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I. Intreduotion

The rsoent disoovery of superconductivity in ceramio copper
oxides 1 has prompted the resxamination of poesible maohaniems for
superconduotivity at relatively high temperatures. The most obvious
struotural features of tha superconducting oxides is that thay have
planea of oopper atoms linked by oxygen atoms in a roughly square
arrangement. The electrons involved in chemical bonding: between
atoms of oopper and oxygen play a orucial role}. they appsar to carry
the eleotriocal ourrent 2 « The problem 18 to understand how eleot-
rona (or the aquivalent holes) oan couple togsther to form the Cooper
pairs required for superoonduolvity.

_Tha nature of the attraotlive interaction and the type of the
Cooper pairing in these materials have led to various and oontyro ~
veraial utatementa/2'3/..ﬂome theorien desoribe the way in whioh
holes on nesighbouring oxygen atoms might oouple through the influen-
oe of slaotrons on an intervening copper atom, thua forming the
Cooper pair required for superconduotivity. Concerning the pairing
interaction, Bohrieffer 3 suggested the grouping of theoretical
efforts in sevaral broad olassss, those based on 1) lattlce vibra-
tions, 2) charge fluotuations {exoitons, plasmons) and 3) apin fluo-
tuations and eleotron correlations (antiparamagnons, spin poelarona,
spin bass).

Recent investigations of the high—To perovakite superconductors
suggest that the nonphonon mechanism for their supsroonduotivity oan
bs more relevant. There are very important reasons to belisve in ths
role of strong 7leo}ron correlation effeots and a need to go heyond
§he bant theory 433/, A better ploturs is that of the Mott insulator

y in whioh the eleotrons are not in extended states, The presence
of antiferromagnetism makes 1t oclear that the elactron system is
highly oorrelated. However, in the model with a strong electron
oorrelation, such as the Hubbard model, a orude mean-field-type ar-
gument oould favour almoat any kind of symmetry broken states,
Therafore we nmeed careful ocompetition among the Mott insulating
behaviour, superoonduotivity and antiferromagnstism. It 1s olear
from the plenty of experimental results that the spins and oarriers
in the oopper oxides are coupled in & very nontrivial way., Although
the apin-mediated carrier palring has not baen confirmed, 1t is



obvious that any theory of superconductivity must account for the
role of antiferromagnetic correlations.

Unfortunately, we have, at the present time, no complete formal
theory of the high-temperature superconductors, but we do have a
number of hints towards the theory, and the application of these
hints to the copper oxides. Some of these procedures are adap%ations
of techmiques that have proved useful in other areas of physics such
as elementary perticle physics, quantum field theory, the quantum
Hall effect, heavy fermion systems, eto. There is much hope that
these beazutiful theories would clarify a very difficult problem of
the microscoplc description of the_high—Tc superconductivity. A more
complete data set from a varlety of experiments is required, however,
before this phenomena can be understood.

In this paper, we shall be concerned with the problem of how the
electron and spin correlatlon effects can be involved in the specific
character of superconductivity in the copper oxides. Our primary
interest here is directed to the guestion! Is the coupling between
spin and electron variables vital for high-T; superconductivity?

2. Electronic Structure of HighnTc Materials

Before starting a detalled discussion on the mechanism of super-
conductivity in the high—Tc compounds, it is very important to know
their electronic structure and furthermore the nature of the states
induced on the Fermi level by a chemlecal substitution or stoiciometry
changes. To obtain information of the above type one must carry out
realistic band-structure caloulations. Such calculations, which have
been performed in numerous papers (see recent review artioles 2’7/),
give a very detailed description of the one-particle electronic states
in these materials., Unfortunately, these calculations immediately
show up a problem which 1is related to that eacountered in other late
34 transition metal oxides (CuQ, Ni10), This diffisculty 1s connected
with the fact that the one-—particle band theory predicts undopped
copper oxides La,Cu0, and IBazquO6 to be metallic whereas these are
in fact to be antiferromagnetic insulators with a relatively blg gap
of 1.5 - 2 eV, For transitlon metal monooxides this problem has been
known to be a result of the breakdown of the one-electron-band
description due to the strong Coulomb interaction of the 3d tight—
binding electrons 6 « The guestion concerning the copper oxides arises
naturally: Do the high-T . compeunds also belong to the class of
strongly correlated systems?

