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Austn, TN T8712-1084

he problen ol elecurony mansport in cswles s reviewed brietly. The situation i the
- group oxides is conttasted with that in the rare-earth oxides, [ Bay K BiO3, for example,
srodiction of mixed videnee sllows superconductivity fo compete with the charge-density wive
stable in the "siagle-valent” stowhiometry; and m ferromagnetic EuQ), oxidation leads 1o sonadl-
polaren conduction, but reduchon gives 4 metat-semiconductor transition below the Curie
temperature. The d-block vansinon-metal oxies are of inwenmediate character: 10 these oxides
either lovatized magneue moments or charge-censity waves may compete with superconductivity.
Lowever. an abrupt ransimon from antiterronugnenc order o high-Te superconducuvity, such a3
Lhat found w1 sumie copper uxides, is not obseived m oxides where u single-bund mudel is clearly
applivable. The speaial features that allow for s wo- bund model in the high-Tg vxide
superconductons are cmphasized. I addidon attention 1s called w i thermal-expansion mismateh
etween A O and B0 bonds m sructures redaed w te ABO3 perovskites, and the relationship of

Framework for @ sirong-coupling theory of supercondetivity.

INTRODUCTION

Creramists have tradinonally been more interested inrefractory insulators than innetallic
oxides, Consequently the report in 1986 ot high-1 superconductivity inan oxide appeared 1o
many an especially extraordinary tinding even though several oxides were already known to be
superconductors.

In order to understand metallic conductivity in oxides, it is usctul to consider separately
three ditterent types of atomic outer electrons: (1) the valence s and p electrons active in bonding,
(44) the rure-carth 4MM manifolds that everywhere remain localized, interacting only weakly with
neighboring atoms, and (i1} the mansition-metal d electrons. The d electirons are of nermediate
character: in some oxides they act like valence electrons, in others like loculized ¢lectrons, and in a
tew they exhibit a wansidonal character. The latter situation occurs in the high-T, copper-uxide
superconductors; they exhibit a transition from an sniferromagnetic semiconductor in the single-
valent state o superconductivity 1n o nuxed-valent state. However, superconductivily gives way to
normal metallic behavior after o retatively narmow compositional range, Any model of the
supercanductive properties of these copper oxides must address the queston of why

superconductivity occurs in enly a rarrow compositional range.

MAIN-GROUP OXIDES

Mast main-group oxides remain reiractory insulmurs}mcmp:s o render then electronic
conducters by chermeal doping wend te be frustrated by the spontaseous incorporation of
compensating ative detects. The problen: is well dlustrated by the binary compound MgQ, which
has the rochsall structure.

Construction of the elecironic euergies on the basis of an onic model is Mlustrated in Fig.
L The O/ redox eneryey for the free ion lics above the energy of vicuum Ly, the fonmatien of a
free OF 5on requires vvercoming a negative electron affinity. The Mg/ redux enerpy lies below
Eye by the second ionization energy of mugnesium. The energy Epis the energy required to

remove the reniaining s electron from Myt o an O o at indinite distance to create lree Mg2* and |



G- jons, Assenbly of these juns into the rocksaltstructure of Mp() leads o a gain of clectrostatic
Mudeling energy Eag > Epow hich stabilizes the compound. Conservation of energy lowvers the
()42 and raises the My 4+ redox energies by (he same amount, and an Epy > Ep produces o cross-
over of the two energies. Introduction of covalent hybridization lowers the effecove charge onthe
jons {rom their value in a point-charge mosdet, which lowers the spliting Eam-Ep; but this lowering
1» compensated by the repulsion between bonding and antibonding states introduced by this
hybridization. Theretore the point-charge et gives a good zero-order approximation for the
binding energy of the crystal if appropriaie core-care short-range repulsive energies are introduced.
Finally, the translatonal symmetry of the crystal introduces a brﬁadening of the energy levels inlo
cnergry bands, but the handwidths remain narrow enough to have a large energy gap by between @
filled valence band of primarily O-2p character and an empty conduction band of primarily Mg-3s
character. These bands are therefore given the formal identifications 02+ 2pf and My s,

In MgO. the energy gap Ey is sufficiently large and the band edges are so positioned that
the Mg2+:35 conduction band i energeticatly inaccessible to electrons and the O7-:2p0 band
Lermains imaccessible w holes. Chemical doping that would raise the Fermi energy Ef into the
conduction band or wonld lower it into the vilence band produces native defeets that maintun Lg
within the gap.

On the ather hand, the conduction bands of heavy Group B metals in higher valenee states
are eneroencally accessible, Although the St 55 conduction band of Sn04 lies 3¢V above the
07 2p vulence band, nevertheless it can be doped to give a metal that is ransparent, and the Phy
cathode of a lead-acid battery is metallic even without the injection of hydrogen on discharge.

The situation is illustrated in Fig. 2 for three cubic perovskites: BaSn0h, BuPh(x, and the
hypethetical BaltiOs Stnchiometric BaSnl ) is a semiconductor becanse the Snd+ 55 conducnon
band Lies discretely above the 0272pf valenve bund. as in $SnOn: BalPh ¥y s a semimetl because
the P+ 6s and O2-2p® baads overlap, as in Ph0;. Cobie BaBiy; would hiave a greater overdap
of e "B s and 7 2p® bands. but the conduction band would be hatf Dilled. thereby rasing

1 above the wp of the valence bard Clearly an jonic mode! beconies less appropriste tor these

heavy Bometad oxades where asmall By E implies strong covalent nining between the mctal Os
and oxypen-2p orbitals and the bandwidths cause Fyw disappear.

