


1 Introduction

In order to test different theories for the electronic structure and a mechanism
of high-temperature superconductivity in cuprates, many experimeﬂtal studies
of impurity effects have been made (see, e.g., [1]). In comparing with other
trivalent and divalent, magnetic and nonmagnetic dopants, a striking pecu-
liarity induced by the substitution of nonmagnetic Zn ions with 3d'® closed
shell into the Cu site has attracted much attention. The most unexpected re-
sult is a strong deterious effect on superconductivity without changing carrier
concentration in low Zn-doped samples (see, e.g., [2]). At the same time an
appreciable reduction of the Néel temperature Ty by Zn substitution was ob-
served both in LayCu,_yZny04 (3] and YBay(Cuy_yZn,)3064. [4] compounds.
In La,Cu;_yZn,04 compound Ty — 0 at Zn concentration of y ~ 0.055 [3]
that is much smaller than the site percolation threshold of 0.41 for a square
lattice. With doping the reduction of the Néel temperature by Zn impurities
increases [4].

The formation of the induced magnetic moment by Zn substitution in
cuprates was found out in several studies. Measurement of the static magnetic
susceptibility revealed the Curie law with static magnetic moment of the order
1pp per Zn-site for the underdoped region which decreased with Sr doping in
La,_;Sr.Cu;-yZnyO4 [3, 5]. NMR experiments in YBay(Cu;_,Zny)3064 [4, 6]
have revealed that induced local magnetic moments resides on the nearest
neighbour Cu orbitals. The local magnetic moments induced :by Zn doping
were also observed in electron paramagnetic resonance {7] and uSR (8] experi-
ments. The local magnetic moments can be induced also by other nonmagnetic
substitutions with closed shells like AI°* and GaS+ (5, 9].

In NMR and NQR measurements [10] the authors observed ‘a local suppres-

sion of antiferromagnetic spin correlations near Zn impurities and an induced
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finite density of states at the Fermi level. Further investigations by Gd**

ESR [11] and by NMR [12] have confirmed that in the regions around Zn ions

both the superconducting and spin excitation gaps are suppressed as it has

been observed earlier in the electronic specific heat measurements [13).

‘A more detailed picture of the evolution of the spin-fluctuation spectra
induced by Zn substitution in YBa,(Cu,_,Zn, )30, was obtained by inelastic
neutron scattering. In the underdoped sample with z = 0.6 the quasi-gap
behaviour in spin fluctuations at the antiferromagnetic wave vector (7, 7) in
the pure, superconducting sample disappears upon Zn doping [14]. In the

overdoped compound with z = 0.97 the spin-fluctuation spectrum below T,

changes drastically [15]. In the zinc-free sample it has a gap below 35 meV

and a resonance region around 41 meV. In the sample with Zn concentration

y = 0.02 the gap is closed and a broad spectrum in a low energy range appears

with a much lower intensity in the resonance region.

A large increase of residual resistivity induced by Zn impurities has been

detected in [16]-[18]. In the underdoped regime only a few percent of Zn results

in the residual resistivity close to the universal two-dimensional resistance for

a potential scatterer in the unitary limit, h/4e?. At this universal value of the ‘
sheet resistance for various combinations of doped hole and Zn concentrations 7

a transition from superconducting to insulating state occurs. In the highly

doped regime the universal behaviour was not seen.

These experiments have proved that the Znt*? ion cannot be considered just

as an inert substitution in the CuO, plane in spite of its nonmagnetic state with
the 3d closed shell. It reveals itself as a strong potential scattering centre which
also suppresses antiferromagnetic spin correlations at the nearest Cu sites.
These properties of Zn impurity should be responsible for the strong reduction

of superconducting T, for the d-wave pairing. As estimations show [19, 9],

the pair-breaking effect due to induced magnetic moments giyes an order of
magnitude smaller contribution in comparison with the experiment'al results.

Several theoretical models have been proposed to explain.the anomalous
behaviour of Zn impurity in copper oxides [20]-[32]. In a number of papers the
Zn impurity in the CuO, plane was considered as a local nonmagnetic impurity
level at high energy in the Hubbard model [21, 22] or the t-J model [23]. Using
the T-matrix description, bound impurity states within the Hubbard gap were
obtained. Due to strong Coulomb correlations in the model, the bare local im-
purity potential becomes a dynamic one that results in the resohant scattering
and bound state formation of different (p, d-wave) symmetries in the gap. For-
mation of local magnetic mor.nents induced by a spin vacancy within the RVB
theory in the two-dimensional spin liquid in the underdoped cuprates was con-
sidered in [7, 24, 25]. Influence of the impurity local moments on magnetic
and transport properties in the RVB state were studied within the slave-boson
'and slave-fermion mean-field theories in [26]. The importance of 4s orbital for
Zn2* impurity in charge transfer excitations between copper 3d and zinc 4s
orbitals was pointed out in [27]. To investigate the influence of nonmagnetic
impurities on the d-wave superconductivity several phenomenological models
of Fermi liquid type have been also considered (see, e.g., [28]-(32]).