Trying to understand a very complex nature of the electronic



structure of copper oxides, Sawatzky 7/ has called attention to the
fact that despite a broad density of states (67 eV) in the high
temperature compounds the electrons at least in the Cu0 planes and
chains should be considered in a highly correlated limit., If one in.
vestigates the full band-structure plcture, one can immediately see
that the breoad density of states results, to a great extent, from
splitting due to a different symmetry of subbands but not from true
dispersion due to the translational symmetry. One important aspect
here i1s that the metallic behaviour can occur even though the Coulomb
correlation is very large. We can conclude that the high temperature
compounds are strongly correlated systems showing various types of
insulating and metallle states induced by the chemical sudbstitution
or stolchiometry changes. This gives the heuristics for the searching
of an appropriate pairing mechanism.

To summarize, we formulate here, following Sawatzky /7/, main
conclusions of this chapter:

1. The superconducting copper oxides are strongly correlsated
systems;
2. The additional holes are in the oxygen 2p states;

3. There is a very strong axygen hole - cbpper ( dg ) anti-
ferromagnetic exchange (if the oxygen hole is in (xz—ya) symmetry);

4., A large oxygen~-oxygen transfer integral causing a large
(02p) band width; the copper—oxygen (xz-yz) transfer integral 1s large;

5. The copper—copper antiferromagnetic superexchange is also
large.

3. Model Hamiltonians

Az far as the Cu02 planes 1n the high—Tc compounds are concerned,
the general consensus now is that a natural model with which one can
start to dlsocuss the electronic properties is the suiltable extended
Hubbard model or the Anderson-lattice-~type model. Our main aim will be
to find an appropriate model to describe the properties of high-Tc
materials, 50 we consider both of them.

The Anderson-lattice~type Hamiltonian models including the
band-structure and correlation effects, comnected with charge fluctua-
tion proocesses /748513/ have the form:

F* = Pﬁi *‘¥4z '*\Ji *'\Jz-
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Here }*L is the Hubbard Hemiltonian of the tight—binding d ~electrons
in the Cu~0C pianes
I

Ha_ = Z_, Eig 05,00 + Z.utiaqif; Qi& *'i/:?_ U Zé- N Ni-e (2
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where L labels the oopper atomic site, & 1s the spin, Qig is fhe
aanihilation operator for an electron, €iz 1s the site energy measuw
red from the chemical potential V ) {:L‘ is the transfer integral

and is the on-site Coulomb repulsion, 2. is the Hamiltonian
for the oxygen 2p band electrons
Ho= Z ECO CaCua ©
¥

V4 1is the hybridization term

Vi SAVA Z_. (O{EL Ciz + C*-Lz. Qaz) . «
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The last term'\fi describes the intersite Coulomd interaction

‘\/Z = Z' §'V':d‘cn§; Vl;;f -\-.\]:In n?b lﬂ,:-gf +Vf'&q HLQA niy } . (5)
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The above Hamiltonian consists of those terms which are of importance
in influencing qualitatively the physical properties of the studied
systems.

Moreover, as the first step, a large part of the current theore-
tical activity dealing with high-temperature superconductors foouses
on the properties of the Hubbard one-band Hamiltonian or a suitably
extended Hubbard Hamiltonian. In the past two years it has become
wildely accepted that the copper oxldes must almost certainly be
best described as strongly correlated systems. A strong coupling
point of view ilnvolving charge and spin flucfuations within a two-
-band extended Hubbard model has been recently proposed by many
authors /5-Ty12-23/ .

