


I, Introduction

By now 1t 1s widely accepted that essential properties
of cuprate superconductors, which are systems with sirong
electron correlations, can be adegquately deseribed on the basis
of the one-band (or multi-band) Hubbard medel /1/. To examine
low=lylng energy properties of this model one usually projects
cut states with doubly occupled lattize sites with strong re-
pulsion U that re#ults in . an effective Hamiltonian with an
antiferromagnetlc exchange term, Pairing caused by the anti-
ferromagnetic exchange interactlon /2,3/ 1s one of the promising
mechanisms investipgated within the framework of the well-known
t-J model 1n a number of thecretleal papers {see the review /4/)
describing superconducting properties of the strongly corrsla-
ted electron system.

At the szme time it was pointed cut /5/ that for the t-J
model in U +ec iimit when the exchange interaction J —= O the
superconducting palring may be caused by the sc-called kine-—
matic interaction ~ t ., However, it was shown in /6/ thai due
to an exact condltlon 1n the lower Hubbard subband (eq. (25) in
/6/) the kinematic interaction gives no contribution to the
pairing. So 1t is very important to study superconducting pair=
ing in more reallstic many-band Hubbard models by taking into

acebunt this sxact condition,
In this-paper we consider the two-band Bubbard model
" describing highly hybridized copper-5c£ 2.,z and oxygen %;& v
electron orbitals in a CuO2 plene /7-9/ . After excluding

doubly cccupiled copper sites the effective Hamlltonian 1is



ebtained. It includes an antiferromagnetic copper—-oxygen
exchange interaction term, and the exchange-mediated hybrid
(pwd) pairing in this system seems llkely, by analogy with the
t=J model. In particular, this possibllity has been investigated
with Guitzwiller-type approximation in /I0,11/ and this kind

of palring has been argued. We develop here a mean-field
approach without Gutzwiller approximation violating the statlsiic
of carriers in the lower Hubbard sub-band and obiain, as the
main result of the paver, that the exchange-mediated pairing
suggested in / 10,11/ i3 forbidden due.to the strong Hubbard
'repulsion at copper sites.

The peper is organized as follows, In Sec.Il the genera-
1ized Hubbard medel (p-d model) is formulated and a canonical
transformation is applied to obtain an effective Hamiltonien
to the second order in the hybridization p-d hopplng term fca?
We discuss also valildity of some approximations 1n treating
this Hamilionian and Justify the use of the Hubbard operators.
In Sec.lIT g matrix two-time Green function is introduced and
the projection technigue is developed to linearlze the eguaticn
of motion for the Green function. Solutions of this egquation
are presented in Sec,IV taking into agcount the on-site
restriction due to the strong Hubbard repulsion., 4s a conse-
quence, we obtain that anomalous correlations of the supercon—
ducting type are forbidden due to thls restriction. In Sec.V

some concluding remarks are made.

II, Model Hamiitonian and the kinematic restriction

A realistic EHamiltonizn describing electrenic properties

of a Cul, plane is of the form 4,79/
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discussed in /4,5/,
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copner site © with the Tour nearest oxrzen sitoa. Jow At in

Worth noting tha: Hemdiltonian CI) can be formulated in torns
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appropriste linear combinations of four oxygen p-orbitals SUTIC-
unding a given copper site /12,8 /. These comnbinatiens reflect
the symmetry of the Cul, plane and transform lilke (xzyz}—’(xiyz);x-

and Y- orbitals utder the operations of the point group of o

site £ . Only the (:c - )—O"jf‘l_*l orbital ig hybridized wi+h

d
the copper d-orbital through the Z.. 7 term in (1), T

im he"ﬂ‘*ore,

other three combinations may be excluded from the congideration
provided, in accoryd with (2), that the direct b-p hopping

r . . s
term (~ t,.,l,,_ ) which nixes different oxyzen 6rbitals, is the



smallest in (I). This curcumstaxzce will alleow us to avoid some
complications of minor importance by moiilring the threce-band

into a two-band model that zllow us to obizin strai

the nain result of this peaper in an analyticsl
As in the case of the single-band Hubberd model with large
Uy /1-4/y ve are interested in lovi-energy properties of ii
mod el (I) excluding doubly occupied copper sites by canonical
Schrieffer — Wolf ‘traznsformation /147, ¥o do this, it is nstu-
ral, first, to introduce the Hubbard operators /f./o)(r. 2/
instead of the operators ;,s*(a!‘e-) by means of the sguations