The situation ia the hypothetical cubic RaBiQy must he distinguished from the other two
cases because the Bios conduction band is halt filled. The electronic energies of a parually filled
band can be stabilized by a change in the ranslavonal symmetry that lowers the energies of
occupicd states at the expense of unoccupicd states by OpENing up an energy gap i the Femu
surface. Where this cnergy pain exceeds the elastic resworing energy that favors higher syvmietry,
4 semiconductor-metal transition <an be expected below some eritical wmperature Ty (1)
Abernatively. the elecron-phonon iateractions can stabilize the condensation of Cooper pairs
below o superconductive cntical twmperasare Te. Thus the Tattice instabilities responsible for
semiconductor-metal wansitions below T, are competitive with the stahihzanon of
superconducuvity.

It is well known to chermists that B+ s not a stable valence states 1tis unstable agamnst the
disproportionition reaction

2Bi% — Bid* + BiY ()
Thys it comes as no surprise that cubic BaBif)z does not exist at room wmperiture, As ilustrated
m Fig. 3, the oxvgen atoms are cooperatively displaced s0 s W create two distinguishuble #i
atomis, a Bij wih larger Bi-O disunces and o Bij with shorter Bi-O distances. There s also a
cooperative tilting of the octahedra relative ta | 100! axis that lowers the symimetry from cubic o
monew hnie. These displacements clearly sigaal a disproportionanon reaction thai may he described
us |

B — BB g BipideEn (2
where & = 1 would correspond 10 i classic disproporiionation into BiM and Bi®*. Infact.ad -
15 1n found 120 0 & < 1 represents a charge-density wave (CIIW) No matter what the value of &,
the creation of e distinguishable Bi sites by the freering outofa vihrational breathig mode
changes the tramslatdony) sviometry of the erystal soas 1o split the conducuon band i two, leaving

the Fermi energy Epnan energy gap. BabBiOzs thereby rendered o semaconductor.



SLabihzateon of 4 polar stute on the Biatonm aizy i only posaible because the clectiontatic
correbatioi enerpy U beiween Bt elections, & hich Is the energy Cost 1o credle @ noe -unmfoin
distabuion of charge, 1 smaller dun the gidn An covalent-hybridizanon energy associated with
the monon of the eaygen alorms rowards one Bi alom and away from the other (1), In the physics
terattte, @ A > U s reterred was a "negutive U," Lg. a Uerr = U-A < 0. This condinon can be
“able only where the free-utom U s relatively small, as for the Bi-bs elecmons, and even there
only for a rnge of bandwidts s is tllustrated schenatically Fig 4.

1K iy substnuted fur Bain Bap (K BiOjs, the 810, framework beeomes oxidized. As the
Bi-trs conduction band becomes less than half-tilled, the wavelengih g of the CDW that opens up 2
gup al Ky increases and the stalnliziion energy m' the CDW decreases, lowering the
semconductor-metal runsiton wmparatuire T, (1}. In fact, g need not emain conmensurale wil
the periodicity of the crystal structure, and the By K, BiO3 system exhibiss 2 monoeiinic-
letraponal ransition with increasing x that probably represents a ransition from a commensurite 1o

-
an incommensurate CLOW (ifb)A As the K-subsututed pheses are difficult 10 synthesize, the phase
diagram of Fig. 5 must be considered tentative, A single crystal with x = 0.13 was found 10 be
cubic at rovm temperittuare and w exhibitno magheue unomaly charactenstic of superconductivity
down  fowest kemperaludre ), but it was inadvertently destroyed betore a Ty could be messured
in the sample. However, near x = (025 there 1 un abrupt enset of supercanductiviry with a T that
decreases munotomestly with increasing x over the narrow compositondl interval 0.2 <x < 0.5.
A Two-phase tegion probably separites the LW and supercondustor composiuass, but this
feature hiss not et been established.

Although the Bay 4K, Bi wpcrconaiugu])rs appeas 10 be descnbed by the Bardeen-

Couoper Schriefier (BUS) weak-coupling theo [ they exhibiia T thatis higher than expected from

Wit theory for the measured density Nk o1 oie-glectron states ai the Fermi energy. Therefore
His systen 18 classified with the fugh- T copper-oxides as represcatiave of anwmalous

:;u;mru(mduum‘il)’ {n this respectat dillers Tom the other known exde superconductors such as

T and L) Ta s, Moreover, configement of superctnduclivity 1o a4 namow vompesittonal range,
i DaTFOW electron-am ratio, is a sinking feature that has not yel been addressed theorenally.
Exanumdion of Fig. 260) is instructive. Oxidation of the B0 3 array lowers By oward the
wp ol the O 2pg band, experimental evidence that Ey: bes within the G- 2pg band in the
supercondustor composition x = 0.41s now available (8). We will see thata distinguishing teature
of u high- T oxide superconductor is un-‘E;.;Ilalltlliwt;;hrixu:;ds. anor ©* band of primarily O-2pg
i
chiracter and a4 6* bund of primarily cationic (Bi-os or Cu-3d) churacter. In the other oxude
superconduciors such as TiChor LifTio|Og, Ep culs s single cationic d band. The possible

significince of this distinguishing feature 1§ discussed in a final speculzive comnwenl.

