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ABSTRACT

It is argued that the origin of the high transition lemperatures observed in Baj.x
KBiO3 and the copper-ox ide supcrconductors with perovskite-related structures is due to

wo factors: (1) overlap of a partially filled &* band of primarily cation characier and & X or
1* band of mosily Q-2py parentagc permits charge wransfer between cation and anion
subarrays with oxygen-alom displacement perpendicular to 2 M-O-M bond axis and (2)
bondiength mismaich places the M-O-M bondiength under 2 compressive or tensile siress.
Relicf of a compressive stress by the bending of a M-O-}4 bond from 180° introduces 2
strong electron-lattice interaction with hoies; a 1802 Cu-O-Cu bond allows strong electron-
Jattice coupling with elecoons of a Cu2++ redox couple, but not with holcs in a Cud+2+
redox couple.

INTRODUCTION

A superconductor is 2 normal meta! sbove its transition temperature Te, at
temperatures T < Te. @ condensation of electron pairs is stabilized by the opening up of an
energy gap 24 in the density of clecron statcs at the Fermi energy EF. Any alicrnate
mechamsm for opening up an cnergy gap EgatEF in the Hartree-Fock ene-clectron siates,
which would yicld a normal scmiconductor, 1 competitive with superconductivity.

Two cooperative phcnomcngﬂ that open up an encrgy £ap Eg at EF and thus compele
with superconductivity are the formation of a charge-density wave (CDW) -- or a spin-
density wave (SDW) - and the correlation splitting (CS) associated with localized atomic
magnetic moments [1]. The oxide system Ba).xKyBiOy represents & competition berween

" CDW formation and superconductivity; the high-T¢ copper-oxids sysicms all represent 2

competition bepween CS and superconductivity.

The condensation of superconductive electron-pair statcs requires the existence of 2

coupling energy berween the paired electrons that is greater than their coulomb repulsion. In

conventional superconductors, Cooper pairs are formed by elecoron-phonon inieractions. .

However, this pairing mechanism gives an upper Jimit to Te near T = 40 K: therefore, the
observation of a T as high as 120 X has forced consideration of alicrnale mechunisms.
Three basic approaches have been formulated: (1) a new type of electronic state: ¢.g, the
resonating-valence bond (RVB) [2], (2) 2n elecTon-eleciron interaciion to replace the
conventional electron-phonon interaction; £.L, aomic polarization 13], excitons {4], magnelic
bags [5], or spin-spin interactions between itinerant and localized electrons 16), and (3)
strong elecon-iatice interactions -- probably enhanced by a high electronic polarizability --
(hat may give rise 10 the condensation of large, polarons visualizable in real space [7]. In
order 10 distinguish between these three approaches, it 1s necessary 10 inguire inlo two
aspects of the high-Te oxide superconductors: their distinguishing clectron configurations
near EF and any unigue structural features that could introduce unusual clectron-iattice
coupling.

THE SYSTEM Bay.xK,BiO3

The compound BaBiQ3 has 2 struciure derived from the cubic perovskile sructure,
Fig. 1. In this ABOj3 structure, the tolerance factor

. t = (ta +ToMN2rp +r0) (1)
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Fig. } {a) The cubic perovskite structure of high-temperature BaBiOy and, uTOWS,
the direction of the oxygen-alom displacements on rransforming $0 the Mono-
clinic structure. () The encrgy density N(E) of onc-clectron states near Ex

for {i) cubic and (ii} monaclinic BaBiOa.

which relates the A-O and B-0 bond lengths, represents ideal bondlength matching fort=1.
Since the A-O and B-O bonds have different thermal-expansion coefficients, t increases with
increasing temperature; therefore the condition t = 1 can, at best, only be satisfied at one
temperature. At~ 1at the formaLiOn temperature results ina t < 1 at lower iemperaturcs. A
1 < 1 places the B-O bonds under compression, the A-O bonds under tension. This
incompatibiliry can be relieved by a cooptrative yolation of the BOg octahedra that bends the
B-0-B bond. In BaBiO3, sucha cooperative rotation abouta [110] axis represents only one
component of the oxygen-atom displaccments. The second component shown in Fig. l1is
duc to the formation of & “negative U CDW