+ VY Jo  ar
d. =X£- +X; , "ZJ:=X¢‘ -X (3

!
with the usual nstaticn /13/.
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Making the Schrieffer — Wolf transformation € 3L€ >3

with
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vhere 5o-_g.f is the cntisyrnetric tensor with nonzero elenents
8?‘& = - g‘” =4 y we restrict cur comsideration to the

second order in /fwn //(uc[“éd,)«i Then, the effective transior—~
med. Hamiltonian foeff hes the foerm
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d,n 2
with of = /{-"’L //(Zlal'fé'd) and 2,,= ppatr,,, is the

nuaber oderator for oxygen sites m 5 §~E-—€'

Hamiltonian (5) acts in the subspace with proejected out

doubly cccupied copper sites. The sezcond term in {5) gives the
residuzl hybridization which wixes oxygen sisztes with hole
states only on the lower copper level; This term canaot be
removed by a canonicgl perturbation transformation beeauss the
charge-transfer gap /691-/ is not large as compared to ﬂd"gd'
The third term in (5) provides sntiferromagnetic coupling o2

a copper hele spin Ei: with neighbouring oxygen ones 5,, . The
next tevm in (5) now includes a rencrmalized p—p hopping integ-
ral, while the last gives a new spin~flip »-p hopping for oxygen
holes., '

According to /2,3/, one may suggest that the second ordex
(in fd?/?%%i+edj )} interactions in (5) provide in the system noz
only antiferremagnetic correlations but superconducting pairing
a5 well, This is hydrid vairing which includes a singlet state
of copper ot— and oxygen p- holes at neighbouring sites.

We imvestigate this protlem by two-time Green function
method in a mean-Ifleld approximation, Qur approach based
projectlon technique,is g convenient way to linegrize the equa-—
tion of motiondr Green functions 2nd obitaln excitation spect;
run renorrialized due to varilous correlations in the system. “he
approach was first employed in /16/ to investigate normal state
properties of the single-band Rubbard model and then develcped
in pur paper /6/ to examine supercenducting pairing in thils nodel.
& similar projection technigque in terms of the Hubbard operators
has recently been used in the czse of the Anderson model ez H3oo
11/

In the recent papers /I0/, Spalek has investigated singlet

pairing mediated by antiferrcmagnetic exchange ianteraction



between conduction and f-electrons in a heavy~fermion two-band
system. Ee showed that this hybrid peairing provides a super—
conducting pap in the slcoiron spectrum of this system. Twe
points of the mean~field approach have been used in /IO(, the

first is the Guimwiller—type renormalization of the resi

dual
hybtridization term
olp ¢o oL +* 7, d
£ LT @ TF 47
ft'm X:' C e = ZL,:m, (”dﬂc'—é")ozt's" cmc’-?i Ll.p'm c[,_'f- C'ms“, {6)

where ¢ = (l—n}/( 1- "™/z) and nl¢ 1} is an average cceupaiion
of the f-level; the second point 1s the Hartree— Took approxima-
tion o the second order fterm in (5) that inclules w2zl

space hybrid pairing.

Taking Hamiltonian (5) as a starting point to investizate
hig,h—-TO superconductors we note that the simple anszatz {(6) with
subsequent substitution of the Hubbard overators XEGO(XEOQ’)
by the usual fermlion onzs clf: Cbé[o—) y as it

/10,11/, does not vroperly take intc account the

was done in

local constrains

S

(no double—site occupation)i
+ {7
17
<Zddodzanien

This should be considered as a scrt of kinematic condition

that restricts the phase space for electron (er hole) motion. “r:

5

epnstraint (7) arises in each case when one deals with extremely
strong correlation limit 2L+ oo for the Hubbard madal of for ihe
periodic Anaerson nmodel /18/ and it is noit a trivial problon
to incerporate (7) inio consideration consistently. In the

slavé - boson representatlon, for Instance, it is usually

taken into account on the averape by subsiituting this loca
constrainthy a global one /19/, and one needs to make strong

-efforts to improve this mproximation /20/. The other convenient



vway 1s the variational Gutzwiller method which deals vith &
manifeld of projected wave functiéns obeying the condition (7)
/21/,

We treat the problems in teyms of the Hubbard operators
which act in the lower Hubbard subband and hence conserve the
necessary kinematis condition (7). Employing the Hubbard onera—
ters gives us also a natural way to investigate a role of
kilnematic restrictions 4in superconducting pairing and show thot
the hybrid p-a excgpn;eanediated ralring does not provide to the
second order in t C;?k4{+gdja gap in a hole exgitation spectrun
of the doped system.