RARLE EARTH OXIDES
The 4f electruns of the rare-eurth ions are tighdy bound 1o their awmic nucleus and are

sereened from inteructnons with neighboring awms by the 5525p0 closed-shell core clectrons. As a
resull, the inraatomie interacuons ameng the 41 elecirons of the 4" configuration are much “fm“e-{
than the interatomic 464 interactions. Consequently the Hamilonian describing a 41
contiguration has the form

i =Hg+ Vel + ALs + Agr + H, (3)
where Hy is the spherical approximation and the successive s Teproscrl suctesive perturbaton
corrections 1o this approsimation. The first three terms, which include the electrostane covilent
interactions between the 4 electrons (Vep) und the spin-orbit coupling (Aps = H_:::) respuonsible
for muluplet splitings, are present in the free awm and gIve rise 10 4N LOmIC MEEneuc monent

My = glpp 4
wihere g iy the Landé specuoscopic spluung factor. The energy Vel gives rise 1 the sphittings Uy
between successive 41 configurations, Le. 40 and 4+ Because the radial extension of the 4§
clevuons is relutively smadl, the energies Ug we largey Ua > By where Ey is the energy pap betwewn

tie top of the O-2p valenee band and the botom of the Ln-3d conduction band.



(Stronger covalent mixing of the O-2p orbitils with Ln-6is vs Ln-5d orbitals rases e bottom uf
the Ln-6s hind above the hottom of the La-54¢ band)” A Uy > Eg restricts the number of

‘onfigurats s or, : are accessible only it a WD
caergetically available 4 configurations 10 one 0f, 4l MOSE, WO; IWO arcd ceessible vnly
configuration has its energy falling within Ey.

The last two terms in Equation (3) are the crystal-field spliting Ad, which 1s prmuarily due
1 Ln-4f imteractions with the nearest-neighbor oxide jons, and the Zeeman splitting Fl, due o the
internal mapnetc fields produced by interatomic magnetic-exchange interactions with neurest-
nerghbor magnetic aloms. Because A and 11, are both weaker than ALs, the effective atomic
magnetic mement epy obtained from magnetic susceptibility measurements provides an excellent
measure of the 30 configuration at a rare-earth on. Since any 5d electrons present act like valence
electrons. the “valence™ of o rare-earth jon is peneraily defined as the total number of outer
electrans on the atom minus the number n of the ground-state A.if“ configuration.

Some consequences of these considerations are iltustrated 1 Fig. 6 for GdO and Eu(), cach
with the same Tocksalt structure as MgQ. The valence 2-:2pb and conduction Ln:5d bands are
constructed it a manner analogous o the construction of the valence and conducnon bands of
Mo, but with differential covalent ixing al 0-2p with La-6s and 5d orbitals rendenng the
bowont of the conduction band Ln:5d in charaaer. The sphuing U between 4% and 47 energy
levels is particularly Targe because the 7 contiguration just completes the half-shell. The 37 level
for G falls well below the top of the valence band. and the 4R energy lies well above the bottem
of the conduction band. Therefore only the 417 level can be occupivd, and the Gd has the formal
valenee Gad 3+ acvording to the magnetic eritenon. However, each Gd can wansfer at most iwo
clectrons 1o the oxygen, so the third valence clectron occupies the Gid-5d conduction band, and
Cid6) 10 0 menllic antiferromagnet, the interaemic antiferromagnetic exchange bein s indirect
throngh the intinerant 5d elections. In Eut). on the other hand, the Eo2+ 47 configuration lies in
anenerey map about L1 eV below the bottoarof the o 5d conduction band, Therefore EuO ixa

cenconducton it can be doped both novpe nd poavpe sinee beth the Tu S and T HT energies

\\

7>

are wecessible (93, Moreover, the dominant interatomic nugnetic exchange is fermymagnedic via g
Fudf7 - EuSd superexchange interaction, and Eut) is @ femomagnet al [sw temperature.

Oxidanion of EuQ) 10 Euy g0 introduces canon vacancies and lowers By into the narrow
Eul*af7 level, which represents the Eu** redox energy. Because the 4F electrons are localized,
the clcxmsn‘,nl.mnsfcr reaction ,

Eu + Eul*t 2 Lu?* + Eob (5)
is Jow relutive o the period of an optical-mode vibration (1, (n)lf; b, which means that the einpty
H7 energy at a Eud* jon is raised above the occupied 4{7 energy at a Eu?* ion by a local
rearganization energy. The situation is completely analogous to the redox energies of an ion in
solution except that the periodicity of the crvstal structure requires a configuration mobility thag
averages the electron occupancy ata given Fu atom over tine. The mobile electron tor hole in this
cased and it locat deformation is called a "small polaron ™ Since it has @ diffusive motion, it drift
mobility is given by the Einstein relaton

W= eoDART = (eqD/k Thexp (-AG /A T) (6)
where ¢, is the magnitude of the electronic charge and AGp, = Allg, - T AS is the motional free
eneray. The motional enthalpy AHp, 1s @ measure of the magnitude of the local reorganization
enerpy. Since the electronic conductivity is related to the electron mobility via the relation

G = peoht n
where pis the concentration of mobile holes, it follows thal the conductivity of Euy 50 retains an
setivation energy through W even where p s independent of wemperature, so the mived valent
swstem also exhibits semiconductor behavior,

