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I. Introduotion

The recent disoovery of superoconduotivity 4in ceramiec aopper
oxldes 1 has prompted the reexamination of possible meohanisms for
aupsroonduotivity at relatively high tempsratures. The moat obvious
struotural fsatures of the superconducting oxides i1s that they have
planes of oopper atoms linked by oxygen atoms in a roughly squars
arrangement, The eleotrons involved in ochemical bonding; betwsen
atoms of oopper and oxygen play a oruocisl role} they appear to oarry
the eleotrical ourrent ° « The problem 18 to understand how elect-
rons {or the equivalent holes) oan couple together to form the Cooper
pairs required for superoonducivity.

_The nature of the attraotive interaction and the type of the
Cooper pairing in these materials have led to various and oontro —
vearaial statementu/a'J/..ﬂome theories desoribe the way in whioh
holes on nsighbouring oxygen atoms might ocuple through the influen-
ce of eleotrons on an intervening ocopper atom, thua forming the
Cooper pair required foi supsroonduotivity, Conosrning the palring
interaction, Bohrieffer ¥ suggested the grouplng of theoretical
efforts in several broad olasses, thosa based on 1) lattice vibra-
tions, 2) charge fluotuations (excitons, plasmons) and 3) spin fluo-
tuations and sleotron correlations (antiparamagnons, spin polarons,
apin bags).

Reoent investigations of the high-To perovakite supsroonductors
suggest that the nonphonon mechanism for their supsroonduotivity ocan
bs more relevant. There are very important reasona to belisve in the
role of strong electron ocorrelation esffaots and a need to go beyond
}27 band thaory“'5 « A better ploture is that of the Mott insulator

s in whioh the electrons are not in extended states, The presencs
of antiferromagnetism makes 1t olear that the elactron system is
highly correlated. Bowever, in the medel with a strong eleotron
oorrelation, such as the Hubbard model, a orude mean-field-type ar-
gument oould favour almost any kind of symmetry broken states.
Therafore we need careful ocompetition among the Mott insulating
behaviour, superocnduotivity and antiferromagnetism. It is olear
from the plenty of expsrimental results that the spins and carriers
in the ocopper oxides are coupled in a very nontrivial way. Although
the apin-mediated oarrier palring has not baen oconfirmed, 4t 1s



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 technlques that have proved useful in other areas of physics such
as elementary particle physics, quantum field theory, the quantum
Hall effect, heavy fermion systems, etec. There is much hope that
these beautiful 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 1s required, however,
before this phenomena can be understood.

In this paper, we shall be concerned with the problem of how the
electron and spin correlation effects can be involved in the specific
character of superconductivity in the copper oxides. Our primary
interest here is directed to the gquestion! I8 the coupling between
spin amd electron variables vital for high-Tg superconductivity?

2. Electronic Structure of HighaTc Materials

Before starting a detailed discussion on the mechanism of super—
conductivity in the high—Tc compounds, it is very important te know
their electronice structure and furthermore the nature of the states
induced on the Ferml level by a chemical substitution or stoiciometry
changes, To obtain information of the above type one must carry out
realistic band-structure calculations. 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 is related to that encountered in other late
3d transition metal oxides (CuQ, Ni0), This difficulty 1s connected
with the fact that the one—particle band theory predicts undopped
copper oxides La20u04 and YBa20u306 to be metallic whereas these are
in faet 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-
birding elecirons 6 « The question concerning the copper oxides arises
naturallys Do the high-TC compounds also belong to the c¢lass of
strongly correlated systems?

Trying to understand a very complex nature of the electronic



structure of copper oxides, Sawatzky 71/ khas 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 Cul 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 broad density of states results, to a great extent, from
splitting due to a different symmetry of subbands but net from true
dispersion due t0 the translational symmetry. One important aspect
here is that the metalllc 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 ani metallic states induced by the chemical substitution
or stolchiometry changes. This gives the heuristics for the searching
of an appropriate pairing mechanism,.