Here we consider a radiyal vut hopefully compelling physical
pleture introduced by Emery 16/ . Emery has proposed that an approp—
riate description of this system 1s provided by a suitably extended
Hubbard model that allows for motion of holes in both copper 34 and



oxygen 2p states. It was shown that, for one hole per unit cell, the
holes gre largely at the copper sites and the system 1s an antiferro-
magnetic insulator. Added holes go onto oxygen sites and are super-
conducting in virtue of the magnetic coupling medlated by copper
spins, Originally, the groperties of the model weye yorked out for
intermediate couplingll /. In the following paper 17 the model and
the mechanism for superconductivity have been elaborated in the
strong=coupling limit.

The Emery Hemiltonian is given by/17/

H=Z &g ohag = % 2, Uy 0500 0% 0par &)
\.& ;
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where 1 ts (m,n) for a copper site and (m+l/2,n) or (m,n+l/2) for
an oxygen site., The vacuum consists of Cu'all 3d statas occupied)
and 02" (all 2p states occupied), and the 031 creates holes of spin

& 1in copper 34 (xa—yz) orbitals or oxygen 2px or 2py orbitals, It
is assumed that a faotor (~1)™*™ is absorbed into the (]I; for cop-
per and oxygen creation operators in a cell m = (myn) to take account
of signs in hopping integrals. The site-diagonal terms (&L ) U.i_i, D]
are ( Ep Up) and ( &4 , lld ) for O 2p and Cu 33 states, respecti-
vely. ;here is an interaction ll;- :L\f between holes at neigh-
bouring Cu,Q sites. It is assumed that there 1s a hopping integral
flq = { between Cu-0 neighbours. In principle, there is also a direct
oxygeh-oxygen hopping t? but, for the sake of simpllcity, it has
been ignored, since a reasonable tight-binding fit to the band struc-—
ture may be obtained with a negligidble value of t_ .

The type of question which becomes particularly interesting now
is?! How strongly are electrons correlated in the high-—Tc superconduc-—
ting materlials? Estimations have been performed in a few papers 12,
18-20/ Emery 17/ has assumed t =1 eV, u?z 5-7 eV and Ud=g-i0 eV,
which together imply [\ = EP-EA = 1-2 eV, The magnitude of V is
taken as a fit parameter. It 1s worth notlocing that Hamiltonian (6)
must also incluie a direct ferromagnetic exchange J 2 0,2-0,5 eV
between holes at neipghbouring Cu and O sites, This tertn will be
considered later,

4, Effective Hamiltonians

In this section, we dlscuss how the initial model Hamiltonilans
of the one-band Hubbard model, periodic Anderson model or the Emery
model must be transformed to new effectiye Homiltonians in order to



clearly bring out the possible superconducting mechanism which 1s
intriansic of the models.

It is known/6’12/ that the effective Hamiltonién for the one-
band Hubbard system in the large U/t 1limit is given by

P{%i "é%I'ZE; ( 1- E:L'Z%‘), )
k!

For a two-dimensional case, the Neel-fype state which corresponds to
arientations of the magnetic moment, such that number of antiparallel
pairs 1s maximum, has the energy for this configuration per atom

Wi
EN - U (e}

For the triangular structure where the spins on each sublattice form
120° angles with the spins on the other two sublattices the corres—

pording energy per atom is /6,12/
E, =— gﬁl‘ €9)
T 2. U

S50 the Neel state is not the correct ground state for system (7). At
any finite temperature the system described by (7) exhibits ne long-
range order end the phase transition to an ordered state 1s then only
truly possible at T = 0, Apgderson &/ has suggested that the behav-
iour of this systemr can be well described within a Trescopnance-vea-
lence=bond concept.

Cyrot /21/ has put forward a similar approach starting from a
degenerate Eubbard model. In the strong correlation limit he derived
an effective Hamiltonian guite similar to (7). In the ease of orbital
degeneracy, however, the corresponding energy resulting from the
virtual transition of the d-—electrons to nelghbouring sites, depends
not only on the magnetic structure, dut alse on the particular ordi-
tals that aye occupled at the neighbouring sites.