Reduction of EuQ 0 Eud)y.g produces oxveen vacancies ¥V that sibilize a two-clectron
trap state from out of the conduction band (1. This siuanon differs from phosphor-deped
silicon, where the danor state is a single-clectron trap, Because the rap states are condensed out of
the vonduction band. their energies ride with the hottomn of the conduction band. On cooling
through the ferromagnetic Curie emperatuare Toostates with spains paralichio the spin of the 4{7

comtiguration (¢ spin dinections have their energes shifted relagve w the states of opposiie spin (8



i direcoon by 2, where s the menma sedeculur field due o the imeratenug maynel
exchanpe interactions, The twa eleciions appe. at i OXYEEH VITancy have uppiosiie spins, so
orie rides with the botton ol the tospn band ana the other with the Bottom of the B spin basd.
The energy of the wspin donor state is lowered 1y Ugin a single-elecron trap. As the
sponuneons nagneiization My incieases below 'L, H, increases; at a crincal value of M, the Sspin
donor ey Crosses the buttom of the a-spin conductnon band. A the temperalure contnues w
dectease, the B-spin donur clectrons are emptied into the a-spin conduction band; these conduction
clecirons increase T, thereby increasing My, which produces a positve feedback that results ina
sharp senuconducior o metal ransiion with decieasing lemiperature. The clectrons in the
conducuon band are wnerant LI{I < m}ﬁ' 1), 5o theie 1s no Jocal reorganizanon Lo rap theon,
therefore, their mobility s grven by the expression

Moo= »::Ul'f//m‘ (8
where m* iy the electron effective mass and g is the mcan-Iree nme between scatiening events.
With a {ixed mobile-electren concentraton and « mobility that decreases with increasing
temperature because scattenng from phonons in\.rcuscs in probability with emperature, the

electronic conducuvity has a metallic characier.

TRANSITION-METAL (d-BLOUCK) OXIDES

A deseription of the outer d electrons at canmiion-metal catons in an oxide beging with the
revcognitivn tut the d orbuals interaet much moc swongly with neighboring sions than the 47
wrbitals, bur nat as strongly as the outer s and porbitabs, Whereas the iteruome mteractions glve
a bandwidth W > U for the s and p electrons, bata G+ B < Apg tor the 3 clectrons, the d
clectrons are ol iermediate character: they hav o cubic component A of the ervstalline fickl
sphitting Aupwmd w bundwidth W due o imiersctnts wiih other trunsinon-metal aloms that may be
connprrale o or even gredten than the Ve csponsible tor the imeratomic cotrelanon sphittity

L between d" and dfr b iifobds, s therehors generadly asetul w begin with the intlyence ot

{

VAl

H

/

A
“f

the cubie component of the erystalline field A due o interactions with e nearest neighbor oxude

jons ws expressed by the §lamilionian

1{/¢Hn+(vc.mc) Th
By synunetry, the cuble component of the crvstulline Deld splits the fivetold degeneracy olthe d
orbitais into two accidentally degenerate groups, the twolcld-degenerate ¢ orbitals having the

angular dependences

fo ~ \—:—.,: Hz2x2) + (2 y ) and (x2-y 2yt Lty
and the threefold-degenerate 1y orbitals having the angular dependences
fy~(yz izx);‘r:2 and xy}rz (i

This spliting yuenches the azimuthal orbilad angulir mormentum Ly = -ih did assovtuied with the
atonue d orbitals L&z—yz) +ixy)/rd, Covalent hybrdization is introduced by allowing & virtual
electron transfer from an 02 jon to an empty d orbital; from second-order penurbation theory, the
covalent-mixing parameter} is given by

A = b/AE (2
where B2 is the cation- anion resonance wivgral (electron-transfer-energy mauix element) and AE s
the energy separation of the acceptor and donor orbitals of the charge wranster. The result of this

covalent hybridization for octahedril-- e coordination 15 t3)
Af=A71~%‘(A6~A%)A},‘,]+3‘A§ Aka (1H

where Ang s i relatively small electrostan  companent, Sk and AE7 are the energy separation ot

d the ©-2p Bonor and the O-2s donor orbitals, und the

the emply cation-dn* I contaiguration
subseripts @, 1, s reler w muxing with O 2pg, O-2pa, and O-25 orbitals, respectively. The crystal-
fick] wave functions having e-orbital and 12 orbital symmetry in octahedral-sile coordination are

We = Notle - A8, - *aba) {14}

i = Ny - Andr,
where the g are the appropristely symimeirized (3-25,0-2pg, and O 2pg otbitals. Batenson ot e

J wave funenions o oser the anions via the covadent mizing accomsplishes two smporiant things:

10



i it reduces the parameter U fron its value for the free o o that more nearly given by \ucc;xhi\c
redox potentials Tor the hydrated cation i aqueons solutions, and (ify it ailows imponant
INTeratomie Calion-anion-caien INeractons o (’u‘ ur.

The next step in the problem 15 1o consider the relative magniudes of Ac and the dilterence
Aex in Voo for high-spin vs fow-spin configuranons. A high-spin configuration (A < Aex) is only
found where the d orhitals are sufficiently Jocalized 10 impart a localized magnetic moment 1o the
transition-metal cation.

