1 spectrum at 12 eV is also shown.
Inset shows the O(ls) signal at 80 K as consisting of
three Gaussians peaking at 529, 531, and 533 eV the
one at 53] eV is due to O~ species [from Ref. (52)).

though it is close to the feature expected for
ice) based on the knowledge of O(1s) bind-
ing energies of such species generated by
oxygen adsorbed on transition metal sur-
faces as well as of traditional metal perox-
ides. The Cu(2p) spectrum shows the pres-
ence of a well-screened d'° state (Cu'*) at
933 eV, along with a poorly screened 4*
state (Cu®*) at 942 eV. The proportion of
the d'° state increases with the lowering of
temperature. There is, however, no evi-
dence for Cu** in the Cu(2p) or Auger spec-
tra; X-ray absorption edge measurements
also provide no evidence for Cu** (54). Au-
ger spectra, however, clearly show the
presence of Cu'* (Fig. 10).

Based on the above findings, it has been
proposed that holes are present on oxygen
rather than on copper in YBa,Cu;0, and
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FIG. 10. Cu(L,VV) Auger spectrum of Y Ba,Cu,0- at
different temperatures. In the inset, the temperature
variation of the intensity of the 942-eV feature relative
to that of the 933-eV feature in the Cui2p,-} spectrum
is shown. The circled numbers | and 2 refer o inde-
pendent sets of measurements {results from this labo-
ratory}. (a), (b) and (c} are at 300, 80 and 300 K respec-
tively.

La,_ ,Ba,(Sr,)CuQ, (note that both are hole
conductors). The oxygen holes (0) could
then dimerize to give peroxide-type species
(0%7). The pair of electrons released in the
formation of such species from the oxide
ions (207~ — 20~ or O} + 2e¢) could be
related to superconductivity. It is likely
that the average charge on oxygen in these
oxides is close to —1.3 + 0.1, Holes in the
O(2p) valence bands are favored by the
Cu'* (d'9) state, just as holes in the S(3p) or
Se(4p) valence bands are generally favored
in the Cu'* chalcogenides (52). Since there
is no real evidence for Cu®* and the Cu-0
bonds are highly covalent (1.8-1.95 &), we
conclude that the contribution from the
state with the holes on Cu is indeed negligi-

ble. it may be noted here that peroxide-like
species are likely to be common in many
oxides which are supposed to contain metal
ions in high-oxidation states (e.g., Pb*,
Ni**, Cu?),

5. La;_,Bay,,Cug0,, nnd Related Oxides

High-T. superconductivity up to 70 K in
the La,. ,Bai.,Cu¢04.; (the so-called 336)
system (35, 56) created considerable inter-
est since the structure was then known to
be tetragonal (26) with no Cu-0-Cu chains
in evidence. Oxygen treatment under pres-
sure increases T.; Sr substitution for Ba is
also possible. Recent neutron diffraction
studies (57) of a few members of this family
have shown that these oxides are in fact
disordered isomorphs of orthorhombic
YBa;Cu3;0-_; and that they do contain Cu—
O-Cu chains. (A tetragonal structure has,
however, been assigned to these materials
by some workers, based on X-ray studies.)
In these oxides, both the O1 and 05 sites
are partially occupied, with more oxygen
atoms in the O1 site. Equal occupation of
the O1 and OS5 sites would give rise to the
tetragonal structure. If one takes the nor-
malized difference in the O1 and O35 site
occupancies as an order parameter, the
zero-resistance 7T, increases with the order
parameter. The nonsuperconducting x = 0
compound corresponding to La;BayCug
Oj4+5 itself has the tetragonal YBa,Cu:0,_;
structure with partial substitution of La on
the Ba sites (58). The x = | compound, La
Ba:Cu;0,_;, is orthorhombic, with a re-
ported 7. as highas 90 K (59);a T. of ~77 K
is more commonly found in this laboratory.
As mentioned earlier, T; in this compound
depends very markedly on the stoichiome-
try and ordering of oxygens especially in
the chain (more so that in YBa;Cu;0;.;),
Just as in the other members of the La;_,
Ba;+xcu60|4+5 family. We find La;-,Ba3,,
CugOui+5 to be tetragonal with oxygen
excess and low T,.
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that the structure of
La3_,Bag+:Cu60.4_5 is related to that of
YBa,Cu,0,_; (possessing Cu-0-Cu
chains) s important. This relationship
clearly justifies the very early characteriza-
tion of YBa,Cu;0,_, (9, 60) on the basis of
the structure of Lag_,BamCuéO.‘. This
also makes jt worthwhile to investigate the
Y3.N,Ba3+,Cu€O,4 system (9, 60) carefully.
By employing low-temperature methods, it
has been possible 1o synthesize monophasic
Y3_XBaJ+xCU60|4 as well as (Y, La)g_xBagﬂ
CugO,4. These aspects as well as the syn-
thesis of the Ln;-,BaM,Cuf,OH family of ox-
ides are being examined in detail in this lab-
oratory. It now appears as though all the
oxides showing high-T superconductivity
are orthorhombic. Where one apparently
€ncounters tetragonality, it would be neces-
sary to establish the structure unequivo-
cally by neutron diffraction.