However, to justify the proposed simple models a microscopical theory of
electronic spectrum for the CuQ; plane with a proper consideration of both the
strongly correlated 3d states on copper and zinc sites and 2p states on oxygén
sites should be developed. In the present paper we propose a microscopical
approach based on the original p-d model [33, 34] and derive an effective
Hubbard model describing a low-energy electronic spectrum of the Zn-doped
CuO,-plane. Based on the band structure calculations for a model CaCuO,

compound with Zn substitution in Sec. 2, we conclude that Zn 3d'9 orbitals



can be neglected in comparison with Cu 3d-orbitals and O 2p-orbitals.-So
starting from the three-band p-d Hubbard model with Zn sites considered as a
vacant Cu-site and employing the cell-perturbation method [35]-[39] we derive
in Sec.3 an effective Hubbard model. In the model the host lattice has one-hole
states of a predominantly Cu 3d-like character and two-hole Zhang-Rice singlet
Cu-O states [40] while at the impurity Zn sites the lowest levels are the one-hole
Wanniér oxygen doublet states. Further reduction to an effective t — J model
in Sec. 4 reveals a large ferromagnetic superexchange interaction between the
Cu spin with the nearest virtual oxygen spin in the Zn cell. Con‘clusions are

presented in Sec. 5. -

2 Band structure of Zn-doped CaCuO, compbund

To obtain a first information about the effect of zinc impurities in cuprates
we performed band-structure calculations. We have chosen as the basis of our
investigation one of the simplest undoped cuprates containing CuO, planes,
namely CaCuO,. It is an idealised parent compound to the simple tetragonal
CaO.BGSrg,MCuOg where the Sr — Ca substitution is necessary to stabilise
the tetragonal phase but is electronically unimportant. That compound was
also chosen in Ref. [41] as an ideal model system to investigate the electronic
structure due to its structural simplicity. It has the space group P4/mmm
and lattice parameters @ = 3.86 A and ¢ = 3.20 A. It consists of CuO, planes
which are separated by Ca layers and is more three-dimensional than, say
La,CuQ,. To investigate the effect of zinc impurities we replaced each second
copper atom by zinc in a chess-board-like pattern and calculated also the
band-structure of the hypothetical compound Ca,CuZnO, having a twice as
large unit cell.

The calculations were done in the local density approximation (LDA)
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using the linear combination of atomic orbitals (LCAO). Due to the rela-
tively open structu'r‘e_»one or two empty spheres per unit cell for CaCuO, or
Ca,CuZnQy, respectively, have been introduced (in the Ca plane). The calcu-
lation was scalar relativistic and we have chosen a minimal basis set consisting
of Cu(4s,4p,3d), Zn(4s,4p,3d), O(2s,2p) and Ca(4s,4p,3d) orbitals. The lower-
lying states were treated as core states. To optimise the local basis a contrac-
tion potential has been used at each site [42]. The exchange and correlation
part was treated in tfle atomic sphere approximation, while the Coulomb part
of the potential was constructed as a sum of overlapping spherical contribu-
tions. ‘

The resulting density of states (DOS) for CaCuO; is shown in Fig. 1. The
dispersion of the bands in the Brillouin zone is not shown but it cpincides
nearly with the result given in Ref. [41]. In contrast with the expected in-
sulating behaviour of an undoped cuprate we obtain a metallic state due to
thé neglect of strong electron correlations in the LDA. The Fermi level lies in
the antibonding copper 3d — oxygen 2p band. The main effect of the electron
correlation is to split that band into two Hubbard subbands that results in
a gap opening of roughly 2 eV . In the further discussion of the LDA results
we will assume that the other effects of electron correlations on the electronic
structure of the valence band are less important. We show also the partial Cu-~
and O-DOS in Fig. 1 which indicate already the strong hybridisation between
Cu 3d and O 2p orbitals throughout the whole valence band. There is a small
contribution of Cu 4s and O 2s orbitals at the Fermi level: we had to multiply
the corresponding DOS by a factor of 10 to be visible.