Once these tntraatomic energy considerations have been abtamed, it 15 then necessary te
consider the interiatomic interactions between like atoms, wj'hch introduce o bandwidith W o the
configuration d. 1f the conditien W < LI holds, then the d" configuration is localized and imparts
a localized magnetic moment to the transifion-mezal atoms, In the imit W < A g < U, the
interatone exchange interactions in a single-vatent compound are weated by second-order
perturbwion theory; this reannent gives rise 1o the superexchange spin-spin interaction. For half-
filled urhatals, this laier interaction is antiferromagnetic, the camesponding magnetic-ordering
(Néch wmperature is

Tre - by (15)
where b = ex2 for cation-unon-calion interactions and b = € exp (-R/p} for caton-canen
interactions. In these expressions, €15 a one-clectron energy, R is the interaomic separation, and
p1saparameter inounits of R The energy

0

l

I)(‘Ik R W (e)
"
mcludes any contribution from Ag or Ay, that must be added for a particulsr value of noin the dn
contiguration (1),
This kcalized-electren pieture applies 1 the 3d° configuration of a Ma<* jon in the
anndertonugnenc insulator Mo, and construciion of an energy diagriam proceeds as euthned in

Fre 7. nthes case, the Madelung sablization rases the Mo td® contiguration as well as the

il

—_—

Moty energies above the wp of the O~ 2pthand. The energy separation U of the Aitand 3d*
configuration is turge because Ugg = U7 + gy applics on adding an electron o a set of half-filed
arbitls as iy found in the high-spin d3 = [;1(‘2 configuraton. On the other hand, the energy
separation between the 3d% and 3d* configurations is only Uggr = U7, which is relatively small for
the crystal-field W, orbitals, Thus both the Mo3+/2+ and Mun+3+ redox energies e above the top
of the £32.:2pf valence band, so the three valence stales Mn?+ M, and Mn** are chemically
accessible in oxides (see also Fig, 8). However, a Uggr = U' + Ac Towers the 3d? configuration
below (he top of the ©2-:2p6 band, so it is not passible 1o axidize manganese beyond Mn?* inan
nctabedra! intersiice of an oxide. Note that the relatvely small 1 separating the 3¢ and 3d3
configurations makes it possible for a "negative-U™ disproportionation o oceur:
IMndt = Mpct o+ Mt (17

Heowever, in practice this reaction is only found at the surface of o manganese oxide, e.g. in strong
acidic media it atlows LifMna)Qy o be ransformed 10 A - MnOa (12)

The superconductor TiO corresponds to a single-valent compound having W > L', where
Uepr = U for a 3d2 configuration in an octahedral intersuce. Fora W 1T the 3d electrons are
stinerunt, and tight-binding band theory must be applied 1o the electons in the crystal-field
orhitals. ‘T'he resulting density-of-states curve NtEy for Ti0 (we neglect the spontaneous
intricduction of aremic vacancies in the structure) 1s compared 1o thatof MO in Fig. 8. By
conirast, VO contains a half-filled set of 12 orbitals r\"z*:t;c“)‘ so Uepr = U+ Ag s larger

Nevertheless the bandwidths of the VI9/2+ and V4473+ redox energies overlap (W 21, so the
. ot L o

compourd is xcmi-mcmlliq_&umahdr:w-&rcrrf{ A4 deep minimum in the N{E) vs E curvey T this
vase the correlation splitting U is large enough to introduce ar importam enhancerment of the Pauli
paramignetc susceptibility, but the compound remains metallic with ne vanadium magnetic
moments. and hence no antiferremagnenc order, at low emperawres.

Far a half-filled band, these considerations lead 1w the phase dragram of Fig. U, which
shews @ mansition from an antifemomagneue semicenductor for b < by e W< L winere there

are focalized maenetic moments on the canons, 1o Panli-paramagnetic metal for b > by Lo W >
o b P. e



UL whicre the existence of a Fenng surfuce st Ep allows Jor a mansiuon (© superconductuviy below
a1, piven by the weah-coupling BCS theory. 1t is immedsately apparent trom this figure that,
witl. = single-band maodel, the presence of spontaicous magnetic moments associated with a
correlation spliting U > W s incompatible with superconductivity.

Agpain we must ask what happens when the systemn is chanped form a single-valent 1o a
mixed-valent contiguranon. Oxidation, for exanple, would lower Eg- imo the lower of the
correlation-spitt bands and reduction would raise it into the upper of the correlation-sphit bands. In
this case 1t 38 necessary o disinguish whether the parmially tilled band, according o the Hewsenberg

Unceruny pineiple, gives rise to an ¢ectron-liopping dme between neighboring atoms
Th ':T]/%VV (I

that is borg or short compared 1© the period o ! of the optical-mode vibration that would wrap it --
by a smali-polaron reorganization encrgy - in u local deformation. As illustrated in Fig. 10, the
mixed-vadent spinel Lif Moz [Og contains small polarons and retains localized magnene moments on
the Mn woms whereas wsostruetural Li[Tiz|O4 o menallic and a superconductor. Also shown are
the N(E) vy E curves tor AxMO3 bronzes (M = Mo or W) that are metalhe superconductors as a
result of strong M-O- M interactions; in LifTia}¢ 3y the strong interitonsc ineractons are Ti-Th
inleracnons across shared octuhedrad-site cdges

Of course COW transivions can oceur & wransiion-meta) oxides with W > UL This situanon
is nchly Mustrated in the chemistry of the mols bdenum oxides (13). But my purpose now is 10

warn we the hgh-"T, copper-oxide superconductors.

HHGH-T, COPPER OXIDES

All the high-Te copper-oxide superconsucions have a conunon structural feature: they
contaln miergrowths of copper avide lavers and other oxides, The simplest of these simuctures 1s
the wtragonal phase of Bz, [t which s the room- wemperawre structore of Lap gsSty 1 <Cul)y

Laviny o Te =~ UK Between room emperature and T, the structure undergoes a displacive

-

trunsition o orthorbomibic symetry in which the werragonal (c/u > 1) CuQy wwtahedra aate
couperatively as indicated in Fig. 11(b) (14,15). This simplest of the cuprale superconducior
systems will serve 10 Hlustrate the essential features 1 wish o consider.