III. Green functions and projection technique

A minimal set of one-particle hole operators associated with

et [ofs]
a silte ¢ ineludes an operator *} for a copper site ang
+* *
tvwo C},xg R Ci*yg for oxygen sites in accord with the elemen-

tary cell structure in the CuO2 plane. This gives us the colunin-

gerator

X'OG"

3

(Sa)

e
Iy

Cc'ﬂxs"' »
Cieys

and the hermitian conjugate row-operater
7 [+
- L LrXE Lty 5 .

To study a superconducting pairing in the éystem, it 1s

convenlent to introduce the Nambu operators.
?€¥” + ¢ T
Y, - v o= }L [ (9)
16 ( 317/, L& i s [ i5 ,
tx)
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where % is transposed to f&ia‘ y and the (6x8) matrix two-

~time Green function {(?{T (f)/'_?{f‘ (;_‘ ))}— - @(ﬂ‘ ﬁ‘/)
¢ (), @),

+
How let us define the inner product (AlB") of two fermion-

~like operators f and B as a thermodynemic average of their

anticommutator
(AR ) =<4, ")) (10)

This allows one to project the equatien of moftion for any of

the operators q{“.('}:) onte the iniltial set of these operators

T Y t)= i [Hogs, Voo B
Z ¥, 10 )(% /35;)"’ ¥, (4. o

Based on this pro.}ection, the equation of motion for the Green

*
function & ?F,'ﬁu [f}/gé_ (f}')) may be written after the Fouriex

transformation in the linearized forn

+ - +
W« ¥, /?'5'6“»0 * L,Z‘#:E « yrts' /?{[s)%.,: (H{'G‘ /z{;) é:‘/’ 2
where the (6x6) matrix ‘#[E is presented as

f:e ([ o » ;a]/y@:)(y@s/%:) _.i ()

The validity of this approximation and some details of the

projection technigue are discussed in /6,16,17/. A

After empleying (13J, the matrix clements of ¢ cen be

written in terms of three types of pair correlation functlons.
e

&
Two of them, A/‘ and Li are of the normal type



P 3 bipe .Go
SRS >mzm( ') Cme),

i
Li=2 27 (-f) <o Cpe > G4l

miy n{) 4

<QT>=1-<X"7)

o~
and the third, A, , is the hybrid correlation funetion

of the anomalcus type corresponding to a rezl-space slinglet

pairing of neighbouring oxygen and copper holes

2=t ) ke e, y) 09

M(t

The summations in (14) amd (15) run over oxygen A and /st si-
—

tes nearest to the £ site;

Assuming space homogeneity and a non-magnetic state in the

[ [ —
system, we omit below in A/: and Z’[ the indices ¢

& + The palr correlation functicns A and L define renoy—

and

malized parameters cf an éxcitation spectrum 1in ths nornal ststc.

These parameters are given by

B o
E,=€4-t k-1,

(16)
Fdp. - oK
EfP= ¢PP-T(1-<Q>) .
-fkftir transformaing intce the momentum ?{-space, the
matrix A can be written as
g!\?- A
“ - A
A% = A+% ;$ amn
B Qg



~

where two (3x3) matrices 93

-~

g, and ACL are presented as
~ ~d

£a “<Q>JEJ—PCUC{,J @t F‘:L(%\

9, Tl ol @ 1L

TP, A0 gl

(18)
@ 3@d0)) HQEEY)
_A |
%—'@_ "50[ (%; 0 0
SEWCIY 0 0 .
where o(,(ft;,y)= 21 sin(q’x’vfz ). Hote, the Fourier transfoxd
for the operators lﬁ}-s.frcm (8) s given by
* tor 4+ (x) +(¥)
Yas = (Xq, , Cqe , Cgqs /)
-{-oG‘ +OS" —i. K (19)
‘1 Z 94 ’
4 .
ot @ —ig (gt
q?zﬁ%(ﬁy&eg , =Xy