Let us now compare the‘ DOS for Ca,CuZnO, (Fig. 2) with the reference
DOS of CaCuO, (Fig. 1). First of all, we observe all the Zn 3d states deep

below the Fermi level at around 8 eV binding energy. That confirms the simple
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chemical argument that there should be one hole in the d shell of copper
(configuration d°) but no hole in the d shell of zinc (d'®) (which neglects,
however, the d-p hybridisation between copper and oxygen). Besides that
difference concerning the zinc d levels there is some similarity in the valence
band structures of CaCuO, and Ca;CuZnQ4. The main band consisting of Cu
3d and O 2p states has a bandwidth of about 9 eV in both cases. More detailed
analysis shows that the band crossing Fermi level is built of the Cu 3d;a_,2
and in-plane oxygen 2p orbitals. But its bandwidth is smaller for Ca,CuZnQ,
due to less copper heighbours at an oxygen site. One can expect that for a
small zinc concentration the original bandwidth should be recovered. But the

position of the zinc 3d levels at around 8 eV should be stable for different

amounts of zinc impurities. There is nearly no Cu 4s DOS at the Fermi level

in Fig. 2 but some Zn 4s DOS. Due to its smallness we neglect the 4s states

in the construction of the model Hamiltonian in the following section. Its

inclusion will only be necessary for a more refined picture.

3 Derivation of effective Hubbard model

According to thé results of band structure calculations presented in Sec. 2
we neglect the Zn orbitals in a tight binding modelling of Zn-doped CuO,
plane with the main effect of Zn doping being a creation of vacant Cu-sites.
At the same time we suggest that the energy levels of O-ip orbitals are not
considerably changed by substitution of Zn?* for Cu?+. Therefore, in a con-
ventional tight binding description of the CuO; plane with copper 3d,2_,2 and
oxygen 2p, and 2p, hole o-orbitals, one cé.n model Zn-impurities by vacant
3dza_ya sites. Taking into account only the most important terms, in the limit

of strong correlations at the Cu-site (Us = o0), we consider the following p-d

model Hamiltonian [33, 34]

H=¢ Z J?;‘iia+€p E P;apma+z(tf;‘izypm§+ﬂ.c.)+Z (872 Pt PaotHoCl),
i mo imo mno )
where i-sites contain only Cu (i.e. ¢ 5Cu) and m, n sites contain O atoms (i.e.
m,n 3 O) while the the sum over Zn-sites, being vacant for the Cu sublattice, is
omitted. Here ¢4 and €, = €4— Apq are the energies of the localised holes on Cu
and O sites, respectively. The sign of the hopping integrals /5 = t,4sgn(Sim)
and %, = t,,5gn(Smn) are chosen according to thesign-convention for the
coefficients Sim, Sma used in [39]. The fitting parameters of the model are the
difference between the eneréy levels, Apg = €, — €4 4 e\}, and the hopping
integrals, t,s ~ 1.5 eV and t,, ~ 0.6 eV (see, e.g., [36]5[38]). We used the hole
representation in Eq.(1) with the vacuum state |3d'°2p® > for both the Cu
and Zn sites where df, = d (1 —n;,) operators create a hole on 5 copper site ¢
providing that there is no other hole with the spin & = —o and the operators
P}, create a hole with the spin o on the oxygen sites m, ¢ = £1.
Using unitary ‘;r.ansformafion from the Fouriér c;)rﬁpohent of the origi-
nal canonical Fermi operators {p{),p{¥)} to the canonical Fermi operators

qo
{bq,,,aq,,} (43, 36, 44] «

byo (z)
q = S pqo , . (2)
G0 22 '
with [39]
st Se Sw ) @
Ag Sey  Sgx
where A2 = 82, + 82, Sgq = sin(g./2), a = (z,y), one derives

H = &) dhdi+¢ Y (bhbie +aka50) + 2t Y {A(i — j)dbbjo + He}
io jo

ijo

—tpp D {plk = §) (0,050 — aiya50) = v(k = 5)(akobso + bl,aj0)}.  (4)

kjo ’



Coefficients of the oxygen Wanniér orbitals (5). R(i — j) is the radius vector
connectivng cell sites ¢ and j, X and ¥ are the basis cell vectors. Only the
coefficient v Has sign-changing symmetry: v(z,y) = —v(y - sgnz, z - sgny) [37,
39].

R(i-j) A b v
0 0.958  1.454 0.0
% -0140  -0.546  -0.266
x+y  -0.023 0244 0.0
2% -0.014  -0.128  0.082

Here the operators b}, (a},) acting on the vacuum create holes with the spin o

on the orthogonalised oxygen Wanniér orbitals associated with the cells i 5 Cu
and j, k> Cu or Zn.

The corresponding Wanniér coefficient is given by
. 1 iq(Ri—
{’\’I‘s V}("’_J) = NZ{A’I‘7V}qe R Rj)a : (5)
a

where p, = 852,52 /A2 and v, = 45,,5.,(SZ, ~ S2,)/A2.
The summation over q is made inside the first Brillouin zone and the
coefficients A, u, v decrease rapidly with the distance |R; — R;| between the

cell sites ¢ and 7, as can be seen from the Table 1.