The phase dizgram for the system Lap S5, CuQy is shown in kg, 12 l'(_)r 0<x 040

PRETEES ¥, -t ol Ft atF cmeddar

. . 4
. N P . -
retain a full oxygen content with x3<6:¥5, it is necessary 1 prepare the sumples undcrlhlgh

oxypen pressure (ca 3kbur) (16-18). Five features should be noted: (1) LagCuQy iwselt s
orthorhombic at room temperature and an antiferromagnenc semiconductor. (i) In the
compositonad range 0 < x < 0.08, the antferromagnenic-ordenng temperatuare Ty decreases
shurply with increasing x, disappearing at a semiconductor-metal boundury -- probably a narmow
two-phase region. (i) Superconductivity is confined (o a navow compositional range 0.1 Sx .‘,{ i
/

(.3 within which the system becomes onthorhombic below a T, > Te. (iv) Dynamic, short-range
antiferromagnetc fluctuations have been observed (19) in the superconductor compositions, the
coherence length decreasing with increasing x and the spin fluctuations exhibiung no change as the
wmperature was reduced through Te. (v) The normal-metal state changes from p-type 10 n-1ype on
doping beyond the superconductve compositonal range.

In Fig. 13(a) is shown a schematic representation of the one-electron density of sutes N(E)
vs energy E as culeulated from band theory tor LaoCuQOy4 (20-22). However, LuzCuQy 13
antiferromagnetic with a copper magretic moment [y = (1.5 pg (23.24). Consequenily it is
necessary 10 amend the diagram by the inuuduciion of a comrelation splining of the ¢* band as
shown in Fig. 13(b). From the temmagonal (¢/a > 1) svmmetry of the CuQOg octahedra, the wop of the
o™ bund has deg_yg parehtage (Z-axis parallel to c-axisy, but with streng covalent hybndizanon
with the O-2py aind O-2py o-bonding orbiuits in the CuO; planes. The observation of a copper
magnetic moment shows that the empty 6° band states are primarily Cu-3d in character, which
means an Epg > Ey applies for the ¢-bonding orbitals, where the energies Ep and Ef huve the same
rueaning as i Fig. 1, but with the second elecron removed from copper enginating from the Cu-

id, 2 porbial, However, with a

& Uer =1+ &> Wq



where 3 18 the tetragonal component of A g 10 pecessary 1o inquire whether an Fiy - By canosall

apply an deeper oxidation of the syswen. .
o b T .7» e p o
It is-nowestabtished from spectroscopic evidence that, in all the p-type copper oxide w7

supcrconductors, exidation creates mobile holes in % - band states that are primarity O-2pg in
character, the particular 2py orbitals being the p, and py n-bonding orbitals of the oxygen awms
the CuCr planes (25,263, How this can be so 1y Hlustrated schematically in Fig. 13y This
peculiur situation arises because of the cross-over from Ey > Ty for Cu®* 1o Ep < Ey for Cult .
The correlation splitting of the ¢* hand ensures that, on oxidaton, Ef drops into the % band A
AN

cather than into the lower g* band, Moreover, the observation of short-range spin fluctuanons on }7 /
the capper in the superconductive phase shows the persistence of this correlagon splitting 1w higher
values of x in Lao. (St CuCly. Preliminary }PS‘daw 923’) sh0w£31 for x > 0.3, where the svsiem
remains etragonal and a nomial metal 1w lowest temperatures, E}:[movcj‘oul of the m* band into g'
only the o* band as the correlation splining becomes U < W, where Fig. 13(a) applies. Without
the correlation splining, the holes should be stabilized in the o* -band stales as these are the most
strongly antibonding. The 6*‘1_),1 band is less than half-filled, so the charge carmiers are n-iype.

Thus we can conclude that & commen feature of the electonic structure of the high-Te
o). K B0 and Lar , SrxCuOy (and other copper-oxide svsiers as well} is a Fermi energy that
intersects two bands, 1 o* band of primarily catonie character (Bi-6s or Cu-3d) and a @ or 77
hand of primanty 0-2pg character. The mobile heles in the T bands are responsible for the
supereonductivity in the copper oxides (37 they mitke possibie an abrupt wansition from an
antiferromagnetic semiconductor to a superconductor with increasing oxidation, and from a
superconductor to a normal metal where the mohile holes are transferred (o the o* band.

In this connection, atiention should be drawn to the evidence for a sharp transizon in the l,V

Cu-0 bond length on going from the apuferomagnetic staie 1o the superconductive state (2829 !

P

In the case of the superconductor phase LaxCuts o5 - prepired at 8007C under 23 kbar pressure

1 a double cell consisting of Crids on one side of a 2y Ca 0oy sepurior and the sample on the

ather--heating in air yields @ first-order phase change o anoferromagneic LarCuldy with Joss of

N

“hasmds 130

oxygen (283, The exeess OXygen 1S IComuor: ed as ) f ions in the tetrahedral \ilL‘\ of the dauble
Tl (u# !
120 lvers of Fig TGy (30,31) where it oxidizes the CuOn Leyers t?f,r The Lh inpe in Littice
parameters on raversing the wansition is shown in Fig, 14, Note the merease in the a-axis an
pi ssing [rons the superconducton 1o the antiferromagnetic semiconductor. The increase in Cu-0
distance is even mere marked as the tiliing of the CuOg octahedra is greater in the sntiferromagnetic
phase. The shorter Cu-Q diswnce is reflected 1 a stronger Cu;O-(‘u interacton, which moves the
system 1o the right frem a bg <bgin the energy-band diugnm%;Fip 4 for the half-filled O*ngyg
band; in fact, it appears o move bg to a by > h/{_\ Such a change would not normally introduce
superconductivity: any band exhibiting short-range antiferromagnetic eorrelations would have a
deep minimum in the N(E) vs E curve, which would suppress T, according 1o conventional BCS

y1 natasulficient

theory.
copdition feehigh=frsuperrordurTiviy—

The discussion thus far ias concenmaied on the electronic properties that may be peculiar o
the high-Te copper oxides. We have found evidence for an important merease in the suength of the