Two models of interacting fermlions, the Bubbard and Anderson
models, have much in common/12’14’22/ . For the Anderson lattice Ha-
miltonian ‘14323 witn the aid of a canonical perturbation expan—
sion it is possible to construct an effective Hamiltonian whick repla-
¢es interconfigurational hopping processes by effective interactions.

In the second order this pethod gives’ 2



CH’ j‘ Z V‘L Vl.t [5 (_Q Q&‘T‘ - OEL O'é'*) + (105

— + ¥ -
xSt 0;‘;034 + S;, 0% 05'+]+ 'jz L%,EV'LVL&* 05& Qye

In the charge transfer regime, spins are localized at copper atoms
and dopping creates holes in oxygen 2p orbitals. There are two tran-—
sltions which change the configuration of a single copper atom. The
first transition is from a copper site to one of the surrounding
oxygen atoms. The second transition is from an oxygen atom to a
copper atom. These transitions are characterized by the energy dif-
ference D and U- A s respectively. Thus we have

Lo, L : ,A(_L__i_).
jx"' "S+U-A)) IL“L B, Uu-5A (GhD!

The operator Q?,-;, ocreates a hole in the P (% or Y ) orbital at
an oxygen site; \f—L- describes the d-p hybridizaticn; the enerzy
scale 1is defined by two parameters, the charge transfer enerzy
A= E_r- §d and the Coulomd integral u for the copper Bd(xz—yz)
orbital. Depending on their values, varlous physical regimes can
be described. At the present time the experimental data give evidence
that in high T copper oxides U>nN . Znang and Rice 24/ in detail
examined the case that U> D\ . In the atomic limit, additlonal holes
sit either at copper sites if 8?7 U or at oxygen sites 1f EP‘-U .
In the first case, the hybridigation may be included by eliminating
oxygen sites to give an effective Hamiltonian for motion on copper
sites alone. In the second case, it is not so apparent that one can
eliminate the oxygen siltes. In paper/24 it has been shown that the
physics of the CuO2 layer 1n the second case Is also described by the
single-band effective Hamiltonian.

For the case 20\ =1l one can obtain from the two-band d-p
model (2—4) /257

Hep”'ZTa A s*'IZ. *'TZS S (1)
6?:
Hamiltonian (12) is the same as used for describing the kondo lattice

systems and magnetic semiconductors "26/, however the physics involved
is somewhat different.




An effective Hamiitonlam for the Emexy m?de} {6} can be obtained
by eliminating the available copper 34 states 17 + Then the effective
Hamiltonian for a single gdded hole is

He = (kar £) 70, O%at Qe Ohg o Qi +

w3 -
4§
(13
vt, 70 etz Ouegia + |
£44'
m

+ TZ_ (—-S.m'—S'W\-t-{ - l/’-l)ﬂm-\—.g. -7 AEQ
L .

Here the position index 1 defined in (6) equals m for a copper

site at the corner of a cell and m+f for an oxygen site displaced by

a @istance £ (+1/2,0), (0, +1/2) 1in ome of the four directlons;
Y] mer 18 the ccoupation number at the site n+f and AEC, 1is the
change in the self-energy o¢f a single copper hole in the presence

of the oxygen hole. The following notation has been introduced:

+* t*
= \ . —— )
tﬁ. /A ] -tl ('U.J _2\{__ A} ) <14
rR 2kt E (15
= + - ,
j’”mu‘,_\; Ui-2V - IE

The results presented 1n this chapter are related to many other pa-
pers, where effectlve Hamiltonians have been derived. It is worth
notlcing that one can obtain more rich effective Hamiltondans. For
example, in paper/27 a fourth-order Hamiltonian has been obtained
which contalns spins, charge amd excitonic correlations.