The observation

6. Some Novel Features

Nominai mixed valence, low-dimensijon-
ality, and marginal metaliicity in the normal
state are three of the important features of
these oxide superconductors. Electronic
and magnetic properties are anisotropic as
expected of low-dimensional materials.
While La, ,Sr,CuQ, seems to exhibit mea-
surable '®0 isotope effect on the T, there js
essentially no isotope effect in the case of
YBa,Cu;0,_; (67). There is some news that
marginal isotope effect has been found in
some laboratories. Whijle WE cannot en-
tirely ignore electron-phonon interaction,
its direct role as in the traditional BCS the-
ory s not apparent. It is possibie that if the
relevant phonon mode softens in the tem-
perature region of interest the isotope effect
will be masked (K. p. Sinha, unpublished
resuits). Excitonic bands around 0.5 and
1.0 eV seem to be present in Laz_,erCu04
and the significance of these bands needs to
be further explored.

157

Fi1G. 11. Bands in electron micrographs of YBa,Cu,
0; due to twins ffrom Ref. (62)}.

Electron microscopic studies of YBa,Cu,
O; show the presence of domain or twin
boundaries (Fig. 11), in addition to other
defects (40, 42, 62-64). It is important to
understand the nature of such domains,
since the coherence length s only a few
angstroms. Twins such as those in Fig. 11
can arise from the different orientations of
the (CuQs,), units in the orthorhombic struc-
ture; along the boundaries, there could be
OXygen excess compared to the bulk (40,
64}. The possibility that the microstructuraj
features arise from the separation of metal-
lic and insulating phases in these borderline
metals has to be considered. Control of the
microstructure (twin density) provides
means of optimizing the critical density
(65). It is to be noted that twins arise from
the orthorhombic structure which in turp
becomes possible due to the presence of
Cu-O-Cu chains, Properties such as grain
size (boundaries) and sample porosity are
also crucial material parameters,

Many samples of YBagCI.hO',l-a and re-
lated oxides are reported to exhibit sharp
resitivity anomalies at relatively high tem-
peratures (200-300 K). Inverse AC Jo-
sephson effect has also been employed 1o
examine this behavior (66). Such observa-
tions are generally irreproducible in the
sense that these Properties do not persist
over repeated cycles or on standing for ex-
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FiG. 12. A sample of Y:Ba;Cu,Q, where Ba sites are
partly substituted by La prepared in the author’s labg-
ratory showing zero-resistance around 210 K, Insel
shows a similar behavior seen in ErBa,Cu,0;_, by
Ayyub er af. (77).