B e fol

Cu-0-Cu interactions in the CuQ); sheets, and hen&rﬁr}f Suppression of the copper magnetic
mnmcm#‘ on passing frem an antiferromagnetic phase 164 superconductor phase on oxidation
{=om (Cui>~)2". Where the Cu-0O-Cu bond angles are bent from 180°, the mobile holes respansible
far the high-T superconductivity accupy 1% -band states of primanly O-2pg character; where the
tond angles are 180°, the holes occupy o* -hand states and the p-type oxides exhibit noral
metallic behavior to lowest emperatures. In copper oxides with the ¥ BaxCuit s,y struciure, the
CuOx-Y-Culda layers containing douhle CuOy sheets retun hond angles that are bent from LEOD™ at
i oxiduton states. and Te is found w increase with the concentration of mobile holes -t
We have also argued that where the Fermi energy cuts both a ot and a o* band, there
the orbital hybridizations that optimize Cu-O bending and bond anples can readily adjust
thermselves - via electron-lattice coupling -+ into bond changes associated with Tutnce vibragions.

We have reterred o these hybridizaton flugtuanons as "polanzation Nuctiations” (31, On the

It
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other hand, such woinodel ters astrong coupling of the superconductive Cooper pars via @ strong
clevion Latice nieraction yet to be denuned.
STRUCTURAL CONSILERATIONS

To address the Temaiiting questons, 1L nevessary 10 retum W siruetural considerations,

The high-Tg onde superconductors all bave structures related o that of perovskie,
Cabids, Thedeul A MU_} cubne perovskite contans i simple-cubic MO; frumnework of comer-
shared octahedra with the A caton at the center of the unit-cell cube. A vanety of displacive
transitions o Jower synunetry are known (34); CaT103, for example, 1s onhorhombic at room
emperature as @ result of a cooperatve buckling of the TiO3 framework that opimizes the Ca-O
bunding.

The perovshite structure s remarkable in two fundamental respeets: (5 [t may sustain large
concentrations of vacuncies on any of the three womie arrays; many of the high-Te copper-oxide
phasc::}nul discussed contun ordered uxygen vacancies, tor cxnmplc/ {i) On truversing a |001]
axis, ﬁ()g planes aliernate with rocksalt-type AO planes; this stuctural feature reguires a matching
of brnd lengths that, once met, allows ready statnlization of intergrowth structures. T LuaCuOy

~straeterte 15 the simplest example of such an intererowth structure,

‘The criterion for bondlenyth matching b been raditionally expressed by the Goldschonidt

L
wivrance factor

A - ' S
l=(l’,\+r(y{\21rhw W) { r“ 5 | / 2 ] .))

where ra, ry and rgy are the respective ionie radn A 1= 1 earresponds W a perfect epitaxial mach
s

T,

tur intergrowth uf(r\()a[{ rochsall luyers with MO2 planes. However, tmust be stressed that the
?
thermal expansions of the selier A-O bonds are creater than those of the WO bonds, so the factor t

decreases with decreasing wempermure. The exrtence of at = 1 anthe finng temperatere in a high-
.

tanperature synthiesis may allow the structure 1o form, bur at lower wemperatures the ¥5-0 bonds

are subjected we s comipressive sticss and the A O bonds o w ensile stress. This bond mismatch

o

vat be rebpeed by u displasive transiton such s the ovtahiedsal siwe buckling found in CaTiu;.

S

T LanCudy, the distortion frem tetragonad (o ()I‘l{lnrhtllllhic SFINIHCITY TCPTCSCS @i
miprovement of the bondlength mateting; the La-0) hmuljcnglha are decreased and the Cu-G
In_mdlun_;__-lm are inwreased by the tilung of the CuQg octahedra, 1 the smaller N3 on s
substituted tor La3*, the bondlength mismatch is accommaodated by @ removal of the ¢ axis oaygen
1o the plane of tewrahedral siwes of Nd3* ions, thus creating a fluomiie-type iniergrowth hiyer. Lo thus
structure, Fig, 15, the Cu-0-Cu bond angle is 180°, and the oxide does not become a
superconductor i these CuOy layers are oxidized ¢35). However,it does become o superconductor
if these lavers are reduced (36-39),

Whatis remarkable 1s that all of the p-type supereonductors (those that become
superconductors un uxidation) have Cu-0-Cu bond angles < 180°. Morcover, the disuppearance
of superconductivity with increasing x in the systemn Laz. Sr,CuQyg 15 ussociated with the
disappearunce of the onhorhombic distoron ata Ty > Te. Even the superconductor b pCuQy g5,
which is nearly wiragonal at room temperature, becomes orthorhombic ata Ty > T.