In the framework of the cell-perturbation method [35}-[39], it is useful to

divide the Hamiltonian into the intracell and intercell parts as follows

H= Hloc + Hhop1 (6)

where

Hloc = €4 E(i;-t,(i,'o + E(é( )b+ ng + 6( ) + an) + E(Vpdd o + H.C.), (7)
io jo

10

where i 5 Cu and § 3 Cuor Zn, V¥4 = 2t,4) and'e;*) =€, & potpp.

Hhop = E {‘/.-gd(iz,bjor;l-H.C}— E {‘/jip(bjobka_a;gako)_wff( bka+ ako)}
25,0 - J¥k,o
: (8)

where i 3 Cu cells and %, > Cu or Zn cells and
Vi =2 Mi= 1), VE =typuli=i), W =tpv(i-i). (9)

1j 1

Exact dlagonallsatlon of the intracell part Hi,., for the cells containing Cu,

gives the lowest one-hole, predominantly d-type state
|Do >= cosfd}|0 > ~sin6,5F[0 >,

with the corresponding energy

1
Bp=3(¢ +e)- \/e "~ eg)? + AV, (10)
The lowest two-hole state which can be identified as the generalised Zhang-

Rice singlet [40] is given by

| >= cosB,—= (d+b+ dfb;)lo > —sin 67610 >,

7

with the corresponding energy

1 - 1
By =506~ +e) = 5V(§” — e + 8040, (1)
where /
1 &) -
(20801 = 5{1 + L & 2 }1 (12)
VI —e0)? +4(Vg)?
1,. ) — ¢4
cosb, = |={1+ E } (13)
B e

For cells containing Zn, the lowest one-hole doublet states |bo >= b}|0 > has

the energy €{™) = ¢, — pot,p.

1



Reduction to an effective two-band model is achieved by reducing the size
of the Hllbert subspa.ce to the lowest states in the onehole and two—hole sec-
tors [36] [38] [44], leaving only one-hole doublet states Iba > for impurity cells.
By introducing the projection Hubbard operators X/ = ([a >) (< B for
the quantum states |a >, |8 > in the cell i we ehtain

H,.~ Ep E XpPoPe 4 i:w E XM+ é};’ E X,f"-"", (14)

io

hop
i#£j,0

HES 2"~ 3 {to(XPPO X0 + He) + B2 (XPOXP% + He)), (16)

izk,o
where now and what follows we use the indices (¢,7) for the celle with Cu
(4,7 9Cu) and the index (k) only for the impurity cells with Zn (k 3Zn). The
effective hopping parameters between the cells containing Zn and Cu are given
by e v _ .

th = Ky, Vi - A2 VPP

ij 1

th? = Kp V” - V[P sin 6,
= KypV* + AV sin 01, the = AVEY — AVEP, (17)
th’ = Viicos + Vi sin 6y,

where
Kyy =2A4A., Kpp = —-2sinbycosb,, Kyp= A.cosf, — Aysinf,
with the corresponding coefficients

1
Ag= —ﬁ sinf, cosf,, A, =sin 01 sin @, 4+ —= cosf; cos b,.

\/_

In this way, we obtain a two-band Hubbard-like model with one-hole Wanniér

oxygen levels in the Zn-cells. By neglecting H,,Z,,';, Zn term in the limit of

12

HCu Cu ~ E {twaVl DaXDa,w_*_tDDxDa OXO Da+ t!/ID(XDa OXDa’wf*-H.C.)}',

low Zn-impurity concentration, we can write the effective two-band Hubbard

model for CuO; plane with Zn impurities in the final form:
H =~ Hloc + H'?;t;’—'Cu + Hhop ) ﬂN! (18)

where g is the chemical potential and

N =Y (@XPY+ D XPoP) + 3 xp (19)
o o ko ' -

is the number operator for which [N, H]=0 is satisfied.

4 Reduction to extended t-J model

In order to compare the corresponding ¢-J model for a pure CuO, plane [40]
and for a Zn-doped one we further reduce the two-band model (18) to the one-
band one. To separate terms describing motions inside and between singlet
and one-particle bands, it is convenient to rearrange the Hamiltonian (18) in

the following way

Ho=Hype —pN, Hy=Ty+Tpn, Hj=(Ta+T,+T)+He,

where

T = E tDDXDa OXO Da, Tyy = E t},}¢X}ﬁ'D°X}')°'¢,

i#io i#jo
D _1 — B L}
Tio= ) ot}PXP°XP™, T =Y otfeX;°XP7, (21)
i#io - itk,0 ,
Tyi= Y X "X,
! izk,o :

where #,7 3 Cu cells and k£ 3 Zn cells.
Using the Schrieffer-Wolff transformation [45]