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

1. The superconducting copper oxides are strongly correlated
systems;

2., The additional holes are in the oxygen 2p states;

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

4. A larpe oxygenw-oxygen transfer integral causlng a large
(02p) band width; the copper-—oxygen (x2-y2) transfer integral is large;

5. The copper—copper antiferromagnetic superexchange 1s also
large,

/7
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3. Model Hamiltonians

As far as the Cu02 planes in the high—Tc compounds are concerned,
the general consensus now is that a natural model wiih which one can
start to disouss the electronle properties is the suitable extended
Hubbard model or the Anderson-lattice~type model. OQur main a2im will be
to find an appropriate model to describe the properties of high-'I'c
materials, 80 we consider both of them.

The Andexrson-lattice~type Hamiltonian models including the
band~structure and correlation effects, connected with charge fluctua—

/748,137

tion processes have the form:

H = H& *‘Hz +\]1 +V2.~

(



Here t{4 1s the Hubbard Hamiltonian of the tight-binding d —electrons
in the Cu~0 planes
|

Hi. = Z_. €z O%, 0 + Z..":ilq{f; Qi‘ % U _Z%_. N M-z, (&)
[ X HL i

where L labels the copper atomic site, & 1s the spin, iz is fhe
annihilation operator for an electron, €iz is the site energy measu-
red from the chemicael potential }4, T is the transfer integral

and is the on-site Coulomb repulsion, F*z is the Hamiltonian
for the oxygen 2p band electrons
Hy= 7, B0 ChaCua &
wb

/) 1s the hybridization temm

Vi = Vo 2.(0% Cia + Cha i) @
1e

The last term.\fi describes the intersite Coulomd interaction

V=7, ivg;n; Wjer +VE 05 e + VNG g } O

i&z;f

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 stepy, a large part of the current theore-
tical activity dealing with high-temperature superconductors focuses
on the properties of the Hubbard one-band Hamiltonian or a suitably
extended Hubbard Hamiltonlan. In the past two years it has become
wldely accepted that the copper oxldes must almost certainly be
best described as strongly correlated systems. A strong coupling
point of view lnvolving charge and spin fluctuatlons within a two~

-band extended Hubbard model has been recently proposed by many
authors /3-7y12-23/ .

Here we consider a radi?al but hoepefully compelling physical
pieture introduced by Emery 16/ . Emery has proposed that an approp-
rlate description of this system is provided by a sultably 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 are largely at the copper sites and the system 18 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 coupling/l /. In the following paper 17 the medel and
the mechanism for superconductivity have been elaborated in the
strong-—coupling limit.

The Emery Hemiltonian 1s given b3/17/

H =7, Ei& Q“;aﬂ&a * i/z, Z, ULJ Q% 01 Ugg' 0&&', e

't‘&b i ju’

where L is (m,n) for a copper site and (m+l/2,n) or (m,n+l1/2) for
an oxygen site. The vacuum comsists of Cu'{all 34 states occupied)
and 027 (all 2p states occupied), and the QY. creates holes of spin

& 1in copper 3d (x%-y2) orbitals or oxygen 2p, or 2p_ orbitals, It
1s assumed that a factor (~1)*® i1s absorbed into the (0}, for cop—
per and oxygen creation operators in a cell m * (m,n) to take account
of signs in hopping integrals. The site-diagonal terms (&ii Jliii )]
are ( Ep Up) and C &4 lld ) for 0 2p and Cu 34 states, respecti-
vely. ghere is an intergotion Ll;-:z\J between holes at neigh—
bouring Cu,Q sites. It is assumed that there 1s a hopping integral
f.q = { between Cu-0 neighbours. In principle, there is also a direct
oxygeh-oxygen hopping t? but, for the sake of simplicity, 1t has
been ignored, sSince a reasonable tight-binding fit to the band struc—
ture may be obtained with a negligible value of tIJ .

The type of question which becomes particularly interesting now
ist How strongly are electrons correlated in the high—Tc superconduc—
ting materials? Egtimations have been performed in a few papers 12,
18-20/ . Emery 17/ has assumed t = 1 eV, u?:: 5~7 eV and Udxpg-10 eV,
which together inmply [1 - ap-ad = 1l-2 eV, The magnitude of V is
taken as a fit parameter. It 1z worth noticing that Hamiltonian (6)
must alsc incluie a direct ferromagnetic exchange J 2 0,2-0,5 eV
between holes at neighbouring Cu and O sites, This term will be
considered later.