5. Coexistence of Spin and Carrier Systems

Since an honest theoretlcal treatment of the obtained effgctive
Hamiltonians is very complicated, perhaps it 1s instructive to look
again at the physics involved. Recently, a very detailed analysis of



the questions of valencys correlation, magnetlism and the nature of
the charﬁe carriers in the high—Tc superconductors has been given
in paper . It has been argued that intra-atomic Coulomd interac-
tions for a CuO2 sheet are large, but interatomic Coulomb terms and
direct oxygen—oxygen transfer integrals are also very important.
Itinevant carriers exist on the oxygen sublattice because of the large
copper tlj energy. A spin -1/2 Heisenberg system exists independent
0of the presence of carriers due to a poor screening in these materi-
als. The copper-copper superexchange energy is relatively large.
The coexisting spin and carrier systems interact strongly, the most
important cause being a virtual process invelving the Cu(dIO) confi-
guration, which is lowered in the relative energy by Coulombd interac—
tions with the carrier. Stechel and Jeanison 28/ pelieve that this
process can produce a carrier transport with and without creating spin
deviations and stabillzes holes in the oxygen ?& orvitals, They
claimed that the carriers are neither weakly coupled free particles
nor spin polarons, but are something new: "spin hybrids", consisting
of a coherent ani nonperturbative mixture of local spin-orbital
electronic configurations, some of which represent deviations in the
local antiferromagnetic order.

The Hamiltonian suggested on the basis of the above considerat-
ion 1is a two-band (for the copper and oxygen sublattices) extended
Hubbard model 28

H = Ze Nig + /zzubm‘m 2t Z\IL&manéy +

\,Au.'
(16)
+Ztlﬁ('0{£z’ GJ; + \'\.CJ'\' -K QA&'O‘-‘ O'-z J

T‘ Ld [y

where {Iﬁz creates a hole of spin & at a site L in the other-—
wise £illed Cu (x°—y2) and O (x or y) level.

Charge carriers are introduced when the number of holes increases
beyond one per unit cell. To describe superconductlvity, it is necessa—
ry to derdve the Hamiltonlan for carrier holes coexisting and strongly
interacting wlth the copper spin system. A formal definltion of the

spin-hybrid carrier Hamiltonien leads to the following expression/zS/

Hey = Heg ¢ Heyo an

1¢



where Hi is a modified Helsenberg Hamiltonlan to allow blocking of
superexchange due to the presence of carriers

H:{.{. = ZX% (i-" V‘c\n«-)(ﬁ— h!.‘n&) —S"u. ‘—S*e.-th,s ) (18)

where Vight = Qhus Qent is the number operator for
holes at the oxygen site th  which sits between a copper at A
and at L+h B .

The carrier spin-coupling Hemiltonian 1s

HiH‘ = Z,IQ,H. ‘Z_,—ge_\n . (gﬂ.,&. t §Q+L\ B) ' (19)
th

where St,l‘ is the spln operator for a hole at the oxygen site Un .
The physical meaning of the "spin hybrid" is not very clear. The
author's view of this spin hybrid is that if & spin-up hole is added
to the system, the resulting gquasiparticle 1s a linear combination

of a spin-up hole and a spln—down hole on the oxygen sublattice.

This 1s the origin of a specific interest of the model. Unfortunately,
the main question whether the correlated or superconducting state
wlll be the lowest in energy at any given density has not been sclved
for the model. However, a central result of the above investigation
28/ that a poor screening exlsts on a Cu02 sheet due to the nearly-
~filled-shell nature of the copper and oxygen lons and that this leads
to significant intra-atomic and interatomic scoreened Coulomb interac—
tions between quasiparticles is very interesting and important.