Before deriving sclutions of the linegrized -eguation Clz),
it is woerth simplifying our consideration in the way dlscusscd

in Sec.II, Namely, taking into account the point symmetry in the

Cuoz plane, we choose a Iew oxygen or‘oita.l basis by neans of the

canonical transformation ‘qu,; - ‘I’%g = 'u—q. l}"CL(; with

10



,1 0 CosS @q Sine @CL

']//\L = A - é =1 ’ (20)
9 0 84 | 4 sin Bq  -cos8y
Putting the rotation parameter QCL to be th,e == /:L((_‘(,

ome may check fthat the matrix elements (S?-OL)‘-?: (QW)”
and (A%)n , (A )31 for the transfowmed matrices Qq’ =

Lrad A -~ A Y
%Qq, q and A ‘ucl( ﬂq,u'q, venlishy il.e44 (Qq,)»n =
o
= (91)31 =0 and (A iz= (Bq Jan=0.
The symmetric (A =y )—combirﬁation of owypen orbitals, extrac—
ted exnlicitly in this viay, with the corresponding creaticn
+ +(y)
operator ng- 1{ ()cose gt Cqs su’t@cb_] y is strongly hybri-
o
dlzed with hhﬂ d~level through mixing paraneters (Qﬁ,)ﬂz“’
~(§lq)21 ~ ‘t and weakly with other oxygen crbitals throu:a
(57-:1,)32’“(51 )23“' ":FP. Further, ignering the latter we come to

the matrices t‘;. and A':l of less (2x2) dimension’

~ "d -y ™
~  [Eatp O quy ~ A <)y i -<Q>Ua/c£
7 e P S '
Tt By “3¥ 0
which act in the space of reduced cperators
XOS"
~ 4 GO .+ . q
q”q&:(x"b :QCP'), ({J"‘E E‘f

and describe an effective two-band nodel TMere,

i . . Y L22)
oo (FYCRICNTRT iizjﬁwl&—(q—??‘lm-(""q’m‘l

Ye
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End
oY

and ve introduce the chemical potemtial m ia Slq ine
usual way.

o~

The transformed matrix Aqof reduced (dx4) dlmensmn

fX‘-’

~ T

Aq"9 ﬁq’ and the resulting matrix equation for the Green
— —~—

: +

function « Wﬁe\"ﬁfﬂg»w becomes

(w+ fd« ‘rﬁqs e Py = -8
d

preserves its general -from (1.7) with the substitution Q.QV

. (23

-
where the diagonal matrix B =

La%Q<Q>,{ ,<Q >,{),

TV, Hommal state spectrum and aznalysis of the

gep function

The spesotrum of the system in a normal state, when

~
A~A=0, consists of two hybridized bands

4 ,n { o~ ~d 4
E$¢‘=E{Fd+§%)i§: @a~§%f+h<Q>H %@) (24)

and gquasiparticle cocrrelations are described by the following

Green functions?

0§ W-Eg4pm | - Eq+
«X > “'—-—,<<cecs> ———

GQE.{ [(.O— Sza(]
where det [(,O— §q1=@-ﬁﬂ++y)kw" E-Gt- T Y.

In partic

ular, we obtain self-consistent equations to determing
the filling both for the copper c!. =level, ¥4 , and the symmet-
ricroxygen p-level, "LF , apd the chemical potential M oas
well, respectively

12



o i_z( q- gq, ;(F—q. j"‘) (E‘Oﬁ Eq,ﬁ:( 4+ .Iu\
¥4 qe

J(z a)
1=z, Eq-~Eqs
. i_z(Eq— Ed)g(Eq ~H)- (Eqa- Ed}g(Eq} j"‘}
Y
q€ E% — E
n = hd+n,[a’ 7 (27 >

where £ 15 the Fermi factor. As values of the right hand siges

in (26a) and (26%) do a0t exceed two, the maximal £1lling o7
the p-levei 1is two, while g filling of the d

-level isg always less
Or egual to one , 1,e., Ogngcd,

This 15 due to the prover
(through the Eubbard uperataors) or the statisticsg
carriers in the d-level.