B = o He™S = Hot Hy +[S, Hi] + 1S, H), (22

13



one can obtain an effective Hamiltonian H without interband hopping Hj. The
generator of the transformation S determined by the condition. H {+[S, Hy] =
0 is given by |

S=(A-T12+B-T;,+C - T};) — Hee,, T (23)

where the coefficients are

1 1 1
A=e—rr———— | B=m=eg——o——r, C(=—=—1. 24
2ED—E‘(, . ED—E¢+€;)’ ED—G:,) ( )
Performing the commutations in (22), one obtains
- 1 -
H=H0+H1+'2'[31H{]2x,+ Hax1 . . (25)
where
1' Tyt 4 g,Do o,Do -
1S Hilx = ~A- 3 () {XPPPX P07 — XPoPox pobe
i#j,0
$,0 30,9 $.9 10,0
+XPO XY + XPV X0} |
_B . Z (t}(;b)Z{XiDd,DaX:E,ba _ X{Da,DdX’l:E,ba + X‘\(J,\(JX’?,O}
izk,o
—C- )0 (ERYHXDOX - XPoPO X0, (26)

i#k,0
where ¢, 5 Cu cells and k 3 Zn cells. The remaining part H,, with products
of three Hubbard X-operators at different lattice sites

- 1
Hax = [S7 Hl]ax + '2"[31 H;]ax (27)

is given in the Appendix.

Now we introduce spin operators for Cu-sites

1
5 =52 0XP0P, 87 =XP"P?, , (28)
g .
and a spin operator for the oxygen orbital |bo > at Zn cell
Z 1 (-4 a,
si = EZUX: be s7 = Xpobe, (29)
14

with ¢ = +1. Then we obtain the effective Hamiltonian in the form of the

correspc.mding t-J model for Zn-doped CuO;-plane

I.1=I.10+I.It+l-1]+l-1;x+AI:17 . (30)

Ho=Y Ep()) X270 + 5287 (k)X + 3 By (1) X, (31)
io ko i

Ho= 3 tBPXPOOXPP + 3t XPPo X P, (32)
i£j,0 i#j.o
- 1 1
Hy =3 JPP(S:-S; — s N:N;) + Y _JRb(Si-se — =Nime),  (33)
i#j . 4 ik 4
AR = -2A TPV XIXIY+ 3 AB @)+ C WRVIXPUXES (30)
i#j izk,o

where N; = ¥, XP2P? +2X7¥ and n, : 2o :X,{""". The second sum in AH
describes density-density interactions Between imburity and host lattice sites.
The first sum in AH and H,, con:cain double hopping processes between bands
and théy are of second order in effective hoppiﬁg parameters. The effective

superexchange integrals are

0y

J2P = —24 (t¥°)’ > 0, (35)
J2 = 228 (1) < 0. (36)
By taking the conventional values of the model parameters, Apy =4 eV, t,y =

1.5 eV, t,, = 0.6 eV, we obtain for the energy differences in the coefficients

(24) the following values (m eV):

E,~2Ep~375, Ep+e)-E;~109, ¢’)-FEp~484.

P
The corresponding hopping parameters and the exchange energies are pre-
sented in the Table 2.

The effective energies in (31) are

Ep(i)=Ep-p+CY (12, & (M) =¢ -u-CY (tB)%. (37)
k#i ik
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Values (in eV) of the hopping parameters (17) and the superexchange inte-
grals (35),(36) for the model parameters:
Apg=4¢eV, t,y=15eV, t, =06eV.

R(-j) thP tiP ty} tos Jhe Jh
% 0.402 0.454 -0.481 0.384¢ -0.528  0.124  -0.270
%+y  -0.059 0.022 0.002 -0.095 0.015 1.6:10~¢ -0.017

E,i)=FEy-2u+Y J3° +>_J2. (38)
i ki

The shifts of the on-site energies in these equations are o'f the order of small
exchange energies and can be disregarded.

Depending on the position of the(":‘clzemical potential g in the one-hole d-
like band (electron doping) or the twojhole singlet ‘bargl (hole doping) one
can consider in the low—éhergy limit only the one-ba.nci? effective t-J model
with the corresponding- single site energy in Eq.(31) and the hopping energy
in Eq.(32), and the exchange interaction, Eq.(33), which includes both the
Cu-Cu and Cu-Zn lattice cell spin'e;(cha,nge interactions. However, the filling
of the bands will occur in such a way that after ﬁlling the d-like band at .ﬁrst
the two-hole singlet band wi]l be filled and only after that the oxygen doublet
states at Zn cells can be filled by holes. That becomes evident from comparing
the singlet excitation energy E, — 2Ep =~ 3.75 eV and the doublet excitation
energy () — Ep ~ 4.84 eV when all Cu cells are occupied by exactly one hole
g.nd the Zn cells are empty. So we can understand the spin operator Eq.(29) for
the oxygen orbital [bo > at the Zn cell in Eq.(33) as a virtual spin. Exchange
interaction of the Cu spin with it just takes into account the second order
perturbation due to the hybridisation between singlet étates at Cu cells with

the oxygen doublet states in the nearest Zn cells._b As the estimations show,

@
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we have quite a large ferromagnetic effective exchange interaction between the

Cu spin and the virtual oxygen spin at the Zn cell.