6. Magnetic Polarons and High-Temperature Superconductivity

An important practical consequence of the above results is that
the splns and carriers in the copper oxides are coupled in a very
nontrivial wey. However, we lack a rigorous foundation of the prob-—
lem, Here we attempt to glve a flavor of the arguments whioch seem to
support the spin-peclaron pairing mechanism in the copper oxides,

Let us consider the Emery model (6). As the first step, ome can
consider only the second-order processes and neglect the fourth-or-
der terms that lead to the copper—copper exchange. The parameters

17/ of Hamiltonian {13) have been chosen so that the background of
copper holes is stable when an additional hole is added,y which will
reside primarily on the oxygen sites., This hole will hop from site
to site; 1t does not hop as a bare carrier, however, but as a dressed
object, polarizing the surrounding spins. Thils situation resembles
the case of the magnetic semlconductors where under various regimes
the bare carriers can be greatly renormalized and theArelevant true

11



carriers must be considered. Investigations of the magnetic polarons
728/ permit us to oclarlfy the nature of the true carriers at low
temperatures. The physics may be clarified by dividing the Hamilto-
nian into two parts, a site dilagonal term and a hopping term as in
Eq. {13). The site diagonal term, for a s}ngle hole lopated in either
the x or y bonds of the unit cell is

-~ TT-(S:+%). (20)

— —t
where ¢ 1s the spin of the oxygen hole and 31 and-g; are the
spins on the neighbouring copper holes. When the hopping terms are
included, the oxygen hole is free to move through the lattlce. 4n
acecurate calculation of the hopping of the guasipartlcle on the
antiferromaﬁggtic background has not been done, A number of theoretl-
cal models -3 have been proposed recently to include the spin-

—polaron palring for desoribing the high-temperature superconductivity.
Emery's scenario 17,35 claims that the dominant magnetic attraction
comes from the enhanced superexchange when the oxygen holes are
separated by an intervening oxygen site. The S-state pairing with Tc
proportional to the Fermi temperature

To ~ h52E ki arexe ;Ircia]

is produced not only by an enhancement of superexchange lnteractions
but also by zero-point kinetloc energy and is characterized by a time
scale which is short compared to that of the electromlo motion. The
enhancement of the interactions 1s a conseguence of the inclusion of
extended range interactions into a Hubbard model.

An interesting proposal has been made by Kamimura/34/, who has
first pointed out that the inclusion of two bands of a(x2-y%) and
d2 types interacting by the Hund's coupling as well as the electron
correlation could play an important role for high-temperature super—
conductivity. He has shown that the interplay of Hund's coupling
and superexchange interactions between holes in the d(xz—yz) band
gives rise to an effective attractlve lnteraction between spin-po-
larons oreated in the 42 ©band by doping. When a certain number of
spin-polerons are created, they form spin-singlet pairs. These spin-
—polaron palrs are boson-like particles constructed from ferxrmions,
and the Bose--Einstein condensation ogcurs below a condensation
temperature .

12



7. Conclusions

To summarize the results reported here, we illustrate the fact
that it is possible to construct realistic models which are suitable
for describingy at least partly, the properties of the superconduc—
ting copper oxides. The central question is whether this physical
picture survives a rigorous quantitative analysis. It is highly
desirable to get an exact formulatiorn of the spin-polaron mechanism
of the high temperature superconductivity. However, actual expliclt
calculations that have been performed up to now have with necessity
mostly been made for overalmplified models and, of course, give only
sketchy ldeas about relevance of the spin-polaron mechanism, From =
theoretlical point of view, cne must incorporate into this picture the
phonon sybsystem. Such an attempt has been made in recent paperljé/,
where a new theoretlcal model trylng to explain the high-temperature
superconductivity in oxides has been proposed. It has been shown that
when holes are introeduced into the CuO2 planes, immoblle ferromagnetic
clusters are formed. There 1s a certain analogy of the ferromagnetic
holeclusters considered 1n article 38/ with ferron states of elect-—
rons in three-dimensionzl antiferromagnetic semiconductors. So, the
gquestion about the true nature of carriers in the copper oxides ari-
ses again. We hope that our analysis may be useful in further studies
of the role of antiferromagnetic correlations. Much remains to be
done before one may claim %o have a fully settled theory of the high-
~temperature superconductivity.
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