tended periods. It seems that many of these
observations are artifacts of the electrical
measurement techniques or of sample inho-
mogeneity, especially in samples prepared
at high temperatures (27). *‘Zero-resis-
tance” has also been occassionally ob-
served at 200 K or above by some workers
in certain oxide compositions; adequate
Meissner effect measurements on such
samples are lacking. In Fig. 12, we show
such a transition found in this laboratory,
but unfortunately this feature disappeared
on recycling giving back the 95 K transi-
tion. It should be noted here that the vol-
ume fraction of the 95 K superconducting
phase in YBa,Cu;30; itself is rather small
(~15%). The phase responsible for 7. val-
ues of 200 K or higher may therefore be
Present only in small proportions. It is pos-
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sible that intergrowths are responsible for
such a behavior, but it is not clear why they
should be unstable, The challenge is to ob-
tain a stable, pure sample of such a really
hot oxide superconductor, if it exists.

In the superconducting state, YBa,Cu.Q,
absorbs electromagnetic radiation over a
wide range of frequencies from a few mega-
hertz to a few gigahertz (67). The intensity
of absorption is Very sensitive to tempera-
ture, particle size, and magnetic field, and
crucially depends on the presence of ambi-
ent oxygen. Josephson junctions formed by
oxygen and the superconducting grains
may be responsible for this effect.

A large increase in T: (up to 160 K) has
been found by cycling across 239K (7/) and
this may be considered to be due to oxygen
ordering or movement. I is equally possi-
ble thar the microstructure (twin density)
changes across this transition. A 234 K
transition has been encountered, based on a
temperature-variation study of the 640-
c¢m~' Raman band (72); this transition cor-
relates with acoustic anomalies and may
represent a continuous transition involving
change in point group symmetry (D,,~C,,).
The 234-239 K transition needs to be inves-
tigated in detail by acoustic and other mea-
surements since such a transition (also
found in La,_,Ba,Cu0,) may be fundamen-
tal to superconductivity in these oxides.

7. Preparative and Related Aspects

The synthesis of superconducting oxides
provides many opportunities and chal-
lenges. The most common method em-
ployed is the ceramic method involving the
high-temperature reaction of an appropriate
mixture of oxides and carbonates. Citrates
and oxalates have also been employed with
no definitive advantage in the case of La,_,
Ba,(Sr,)CuQ, and YBa;Cu;0,: nitrates,
however, seem to have a definitive advan-
tage (68). In the synthesis of YBa,Cu,0,
and related oxides, we have found it con-
venient to employ BaQ; instead of BaCoQ;.
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Starting with a slight excess of CuO
sharpens the transition. Addition of BaF,
seems to have a similar effect. The effect of
partial fluorination is yet to be carefully in-
vestigated, although there are indications
that 7. increases significantly, in this pro-
cess.

The precursor method (69) would be an
ideal alternative route for the synthesis of
these oxides. Unfortunately, no singie pre-
cursor compound or a precursor solid solu-
tion has been found. Mixed nitrates, how-
ever, seem to be useful in preparing oxide
superconductors which specially require
low temperatures {e.g.. Y. .(Lay-,)Ba;.,
Cu,0,;]. Precipitation from high alkaline
media has not been successful. The sol—gel
route in the traditional sense seems difficult
because it is hard to get the alkoxides of
Y(Ln), Ba, and Cu?* to form a homoge-
neous mix. It may be worthwhile to exam-
ine the feasibility of using cuprous alkox-
ides (instead of cupric) for the sol-gel
route. It has been possible to prepare gels
by adding appropriate amounts of yttrium
nitrate and copper acetate Lo a known
amount of barium hydroxide (/3). Oxides of
the La-Ba—Cu-O system can similarly be
prepared starting with lanthanum nitrate.