In an octahedral site of oxide ions, covalent mixing berween Bi-6s and 0Q-2py orbitals
makes small (< 2 €V) any inwaatomic CS between the 65! and 652 energy levels s Bitvand
Bi¥ ions and it introduces 2 significant 180° Bi-O-Bi interatomic interaction. In this

_ situation, a bandwidth W > U, where U is the CS, suppresics the formation of any bismuih

magnetic moment in the absence of an applied magnetic field; however, the bandwidth 15
narrow enough to sustain the formation of a COW. As shown in Fig. 1, oxypen
displacements toward Biyr atoms and away from Bij atoms introduces distinguishable Bi
gubarrays and a charge transfer represented formally by

2Bi*+ — Bif#8h + BigUr (2)

& § = 1 would correspond to the chemical disproportionation of Bit* imto Bip* and Bin;
in fact, a smaller & = 0.5 occurs (8]. The resulting change in translational symmewry
inroduces a spliting of the o* band of primarily Bi-6s parentage, and monaclinic BaBiOy is
a Giamagnetic semiconductor.

The CDW has its maximum stability where z band is half-filled {1]. Shifting _of Ep
cither up or down by reduction or oxidation of the BiO3 array requires a change in the
wavelength of the CDW with subsequent lowering of its stability and hence of the transition
temperature Ty below which it is formed. Although a singlc-band picture would be
symmetric with respect © reduction v oxidation, it is apparént from Fig. 1(b) that this

symmetry may not be applicable 1o BaBi03 because of the overlap of the ¢ and % bands.

Substmtion of K for Ba in Ba;.xKxBiO3 oxidizes the BiOs array, which lowers Er

into the lower o* band and/er the & band. A tentative phase diagram for the system [9,10]
shows that the commensurate CDW associated with the monoclinic structure of low-
temperature BaBiOj gives way 10 4 maore complex COW in the compositonal interval
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0.1 < x < 0.25; complete suppression of the CDW in the interval 0.3 <x < 0.5 gives a cubic
superconductor with a Teas high as 30 K at smaller x. This phase appears o be described
as 3 Bardeen-Cooper-Schrieffer (BCS} supersondusior with weak 1o moderate ¢clectron-
phonon coupling.

The cubic phase is characterized by a large-amplitude oxygen vibration perpendicular
10 the Bi-O-Bi bond axis [11]. Oxygen displacements perpendicular to the bond axis
introduce {or enhance) a X component “nio the conduction-band states at Ef, which would
stabilize ¢lecirons 8t neighboring Bi atoms. Thus the large-amplitude oxygen vibrations

would couple strongly 10 conduction electrons because the overlap of g* and % bands makes
polarization fluctuations sensitive 1o the oxygen displacements.

THE SYSTEM Laz.x5r:CuOy

Where W = U occurs at a bandwidth W that is too great for CDW formation, a half-
filled band having W < U is split in wo by the correlation spliing CS[1). ACShasits
maximum stability where the conduction band is half-filied; the atoms associated with the
half-filled band arc all single-valent

The introduction of either electrons into the upper Hubbard band or holes into the
lower Hubbard band creates a mixed-valent situation: the charge camiers thus created may
move diffusively as small polarons, as itinerant charge carriers without any activation energy
in the mobility, or by variable-range hopping from one dopant center to another. Small
polarons do not give Hse 10 a well-defined Fermi surface and hence do not condense out as
supecrconductive pairs. The mobile charge carricrs are transformed from small polarons 10
itinerant carriers as the bandwidth increases 1o the value W = U where the bandgap Eg due 0
CS disappears. Moreover, the introduction of charge carriers into either the upper of lower
Hubbard band reduces U, Therefore doping an antifctromagnetic semiconductor (W < u)
having a W only a little smaller than U for a half-filled band may lower U to where the
condition W > U applies. As W excecds U with increased doping, the Néel iemperature TN
below which long-range antiferromagnetic ordering occurs must decrease; the atomic
magnetic moment also decreases, but a CS and reduced atomic smagnetic moments may
persist into a phase exhibiting only shon-range magnetic order.