5 Conclusions

In the present paper we proposed the effective two-band (p-d) Hubbard model
for CuO; plane with Zn-impurities, Eq.(18). Based on the band-structure cal-
culations for the model systems, CaCuO; and Ca;CuZnQ,, we describe the
Zn-impurity as a vacant lattice site in the copper sublattice of 3d states while
keeping the oxygen sublattice unaffected by Zn substitution. Therefore, in
the model the Zn-impurities: are not inert substitutions for Cu but show up as
oxygen Wanniér states in Zn cells. For the undoped case the excitation energy
for the Wanniér states is rather large (eﬁ,‘) ~ Ep ~ 4.8 eV) to produce strong
effects. However, at finite doping an exchange between holes in the the Cu
singlet band and the oxygen Wanniér states at Zn cells can result in a strong
scattering due to much smaller excitation energy Ep + ) -~ Ey ~ 1.1 eV.
This can explain a much stronger reduction of the Néel temperature by Zn
impurities at finite doping [4] and finite density of states at the Fermi level
in the singlet band [10]-[13]‘. To study magnetic properties within the model
one can use also the effective one-band t-J model, Eq.(30) obtained by further
reduction of the two-band model (18). In the t-J model the Zn-impurity cells
are described by virtual oxygen spins-1/2 with strong ferromagnetic superex-
change interaction (36) with the nearest neighbour Cu sites. By using these
microscopical models it is possible to study an influence of Zn impurities both
on the antiferromagnetic spin correlations in CuO, plane and on the supercon-

ducting transition. The results of these studies will be considered elsewhere.
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Appendix

The three site part (27) of the effective t-J model can be written in the form:

where
A(A)= 3 {[~otfP(LBDXPOXDIOXIN 48 XX PO XD9%) LH c ]
iZjgm,o ’

+t¢Dt¢D (X¢ OxDﬁ,VIXO D& + XDU OX',O DoXo VJ)}

+ E t"”Dt‘“’X"” oXDa,-,aXo b3 _ tv,thDbXDa OXbo oXo W
-¢J¢k [

+atBP XXX PV tD"t“’X"°X,P""’°X.~"""”)+H.c.], (42)

AOP(A)= 3 {[otfP(—tBP X 20 (X0 4 X PoPo) xPow
igjgm,c
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HIRX O (XPOPT 4 XP¥)XETV) 4 Hoe] 4 142180 (XP0XoPe x0.00
+XPOXIIXUPT - X3P X 00X Pow _ 4.0 x DoDo y Doy
J i m j i

+ Z [t\th XDo OXDa DoXO bo + X.DO,OXI./J,IIJX’?,IDO)
t J
'#J#k 4

+otiP IR (X OXJOXPOY + Xp2OXPoPo XPO¥) L Hel,  (A3)

ss D(_4DD y D50 y-Do,D2 3D, 5
H E { Ut‘b mj Xmo'oX.i 7 aXi av//+t.;'ﬂ"7/:X'_l)a,0X1.l70,DUXga,¢)+
iZ£j#Em,o

H.C.} - X"fl-DUXfU.DGXiua,‘a)}

1 - _
_5 .;&;‘ [(t\th\ﬁbea OxDo DoXO bo + UthtﬁbX,?o’oijo'DaXiDo"p) + H.C.],
iZj£k,0
(A4)
AYB)=[ ¥ (otftfPxP2oxto0x2% - Lypyys yvoxos0 y o, ?)
iZjtk,o 2"
& Z Ut',(lthbxbo Oxbo OXo \[J] + H c., 7 (A5)

s;ék;tK o

E {[(Ut;/;‘bt}bjl/} (Xll:o,OXiDa,DanDa,‘b + X:a,OX;/;,‘{;XJpa,‘p)
i#jzk,0

4= Utwbtﬁb (XJ.DO,OX’?,OX'.DE,\b_XjDo,OXl[:o,boXiDé,\ﬁ)+%t:_//th}ﬁb(XiDo,()XjDa,Dc‘!X’?,ba
+X})U,0X}0,¢XO,!70)) + H c. ] tg‘bt.}b:(xJ!ﬁ,DﬁX’?,oXiDa,l/} + X}/J,DEXIEO,boXiDa,l,[J)}