In addition 1o this structural correlation, the copper-oxide superconduciors are charactenzed
by a small coherence length (5 ~ 10 A) and a weak isotope effect, which are characiensiic of the
strong-coupling limit where it should be pessible o think about the coupling of Cooper pairs in
potential wells created by real-space latiice detormanons. The structural correlations appear (©
provide a clue as 1o what those real-space lutioe deformations may be,

Consider first & p-1ype orthorhombic Lay gs5rg 15CuQy. The orthorthambie distortion is
created t relieve the compressive stress on the Co-O bondlength, In this situation, 512+
substitution for a smaller La3* ion relieves this stress -- and hence reduces the magnitude of the
ortherhombic distonion -- both by increasing the inean A-O bondiength and by intrducing holes -
0O-2pg; holes -- into the Cu-O bonds, Inths eavironment, a hole in the antibonding 74 bunds of

O

ipmepranid By perantage would shoren the Cu-Q bondlength in the basad plane and thus

would tend w increase the Cu-0O-Cu bond angle wward 180° therefore, a cooperative chanye
the bond angie within a restneted area of o CuOg shicet would ead w lovalize the hole to that area

of the sheet, The exwended hole and assoviated Janice defonmation would represent a large

iy



polaron” because the hole would be trapped in 4 region including muttple Co and O centers. The
mobility of a large polaron is notactivated, il moves with a momentum vector k that remiing a
goond quantum number. Collisien with a second large polaron of momentum -k and opposite spn
creates a reinforced potential well in which the hole pair becomes trapped as a "large bipoluren.”
1o an external electric field, the potential well with its two trapped holes movce;.,"in the
superconducting s:uu:; with a drift velocity without scattering by the phonons of the crysial. What
makes strong the coup';)ling hetween the paired holes is an enhancerrent of the electron-lattice
coupling i) by the internal siresses built into the system due toa bond_;cngth mismatch and (i) b
the reliel of this stress with a bending of the Cu-0-Cu band and easy bond rehybridizaton. Only
if the Cu-0O-Cu angle is bent from 180° can the sructure respond strongiy 1o the smess relief
associated with ©* -hand holes.

In Nd2CuQa, the 150" Cu-0-Cu honds 1end 1o be stretched, so there can he no potential
well associated with a hole. Lengthening of the Cu-0-Cu bond‘length reduces the Cu-0-Cu
interactions, which keeps a bg < by and hence a copper magnetic moment. However, inwoducnon
of electrons into the upper o* band relieves any tensile stress in the Cu-0-Cu bonds and creates a
muxed valence on the copper thas lowers the cnucal bandwidih for a spontaneous copper magnetic
moment (13, The long-range antferromagnetic order and ey -- as well as any tensile stress on the
Cu-O bonds - disappears with an inereasing elecron concentration in the <* bunds. Therefore
these matersils cat be doped n-type. Moreover, square: coplanis coordination is not optimal for
Cug/ions: 1t would appear that the electrons may become trapped as large polarons by a dyvnamic
bending of the Cu-0-Cu bund angles from 180 - Thus n-type superconductivity can he stabilized
and have a high T, due (o enhanced electronJatice coupling where the Cu-O-Cu bond angle 1%

|80 Wh\. tht‘ﬂ"s‘hnn}d—mmﬁﬁﬁ)n Trom an antlerromagneie SemicontdurTor T I n-

e

| n/&c Supe “;/nclucmr N a noagrdw co lmxnmmq |g,1{n .11)3. Ll cluf/’:rwuu]d appear that lhc /
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I sumimiry, a survey of electronic-conduction processes i solid oxides his been outhned
and applivd 1o the problem of kigh-T, superconductviy in ceramie materiads. The peculiar
structurd features of the perovskites have heen highlighted in an atempt o adentify the ongin of
the enhanced pairing potennal of the superconductive pairs in perovsiite-telated structures. The

competitive nature vis a vis superconductivity of CDWSs or a correlation splitting assoctied with

spontaneous alomic morments has also been sessed. T t A /u g S
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Construction of electron enerpies for Mg() ta) free wons. b pant-charze sohd,

t¢) ervsal, (d) energy density of one-elecrron sttes

Schemauc energy-densities of one-clectron sLates NiE) s energy B tor three cubie
perovskites (a) BaSn(s, (biBuPbCh. and (¢) hvpothetcal BaBiO3,

Oxygen-atom displacements from ideal-perovskite positons in menoclinie BuBiGs.
(a) Fermion energies and (b} wansiton wmperutures vs ike-alom IRErAtoMmic
resonance integral b for half-filled band with relatively small free-atom U,
Tentative phase diagram for the system Bap K BiO3.

Schematic of 4" -manifold enerpgies relanve ta the energies of the conducuen and
valence bands of (aj GdQ, (b) Eu, (c) Euy.50. and td} Euly 4.

Construction of electron energies for MrG

Comparison of 3d-electron encrgies for (a) metillic Ti0), by serumetalhe VO, and
() antiferromagnetic MnO.

(a) Fermion energics and (b) ransinon temperamres vs like -atom interatomic
resonance intergral b for half-filled band with a relatively targe free-atom U
Comparison of 3d-elecoon energies for three mixed-valent systems: (a1l Tia]04,
b1 NayWOn. and (¢) LifMn2]Oq.

tu) Temagonal T structure of Lay gsSrm <Cudg and thy oxyeen dispiucements
below the orthorhembic -tetragonal ransibon-temperature Ty

Tentanve phase diagram for the system Lay St CuOs.

Schematic density of one-electron states vs energy for stoichiomerric aaCuOy:

ta) uncorrelated band caleulanons, (by with correlation sphittng of the CudllTy and
Cu(TII/IT) couples, and (c) origin of formal-valence ambiguity assoctated with
"CutlIly” states.

Room-temperature luince paramenrs vs quench emperineres tor Lol s heased
cuccessively o higher tempeiatures betore Jquenching.

Tetragonal T structure of NdaCutyy.
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