This situation appears to be illustrated by the system Lag o SraCuO4; but as in the case -

of Baj.sKBiO3, the band symmetry is removed by an overlap of the G*y2.y2 conduction
band and a &* band of primarily O-2px parentage, §2¢ below.

Fig. 2 illustrates the high-temperature tetragonal structure of the antiferromagnetic

semicondoctor LagCuQ4. The tolerance factor t relating the La-O and Cu-O bondlengths is

jdentical to that of the perovskite structute, equation (1}, and a thermal-expansion mismatch
makes (1-t) increase with decreasing temperature. The resulting compressive suress on the
Cu-O bonds is relieved by 2 cooperative tilting of the clongated CuQg octahedra around a
{110] axis, which reduces the symmetry from tetragonal {0 orthorhombic at lower
temperature.

Band-structure calculations for LaxCu0q give a Fermi energy Eg lying in a proad o*
band just above the top of a x* band [12,13}. However, the observation of

antiferromagnetic order with a copper magnetic moment iy = 05 KB [14] indicates that the
bard-structure calculation must be amended by the introduction of 2 CS of the o* band, Fig.

3{a). Moreover, observation of a iy demonsirates that the top of the ¢* band is primarily of
Cu-3d parentage, and  large tetragonal {c/a > 1) distortion of the CuOg octahedra makes the
assignment primarily Cu-3ds2.y7 parcntage. A G*x2.y2 band containing one hole per Cu
atom is just half-filled, and the reduction of pcu from 1 pp indicates that W < U approaches
W=1.
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Fig. 2 The tetragonat (T) K2NiFy
structure of high-temperature LaCuOy.
Amows indicate directions of ox¥gen-
atom displacements on transforming 1o
the orthorhombic phase.
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Schematic energy dcns.ity N(E) of one-electron states for La; :
(@) x = 0, (b) x = 0.15, {c) x = 0.4, or LagStCu0s

Fig. 4 Tentative phase diagram for
Laz.;Sr;CuO4.
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Substitution of Sr2* for La3* oxidizes the CuQ: layers and yields the tentative phase
diagram shown in Fig. 4 provided a high pressure of oxygen is used for x » 0.15 10 reain
full oxygen stoichiomery [15]. We address threc questions:

+ How docs jicy = 0.5 pg in LaaCuOy change on crossing the transition from an
antiferromagnetic semiconducior 10 & superconductor?

+  Where are the mabile holes that condense into superconductive pairs?
+  Can we identify an unusual electron-lattice coupling?

In order to investigate the first question, we prepared LazCuQOq.5 at 23 kbar and
800 °C in a double high-pressure cell containing CrO3 on one side and 1azCuQy4 on the other
of & stabilized-zirconia disc permeable 10 oxygen [16]. Decomposition of CrO3 10 CraCyand
O3 creates a high oxygen pressure on the sample. Introduction of imerstitial oxygen oxidizes
the sample, and it becomes a superconducior (T = 30 K). The intersitital oxygen eniers
sites between two LaQ layers that are coordinated by four La and four O atoms [17]. We
had predicied that the interstitial oxygen would be present in this site as 07, a prediction
bormn out for the interstitial oxygen in LagNiQa 13 {18]. However, in LazCuQ4 g3 cooled
rapidly enough 10 lowest temperatures that phasc separation below room temperature --
observed in polycrystalline samples [19) -- did not occur, the interstitial oxygen forms a
complex cluster with two of the four neighboring oxygen atoms (17]. From the O-O
distances of the cluster, it might be argued that one hole per intersitial oxygen is trapped at
the interstitial oxygen. However, apping of one hole at an oxygen clusier centered a1 the