+ #;( twbtwb Xll:o,OXiDc‘r,Dc?X?{,bo +X’l:o,0X:p,¢X;)(,bo) ' (A6)

f"{fxg(B) = Z {[( t\bbt\b\bxbo OXDo DoXDo,'JJ 1 twthbXpa,OX’l:o,bBX'pé,w

ik “jk
i#ifk,o0 , 27
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_ 1t¢Dt¢bXDa OXDa DaXO ba) + H.c. ] - twbtwbxw DaXba baXDa :/J}
2"

_ Z twaba DXDa DaXO ba ' (A7)
i2k#£K,0 i

7 a Do, 0,b ,0
BY(C)={ [——at'“’tﬂ"x,."”"’x:"-"x;"'”~tf;bt:!;."xj X X0
i#j#k,0

0 xa°x"°°x?-¢}+n.c., (48)
izk#K,0 o

I'ISDD Z { (tDthD XDa °X° °X° bo + ija,oxil)atDaXl?,ba) |
iZj#k,o '
a a 1 a ‘ [+
;atiﬂntbb(xba Ox(.),OXiI)G,lﬂ+X‘l:<7,0le)0,D¢7Xi[)a,¢)+§0,t;[)kbtﬁb(xf) 'OXE’OX'P W
_*_ija,ox’z:a,baxina,w)) +H.c. ] + tDthb(XiDa,OX’(C),OX;),Da + X’.Da,OX‘t:a,baXJ(_),Da)}

- Z Dthb(Xba oxo oXo bo X;a(a.oxina,naxg,ba)’ (A9)
i#Zk#K,0 .
* .
;7S5 D&,0 y,Do,D5 y0,bo Db,yD 3 b8,0 v Do, D& v Da,y
H:;sxs(c) = Z {[(tlll)cbtgnxj X X - 5 t'k t,“ X Xj Xi
i#jtk,o

= o_t:ﬂkbtﬁbxP&,OXIl:a,bEX'pa,¢) + HC] + t tDbea OXba baXO Da}

_ Z fl)‘btg_{bxba OX'Da DaXI(:,ba’ LT (AlO)
izk#K,0
where ¢,7,m 3 Cu cells and k, K 3 Zn cells and in the summation all three

lattice cites are different.

20

References

(1] N.M. Plakida, High-Temperaiure Su;verconductors (Springer, Berlin,
1995). '

(2] A.V. Narlikar, C.V.N. Rao, and S.K. Agrawal, In: Studies of High Tem-
" - perature Superconductors, edited’byrA. Narlikar (Nova Science Publishers,

New York, 1989) Vol. 1, p. 341.
[3] G. Xiao, M.Z. Cieplak and C.L. Chien, Phys. Rev. B 42 240 (1990)

[4] H. Alloul, P. Mendels, H. Casalta, J.F. Marucco, and J. Arabski, Phys.
Rev. Lett. 67, 3140 (1991).

[5] G. Xiao, M.Z. Cieplak, J.Q. Xiao and C.L. Chien, Phys.Rev. B 42, 8752
(1990).

(6] A.V. Mahajan, H. Alloul, G. Collin and J.F. Marucco, Phys. Rev. Lett.
72, 3100 (1994).

[7] AM. Finkelstein, V.E. Kataev, E.F. Kukovitskii, and G.B. Teitel’baum,
Physica C 168, 370 (1990). 5

(8] P. Mendels, H. Alloul, J.H. Brewer, G.D. Morris, T.L. Duty,
E.J. Ansaldo, G. Collin, J.F. Marucco, C. Niedermayer, D.R. Noakes,
and C.E. Stronach, Phys. Rev. B 49, 10035 (1994).

[9] K. Ishida, Y. Kitaoka, K. Yamozoe, and K. Asayama, Phys. Rev. Lett.
76, 531 (1996).

(10] K. Ishida, Y. Kitaoka, T. Yoshitomi, N. Ogata, T. Kamino, and
K. Asayama, Physica C 179 (1991) 29-38; K. Ishida, Y. Kitaoka,

“21



T. Yoshitomi, N. Ogata, T. Kamino and K. Asayama, J.R. Cooper, and
N. Athanassopoulou, J. Phys. Soc. Jpn. 62, 2803 (1993).

[11] A. Janossy, J.R. Cooper, L.-C. Brunel, A. Carrington, Phys. Rev. B 50,
3442 (1994).

[12] G.V.M. Williams, J.L. Tallon, R. Meinhol, A. Janossy, Phys. Rev. B 51,
16 503 (1995).

[13] J.W. Loram, K.A. Mirza and P.F. Freeman, Physica C 171 (1990) 243-
- 256.

(14] K. Kakurai, S. Shamoto, T. Kiyokura, M. Sato, J.M. Tranquada, and
G. Shirane, Phys. Rev. B 48, 3485 (1993).