4, Effective Hamiltonlans

In this section, we discuss how the initial model Hamiltonians
of the one-band Hubbard model, periodic Anderson.model or the Emery
model must be transformed to new effective Hamiltonians in order to



cleariy bring out the posaible superconducting mechanism which 1s
intrinsic of the models. . )

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

Hﬁ’%Z(i"‘ng}) (72
k!

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

e
Ew=- T &)

For the triangular structure where the spins on each sublattice form
1209 angles with the spins on the other two sublattices the corres—

pording energy per atom is 76,12/
Fr =- at* €9)
T 2.U

So the Neel state is not the correct ground state for system (7). At
any finite temperature the system described by (7) exhibits no long-
range order end the phase transitioy to an ordered state 1s then only
truly possible at T = 0. Andersen &/ hes suggested that the hehav-
iour of this system can be well described within a resonance-va-
lence-bond concept. .

Cyrot 721/ has put forward z similar approach starting from a
degenerate Hubbard model. In the strong correlation limit he derived
an effective Hamiltonian gquite similar to (7). In the case of orbital
degeneracy, however, the corresponding energy resulting from the
virtual transition of the d-electrons to nelghbouring sites, depends
rot only on the magmetic structure, but alse on the particular orbi-
tals that are occupled at the neighbouring sites.

Two models of interacting fermions, the Bubbard and Anderson
models, have much in common/12’14’22/ . For the Andersen lattice Ha—
miltonian /145237 with the aid of a canonical perturbation expan—
sion tt is possible to construct an effective Hamiltonian which repla-
ces interconfigurational hopping processes by effective interactions.

In the second order this method gives’ 27/
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In the charge transfer regime, spins are localized at copper atoms
and gopping creates holes in oxygen 2p orbitals. There agre two tran—
sitions which change the configuration ¢f 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- 4 s respectively. Thus we have

L, 4 - _ 4 i.___i_.).
Tﬁ(‘&"u-a)) IL_L(A U-A (11)

*
The operator Qu creates a hole 1n the F (= or lj, ) orbital at

an oxygen site; \/-Li describes the d-p hybridization; the enerzy
soale is defined by two parameters, the charge transfer eherzy
A= 21,- $d and the Coulomd integral U for the copper Bd(xz—yz)
orbital. Depending oa their values, varlous physical regimes can
be described. At the present time the experimental data give evidence
that in high T, copper oxides U>n . Zhang and Rice/24/ in detail
examined the oase that U> A\ . In the atomic 1imit, additiomal holes
sit either at copper sites if 8?7 U or at oxygen sites 1if EPC.U .
In the first case, the hybridigation may be included by eliminating
oxygen sites to give an effective Hamiltonian for motion on coppef
sites alone. In the second case, 1t is not so apparent that one can
eliminate the oxygen sltes. In paper/24/ it has been shown that the
physiocs of the Cu02 layer 1n the second case is also described by the
single-band effective Hamiltonlan.

For the case 20 =1 one can obtain from the two-band d-p
model {(2-4)

P R~
Hd’Jr ZT; A% Ad‘ v [ Z. * TZ SL 8\1 (12)
61:
Hamiltonian (12) is the same as used for deseribing the kondo lattice

systems and magnetic semiconductors 26 » however the physics involved
is somewhat different.




An effective Hamiltonlan for the Emery m?de} (6) can be obtained
by eliminating the available copper 33 states 17 + Then the effective
Hamiltonian for a single added hole is

Hew = (har£2) 7, Qs Ome Ot Quaegir

LY*Y .
t#f
(132
v+, 7, Qhege Qwegia +
£
™

+ T%_ (—-—S.m'-é'm-t-{ - l/‘-i)ﬂw\‘t-.g. -7 AEC‘ .

Hare 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 disﬁlaced oy

a distance £ (¥1/2,0), (0, #1/2) 1in one of the four directions;
¥} mer 18 the occupation number at the site m+f and L\Ec, is the
change in the self-energy of a single copper hole in the presence

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

.t'l. JC?.
= ) == —_— )
t=2A 5t (Ua -2V-n) ’ .