Heating under high oxygen pressure is
found convenient for producing stoichio-
metric or oxygen-excess samples. Thus, su-
perconducting La;CuO..; and La;_.Ba;.,
CugO\4-5 have been made by treatment un-
der high oxygen pressure. Plasma oxidation
offers another convenient way of preparing
such materals. La,CuQOy.; has been pre-
pared by plasma oxidation; YBa:Cu;0;-5
(8 = 0.5-1.0) is readily oxidized to the near-
stoichiometric phase by plasma oxidation
(13). Different workers have prepared YBa;
Cu;07-; by employing different treatments.
The time of annealing (soaking) in oxygen
varies quite markedly, from a few hours to
a few days. In general, most preparations
yield samples with T; in the 90-95 K region.
Some workers have reported much higher
7, values (>100 K} in samples annealed or

159

soaked differently (70); for example, soak-
ing samples of YBa;Cu,O for extended pe-
rods in a helium or a nitrogen atmosphere
has been reported to increase T, up to 130
K., but the effect does not appear to be per-
manent. These results are generally based
on electrical resistivity measurements. The
chemistry of such treatments is not clear.
One possibility is that oxygen in the Cu-O-
Cu chains becomes perfectly ordered, caus-
ing an increase in Tg; it is worthwhile to
examine the Meissner effect in such sam-
ples.

Exposure of YBa;Cu;0; and other oxide
superconductors to laboratory atmosphere
for extended periods seems to degrade the
materials. In the case of YBa.Cu;0,, hy-
droxides and carbonates of the component
metals and surface carbonization have been
noticed especially when samples are im-
pure.

Samples of YBa,CuyO; and other oxides
prepared by low-temperature methods gen-
erally exhibit low T, values. Part of the
problem could be the small particle size
which in turn determines the nature of grain
boundaries. Single crystals of La>..Ba.(Sr,)
CuQ, and YBa,Cu;0,_; have been grown
by the flux method by several workers. In
particular, the recent work by Hoitzberg et
al. (73) on the growth of YBa;Cu;Or_; crys-
tals is noteworthy.

8. Concluding Remarks

The tremendous possibilities of applica-
tions of YBa,Cu;0; and other yet-to-be-dis-
covered high-T, ceramic oxides make this
area of research most exciting. Clearly, the
high-temperature oxide superconductors
constitute the most sensational discovery
since the transistor. There is considerable
scope for obtaining reliable data on these
oxide superconductors. Theories and
models will have to wait until the experi-
mental findings are fully established and the
future offers unlimited scope for research in
metal oxide solid-state chemistry. Super-
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conductivity near room temperature or
above is often being reported, but no stable
phase of this type has yet been isolated. It
is possible that a stable room-temperature
superconductor is lying somewhere in a
solid-state chemistry laboratory. Many ox-
ide systems, especially those containing V,
Nb, and Ru, as well as intergrowth struc-
tures (74) such as (Y, Ba, 81} 1Cu,0;,.
need to be investigated. What is especially
satisfying is that even in this short period,
there is an appreciation of the role of struc-
ture and stoichiometry in superconductiv-
ity. Thus, Cu-O-Cu chains are responsible
for the orthorhombic structure of YBa,Cu;,
O, and the orthorhombic structure is es-
sential for the formation of twins which
control many of the properties. Further-
more, all the high-T; oxides discussed hith-
erto belong to the perovskite family and
possess orthorhombic structures,
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Note added in proof. Linearity of normal-state resis-
tivity of YBa,Cu,05 over a wide temperature range js
soteworthy. Hitherto, there is no clear evidence for
vacancy ordering in YBa,Cu,0, ,, especially when §
= 0.33 or 0.5. Incorporation of 2n extra Cu-0 layer is
supposed to increase T, to 290 K. (78), but we have hot
been abie to confirm this observation. The 240 K tran-
sition in YBa,Cu,0, is confirmed by heat capacity
measurements (79).

Lny Ba,, CuOy;s (Ln = La, Nd, etc.) becomes
tetragonal at a value of x depending on L1 these mem-
bers have low T, compared 1o the 123 system. In the
La member, only the x = 1.0, 8 = 0.0 shows high T,
(80).

Two-dimensiona! 5r,Bi,Cuy0,.4 is superconducting
(81).
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