interstitial oxygen does not reconcile the discrepancy in the value of & = 0.05 derermined by
iodomermic titration and § = 0.14 by thermogravimetric analysis (TGA) {16]. A similar
discrepancy was reporied for samples prepared at lower oxygen pressures [20]. We

imerpreted the discrepancy to indicate 5 = 0.05 interstitial O2- ions in the bulk and ca, 0.1
superficial oxygen introduced at high pressure. In cither case, the observed T is consistent
with the introduction of about 0.1 holes per Cu atom in the CuQ7 sheets. :

o 190.2] Py
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Whatever the exact character of the interstitial oxygen, the TGA curve shows an
abrupt loss of oxygen in the imerval 225 < T < 275 °C [16]. Fig. 5 gives the variation in
room-temperature lattice parameter with quench temperature Tq for a high-oxygen-pressure
sample rarsed successively to higher Ty in air before quenching 10 reom temperature for X-
ray diffraction. A first-order phase change occurs in the inmerval 225 < Tg < 275 oC, which
yielded two phases: the Jow-temperature superconductor and the %igh-tcmpcra:ure
antiferromagnetic semiconductor. A small increase in volume with loss of intersutial oxygen
resuits from a remarkable increase in 172{(a+b). The increase in Cu-O bondlength on going to
the antiferromagnetic phase is even more pronounced as the Cu-O-Cu bond angle becomes
more removed from 180°. This finding demonstrates that shonening of the Cu-O bond in

the Cu()7 sheeis on oxidation is consistent with an important suppression of yoyas W< U
becemes W > U. An expansion of the Cu-O bondiength on passing from the
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superconductive 1o the antiferromagnetic phase is characteristic of all the copper-oxide
superconduciors [21).

Independent magnetic (22} and neutron-scattering 23] measurements indicate that the
presence of & PCy, though reduced, periists into the superconductive compositional range of
La2.,Sr:Cu04. However, there is no indication that the existence of a pcy enhances the
superconductive Tc. What is remarkable is the fact that it docs not suppress the

supcrconductivity. This observation leads incxorably 10 the question of the locauon of the
mobile holes responsible for the superconductivity.

The most definitive answer (o this questions comes from eleciron spectyoscopy (24-
27]. 1t places the holes in staics that are predominantly of O-2py characier lying in the CuO2
sheets. We have argued elsewhere (28] that the Madelung stabilization of the O-2p siaics
just balances the ionization energy required to remove ong clectron from a Cu2* ion to an O
ion. This balance causes the Cul+/2+ redox energy to be overlapped by the O-2p cnergies,
and covalent mixing between Culddyy and O-2px orbitals can result in 2 ©* band that is
primarily O-2py in characier while mixing of Cu-3dx2.y2 and O-2pg orbitals results in a o*
band that is primarily Cu-3dx2.y2 in character. Moseover, 50 long 48 8 {Cy persists, there is
8 correlation splitting of the o* band that places the top of the x* band above the top of the
lower 0* band as illustrated in Fig. 3(b). As a consequence, the rolc of a residual pcy in the
supéreonductive phase appears to be the maintenance of 8 CS of the 6* band, which results
in mobile holes in x* bands of primarily O-2py characier. These holes can give rise to
superconductivity, but holes in a comrelation-split 0* band would not.