2.4 2t o (15)
= * - )
j’”tsufuf,_\; Udl-2V ~A T’”

The results presented 1n thls chapter are related to many other pa-
pers, where effective Hamiltonlans have been derived., It is worth
noticing that one ¢an obtaln more rich effective Hamiltonians, For
example, in paper/27 a fourth-order Hamiltonian has been obtained
which contalns spins, charge and excitonic correlations.

5. Coexistence of Spin and Carrier Systems

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



the gquestions of valency, correlation, magnetism and the nature of
the charﬁ carriers in the high-TC superconductors has been given
in paper 28/ . It has been argued that intra-atomic Coulomd interac-

tions for a CuQ, sheet are large, but interatomic Coulombd terms and

direct oxygen—oiygen 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
of 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 involving the Cu(dIO) confi-
guration, which is lowered in the relative enexrgy by Coulombd interac—
tions with the carrier. Stechel and Jennison 28/ belleve that this
process can produce & carrier transport with and without creating spin
deviations and stabllizes holes in the cxygen ?& orbitals, They
claimed that the carriers are neither weakly coupled free particles
nor spin polarons, but are something new! "spin hybrids", consisting
of a cohereat and nonperturbative mixture of local spin—orbital
electronic configurations, scme of which represent deviations in the
local antiferromagnetic order.

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

H Z.E Vit + /Z,Z-tut.nbinl. -2t Zt\fl.d '!'LLaVléa' +

\.au.'

(16
""‘Z.'t (_0 ja,*‘\q.c.)'\' ZJ.K Q&;'OLL'O*}.Z O‘JZ,,

:.d b

where (IEL creates a hole of spin & at a site L 1in the other—
wise filled Cu (xz—yz) and © (x or y) level.

Charge carriers are introduced when the number of holes increases
beyond ome per unit cell. To descridbe superconductivity, it 1s necessa—
ry to derive the Hamiltonian for carrler holes ceexistling and strongly
interacting with the copper spin system. A formal definition of the

spiu-hybri¢ carrier Hamiltonian leads to the following expression/za/

H’-H = H'}H N HeH” an

10



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

H:'H‘ = ZK“Z\\' (L"' V](,LJ})('L— ht\\&) gLA |—S'€.'th,3 , (18)

where Vight = Qe Cent is the number operator for
holes at the oxygen site LW which sits beiween a copper at A
and at L+h B .

The carrier spin-—coupling Hamiltonian is

Hz"H‘ = Z,Ie{-{. 'Z:..ge\-. : (gu. +_ée+k B) , (190
th

where Sg,L is the spin operator for a hole at the oxygen site U.-, v
The physical meaning of the "spin hybrid™ is not very clear. The
author!s view of this spin hybrid is that if & gpin-up hole is added
to the system, the resulting guasiparticle 1s a linear combination
of a spineup hole and a spin-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 demsity bhas not been solved
for the model. However, a central result of the above investigation
/28/ that a poor screening exists on a Cu02 sheet due to the nearly-
~fllled-shell nature of the copper and oxygen lons and that this leads
to significant intra-atomic and interatomic screened Coulomb interac—
tions between quasiparticles 1s very interesting and important.

6. Magnetic Polarons and High-Temperature Superconductivity

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

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

of Hamiltonian (13) have been chosen so that the background of
copper holes is stable when an additional hele is added, 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. This situation resembles
the case of the magnetic semiconductors where under various regimes
the bare carriers can be greatly remormalized and thelrelevant true

11



carriers must be considered. Investigations of the magnetic polarons
/26/ permit us to clarify the nature of the true carriers at low
temperatures. The physics may be clarified by dividing the Hamilto-
nian into two parts, a site diagonal term and a hopping term as in
Eg. (13). The site diagonal term, for a s%ngle hole located in either
the x or y ©bonds of the unit ceil is

~ T 6'(5&“'81). (20)

— —
where & 1s the spin of the oxygen hole and Sl and-§; are the
spins on the neighbouring copper holes. When the hopping terms are
ingluded, the oxygen hole is free to move through the lattice. 4n
accurate caiculation of the hopping of the guasiparticle on the
antiferromagnetic background has not been dome., A number of theoreti-
cal models 2934/ have been proposed recently to include the spin-