Ir Az0O

account for

» the spectrum becomes

2 2 Z 2
“)q,:=é{"[(f?*"f‘) t(Egmp)ra 2 (28 )

rl/[(’%f PE ) To2d’ E0iy i(,_:?__/f]_@?/%-ﬂ 210) W |

and the equation for the gap A

is written as

Z rq, /J( E) (f )(§ "/")z%__i___
My oy, ©g 4

A6 [ B ) 1,
e, _ 2T

(29 )

where Ci = (l?df)z(ﬁ?> O”.;‘"‘ 5’;, <Q>(§$ —/14)

13



There are two effective constants in this equation’ the first
nléjfv (f fJJ/ffl *Ed) 1s gque to our mean-field appreximation
of the exchanpge term in lazmilitonitan \,) wkile thec second
term'V(f‘%P) 15 a sort of kinematlc comtribution /22/ due to
the nonfermionic character of the Hubbard cperators .Y OFCX'S?)
This type of contributien to a gap eguation in the one-band
Bubbard model was proposed in /5/ and compared with the exchange
one in some details in /6/.

An important point of our comsideration is the appearance
due to the p—d hybridization inm (5) of the anomalous Green

functions describing 8-d and p-p pairing?

<X /X »__ w? [§g*<Q>gﬁ; /u]

- (303
(%= @g )(w0%- 0" )
2 (E)-2< 0 () 1)
qb_/r_ié.» AB@ = 31

7‘;) (w?- a);..

Therefore these d-d and p-p pailring are possidble 1f the gav
function A (15) 1s non-zero.

Some properties of anomalous correlatlons of carriers in
the lower Hubbard subband in the one-band model are investi-
gated in /6/. The essence 1s that the strong repulsion at each
copper site imposes some resirlctions on a symmetry of the
correlation function (xso X“‘i,) Speoifically, there 15 an
exact obvious condition on the one-point function
<X7°%y=0

1 ¢ -

(30), in the form

that can be written, by using the result
go Fo (32)

14



where

ey
/ C‘Jf_ f‘g é—,}z,— - &)i_,_ ‘éﬁ

A/:; a)? +Q)i a)?_—a)z+

34

Z(Ju T)=

(530 <@g p ) .t T5 -y 1 Pz

2 (32)
Cq?*CLji‘ C%z+ - Q%a_ J/

Sy
Z s Gt
Thus, we estimazte that Z(JMJT)>O and the oxnly way t=o
satisfy equation (32) is to conolude that A= O s lee., in
medel considered there is no superconducting hybrid pairing orf
cepner d- and exygen p-holes. We gonsider the prediction made
in /10/ in favour of this palring to be 2s a result of the
approximation of Hanilientan (5) by the Gutzwiller procedure

(6) which does not Droperly take into account the condition (32).

Conciusion

Ve have investigated the model for copper-cxide supercondug..
tors to the second order in £ /f%V €, )by twomtime Green—func—
tions in a nean—field ﬂaproxinmtion on the basis of projection
technique (11)-(13). 4 possibility of a particular type of
superconducting correlations described by the hybrig functien
(15) was considered. Te take into account strong electron
corrclati 18 and to preserve the statlstics of carriers on
d-levels we avoided the Gutzwiller rrocedure (6) and treated the
problem entirely in terms of the iubbard operators, As an
intermedicte res ulto, e derived an excitation spectrum (28) with
a "gap" A gsovernad by equation (29), Further, we demonstra—

ted that alse &-ad zng P-p anomalous correlations, namely,

15



< X;[)X_?}N A and {8?1;. 5_;;) ~ A y are gencrated
due to hybridization in the system as well, Howefer, the first
of them is Torbidden due to a strong kinematic restirietion (32
at each conper site, that gives necessarily for the "gap"

the only solution A=0 ., It seems that Hamiitonian (%) in-
cluding terms to the second crder in fﬁ;{%g+£g) is dinsufii-
cient to pglve superconducting pairing due to strong electron
correlations in the system. This result seems to be in accord
with our previzus study of the t—J model /6/ where 1t was
pointed out that the kinematlc interaction «~t, which
accroding to /13/ is of the sacond order in tdf y Zives no
coptribution to the gep eguetion. Therefore 1f any supercondueting
pairing can te obtained within the p-d medel (1) it shoula be
provided only by higher order terms, e.g., fourth order in

tdr , as was proposed in 723/,
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