Demonstration of this latter assertion comes from the suppression of T for x > 0.25.
With the total disappearance of Jcy With increasing x, the corrclation splitting vanishes; in
this case, holes would be more stable in o* -band staes, which are the more strongly
antibonding, 5o the Cu-0-Cu bond angle would straighten out 1o 1809, which would remove
the mixed symmewy. Such s straighicning resulis in an orthorhombic-to-tetragonal
wransition, and superconductivity vanishes in the tetragonal phase. There remains sonie
controversy in the literature over whether the superconductivity-to-normal metal transition
coincides with the orthorhombic-to-tetragonal transition; the exp;nmennl situation may be
confused by the possibility of inroducing excess oxygen in a portion of the sample under the
preparative conditions used 1o supply & high partial pressure of oxygen.

This analysis leads to two predictions: movement of Eg from the x* band into the 6*

band as shown in Fig. 3(c) would result in (i} # transition from p-Type to n-fype conductivity --

in the normal metal and (ii) 2 tansition from a Cu-2p spectrum characteristic of Cu?* to one
characteristic of Cu3* as found in NaCuO; [26). Preliminary measurements appear o
confirm both of these predictions (30].

Finally, the possibility of a strong interaction between the conduction elecrons and
the transverse optical-mode oxygen vibrations perpendicular to a Cu-Q-Cu bond axis has
already been pointed out. If the CuQ; plane is under compression, this interaciion is srong
where the Cu-0-Cu bond angle is bent from 1800 and the charge cariers are holes; 2 hole
stabilizes a straightening of the bond angle, and the relatively siow response of the oxygen
displacement provides time 10 atmact & second hole. The mechanism represents a strong
clectron-phonon interaction that is enhanced by the polarizabilicy of the conduction-elecron
charge density resulting from an overlap of the g* and x* bands. In this strong-coupling
limit, the Cooper pairs become condensed inio 8 volume of sufficiently small coherence
length (€ ~ 10 A) that the distinction between a Cooper pair and 2 large bipolaron may
become blurred.
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Fig. 6 The ietragonal (T) structure
of NdaCuOy.

Conversely, if the CuOg plame # under tension, the Cu-0O-Cu bond angle is 180° and
the electron-lattice interaction is strong where the charge carriers are electrons of the Cul+h
couple; in this case an electron stabilizes a bending of the Cu-0O-Cu bond angle, and the
retatively slow response of the oxypen displacement provides time to atiract 2 second
electron. This situation is realized in the tecragonal T structure of NdzCuOy, Fig. 6[31),
where the smaller Nd3+ jon -- relative to La3* ~ creates so small a tolerance factor 1 that the
c-axis oxygen of the teragonal T phase of high-temperature LspCuO, Fig. 2, are displaced
10 the plane of \etrahedral sites of the Nd bilayer. This displacement expands the a-axis,
thereby removing the compression of the Cu-O bonds of a CuOy plane. Doping this phase
p-type by Sr substinution for Nd leaves the system semiconducting [323; but doping it n-type
by, for exampie, Ce substitution for Nd leads 1o a wrcrconducuvc phase in & narrow
compositional range [33]. According to the model o cleciron-lattice coupling we are
proposing, n-type superconductivity requires sufficient clectron doping 1o make W > U and

thus suppress (LCy , but insufficient doping (0 destroy the phase.
SYSTEMS WITH THE YBazCu306.x STRUCTURE

Extension of the ideas presented above to the other high-Te copper oxides is
straightforward. In every case there is an interface between a CuQ3 layer and an MO layer
that s subject 1o the tolerance-factor constraint of equation (1). Moreover, they are p-type
conductors in their normal statc with a Cu-O-Cu angle bent from 180° in their
superconductive staie. However, in the phases with muliiple CuOz sheets separated by Y3+
and/or Ca2+ ions, the bending of the Cu-O-Cu bond angle from 1809 is induced by the
symmetry of the structure; the magnitude of the bending merely adjusis 10 relieve any
stresses introduced by a t + 1. In this case, a larger concentration of holes may be
introduced into the CuOy sheets before the Cu-0-Cu bond angle is straightened out 1o 1800,
Since P.appears 1o vary with the concentration of mobile holes in the CuQy sheets [34- 31,
at least for smaller Evp-EF, the maintenance of a bent Cu-0-Cu bond angie to higher hole
concentrations allows the realization of & higher value of Te.