-polaron peiring for desoribing the high-temperature superconductivity.
Emery's scenario 17535/ ¢1aims that the dominant magnetic attraction
comes from the enhanced superexchange when the oxygen holes are
separated by an intervening oxygen site. The S-state palring with Tc
proportional to the Ferml temperature

Te ~ h52EkE otex ;Ircia]

is produced not only by an enhancement of superexchange interactilons
but also by zero-point kinetlo energy and is characterized by a tlme
scale which is short compared to that of the electromlo motion., The

enhancement of the interactions 1s a consequence of the inclusion of
gxtended 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(x%-y?) and
dZ 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 a(x®-y?) vana
glves rise to an effective attractive lnteraction between spin-po-
larons created in the d2 band by doping. When a certain number of
spin-polarons are created, they form spin-singlet palrs. These spin-
—polaron pairs are boson-like particles constructed from fermions,
and the Bose-Einstein condensation occurs below a condensation
temperature .

12



7. Conclusions

To summarize the results reported here, we illustrate the fast

that it 1s possible to construct realistic medels which are suitable
for describings at least partly, the properties of the superconduc=
ting copper oxides. The central question is whether this physicél
picture survives a rigorous quantitative analysis. It is highly
desirable to get an exact formulation of the spin-polaron mechanism
of the high temperature superconductivity. However, actual explilclt
caleculations that have been performed up to now have with necessity
mostly been made for overgimplified models and, of course, give only
sketchy ldeas about relevance of the spin-polarcn mechanism, From 2
theoretlcal point of view, one must incorporate into this picture the
phonon sybsystem. Suck an asttempt has been made in recent paper 36 ’
where a new theoretlcal model trylng to explein the high-temperature
superconductivity in oxides has been proposed. It has been shown that
when holes are introduced inte the CuO2 planes, immoblle ferromagnetic
clusters are formed. There 1s a certain analogy of the ferromagnetlc
holeclusters consldered in article 36/ with ferron states of elect-—
rons in three-dimensional antiferromagnetic semiconductors. 9o, the
question about the true nature of carrviers 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 to have a fully settled theory of the high-
~temperature superconductivity.
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KyseMckuii A.Jl, E17-89-186
CIUHOBLE M 3INeKTPOHHBIE KOPPEJNALMHH B OKHCJIIax

MeOgH M HX 3HaueHHe ONA BBICOKOTEMIepaTypHOH
CBEPXIPOBOIHMOCTH

PaccMoTpeH BOIpPOC O TOM, KAKVI0 pONE HIPAXNT CHHHOBHIE

H 3JeKTpOHHbe KoppenanuonHsie sddekTsl B cnenHbuuecKoM
xapakTepe CBepXNPOBOOMMOCTH B OKHcnax menu. lloxkasaHo,
YTO CIHHOBLIE CTelleHH CBOGOOH M HOCHTENM TOKAa B3auMOmel—
CTBYWT IApYl ¢ OpYroM BeCchbMa HeTPHBHANBHBM o6Gpasom. [IpH-—
BeldeHb apTyMEHTH B TOJIL3Y TOrO, UTO B OKHCIAX MEOH MOXer
OCYIIeC TEBNATECHA MATHWTOMIONMDOHHbE MexXaHW3M CBeDPXIpPOBOOH—
MOCTH.,

PaBora BrmomnHeHa B JlaBopaTOpuH TeOopeTHUYeCKOH GH3HKH
OKAH.

Mpenpuur O6LeIHAEHHOrO HHCTHTYTA ANEPHBIX HeenegoB aHui . Jyoua 1989

Kuzemsky A.L. . E17-89-186
Spin and Electron Correlations in the Copper

Oxides and Their Role for High Temperature
Superconductivity

The problem has been discussed of how the electron
and spin correlation effects can be involved in the spe-
cific character of superconductivity in the copper oxi-
des. It is shown that the spins and carriers in the cop-
per oxides are coupled in a very nontrivial way. The
arguments which seem tec support the spin-polaron pair-
ing mechanism in the copper oxides have been presented.

The investigation has been performed at the Labora-
tory of Theoretical Physics, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna 1989
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