In view of this situation, it is relevans to review briefly the evidence for n*% -band
holes in the YBa:zCu3Og,s structure and for a Te varying with the n* -band hole
concentraton.

Placement of the mobile holes responsible for superconductivity into x* -band staes

of the Cu(2)O2 sheets that are primarily of O-2py characier comes from XPS evidence for a
trapping out of mobile holes at oxygen-atom clusters centered at a-axis oxygen in the
Cu{1)Oy planes of YBay.yLayCu3Og.x [26]. A rapping out of mobile holes in the Cu(1)0x
~Jayers forx > 1 was veriﬂyed independently by Hall measurements on the system Ndj,yBay.y
Cuy0¢.x [35]. We have also shown that, by co-doping with Caand Lain the system Yy
Ca,Baz.yLayCu3Og,y, it is possible to change the magnitude of the imemal electric field
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parallel 1o the c-axis s0 a5 10 suppress hole trapping at disordered oxygen in the Cu(1Y0,
planes [38). As is illustrated in Fig. 7, a T, > 80 K is maintained in samples annealed in O3
at 400 °C followed by slow cooling to 250 C, provided there is no hole trapping; TA
decreases essentially lineraly with x above a critical oxygen concentration X that increases
with Ca concentration z. The figure also illustraics that T is independent of the
orthothombic-tetragonal phase transition associaied with oxygen ordering in the Cu(1)Oy
plane, @n observation that is consistent with the hypothesis that the Cu-0-Cu bond angle is
the critical seructural feature for high-T, superconductivity. Atiempls 1o correlate a fall-off in
T, with total oxidation state cannot be valid; what would be valid is any correlation with the
concentration of mobile holes in the CuOs sheets and the Cu-O-Cu bond angle in these
sheets. The interesting data of Tokura g1 al [39) should be reconsidered from this
perspeclive,

1
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Fig. 7 Variation of T, with y = 2 + T for various values of z in the system

Y3.Ca:Bag.ylayCuyOg, 5 annealed in air at 400 °C.

In order 1o perform a correlation of the latter type, it is necessary 1o be aware of the
complex hole transfer that occurs between Cu(1)Oy planes and Cu(2)O3 sheets. In addition
10 the possibility of hole trapping at disordered oxygen in the Cu(1)Ox planes, there is also
the problem of hole trapping at Cu(1) atoms oxidized from Cu* to Cu+. The YBasCu3Ogx
phase diagram provides evidence that, in the ordered structures, holes are transferred to the
Cu(2)0O7 sheets once the Cu(l) aloms neighboring an oxygen in the Cu(1)O, plane are
oxidized to Cu2+ [40]. The phase diagram exhibits a siep in T vs x near x = 0.67. Electron
microscopy has established the appearance of intcrchain ordering at x = 0.5; with perfect
ordering, half of the Cu(]) atoms would remain Cu}* ions coordinated to only two ¢-axis
oxygen, s0 0.125 holes per Cu(2) atom would be wansferred to the Cu(2)07 sheets. Further
oxidation of the Cu(1)Ox planes would convert the remaining Cu(1) from Cu* to CuZ* jons
in the interval 0.5 < x < 0.75 before additonal holes were ransferred to the Cu{2)02 sheets.
Long-range intrachain and interchain ordering within an untwinned grain of an x = 0.75
sample has now been observed [41]. However, the realization of perfect long-range order is
never achieved unifo over a bulk sample, so the step in Tc vs x due to oidation of
Cu(l) from Cu* to Cul¥ covers 2 narrower compositional range than 0.5 < x < 0.75 and is
not flat as would be expected for a two-phase compositional range.
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