)[15] Y. Sidis, P. Bourges, B. Hennion, L.P. Regnault, R. Villeneuve, G. Collin,
J.F. Marucco, Phys. Rev. B 53, 6811 (1996).

[16] T.R. Chien, Z.Z. Wang, and N.P. Ong, Phys. Rev. Lett. 67, 2088 (1991).

[17] D.J. Walker, A.P. Mackenzie and J.R. Cooper, Phys. Rev. B 51, 15 653
(1995).

(18] Y. Fukuzumi, K. Mizuhashi, K. Takenaka, and S. Uchida, Phys. Rev.
Lett. 76, 684 (1996).

[1'9] R.E. Walstedt, R.F. Bell, L.F. Schneemeyer, J.V. Waszczak, W.W. War-
ren, Jr., R. Dupree, and A. Gencten, Phys. Rev. B 48, 10 646 (1993).

[20] P. Fulde and G. Zwicknagl, in Earlier and Recent Aspects of Supercon-
ductivity, eds. J.G. Bednorz, K.A. Miiller, (Springer-Verlag, Berlin, Hei-
delberg, 1990), p. 326.

[21] P. Sen, S. Basu, and A. Singh, Phys. Rev. B 50, 10 381 (1994).

22

[22] W. Ziegler, D. Poilblanc, R. Preuss, W. Hanke, and D.J. Scalapino, Phys.
Rev. B 53, 8704 (1996).

[23] D. Poilblanc, D.J. Scalapino, and W. Hanke, Phys. Rev. Lett. 72, 884
(1994). '

[24] S.A. Krivenko, G.G. Khaliullin, JETP Lett. 62, 723 (1995); Physica C
244, 83 (1995).

[25] G.K. Khaliullin, R. Kilian, S. Krivenko and P. Fulde, Phys. Rev. B 56,
11882 (1997); Physica C 282-287, 1749 (1997). '

[26] N. Nagaosa, T.-K. Ng, J. Phys. Chem. Solids 56, 1737 (1995);
Phys. Rev. B 51 15588 (1995). '

(27] B.C. Hertog, M.P. Das, Physica C 282-287, 1709 (1997).

(28] T. Hotta, J. Phys. Soc. Jpn. 62, 274 (1993).

(29] P.J. Hirschfeld and N. Goldenfeld, Phys. Rev. B 48, 4219 (1993).
(30] D.S. Hirashima, Phys. Rev. B 50, 10 142 (1994).

[31] P. Montoux and D. Pines, Phys. Rev. B 49, 4261 (1994).

(32] D Pines, Physica C 235-240, 113 (1994).

[33] V.J. Emery, Phys. Rev. Lett. 58, 2794 (1987).

[34] C.M. Varma, S. Schmitt-Rink, E. Abrahams, Solid State Commun. 62,
681 (1987)

[35] S.V. Lovtsov, and V.Yu. Yushankhai, Physica C 179, 159 (1991).

(36] J.H. Jefferson, H. Eskes, and L.F. Feiner, Phys. Rev. B 45, 7959 (1992).

23



[37] V.IL Belinicher and A.L. Chernyshev, Phys. Rev. B 49, 9746 (1994).
[38] N.M.Plakida, R.Hayn, and J.-L. Richard, Phys. Rev. B 51, 16 599 (1995).

[30] V.Yu. Yushankai, V.S. Oudovenko, R. Hayn, Phys. Rev. B 55, 15 562
(1997).

[40] F.C. Zhang and T.M. Rice, Phys. Rev. B 37, 3759 (1988).

[41] L.F. Mattheiss and D.R. Hamann, Phys. Rev. B 40, 2217 (1989).
[42) H. Eschrig, Optimized LCAO Method, 1. ed. (Springer, Berlin, 1989).
[43] B.S. Shastry, Phy.s. Rev. Lett. 63, 1288 (1989).

[44] R. Raimondi, J.H. Jefferson, and L.F. Feiner, Phys. Rev. B 53, 8774
(1996).

[45] J.R. Schrieffer, P.A. Wolff, Phys. Rev. 149, 491 (1966).

Received by Publishing Department
_.on November 20, 1998.

24

Kosauesny XK., Xaitd P., [Inakuna H.M. E17-98-324
DexTnpras Monens Xab6apaa w1 miockoctH CuO,

¢ npuMecsiMH Zn

B pamkax KiacTepHO#M TeopHH BO3MYIUEHHI Ha OCHOBE p—d MOMEH NOCTPOeHa
AByx30HHast Moaens Xab6apaa ang MenHO-OKCHRHOM MJIOCKOCTH € Maloit KOHLIEHT-
patieii npumeceii Zn. IIpumecHsle cocToAHHA Zn Ha BakaHTHbIX Cu-y3nax onucaHbt
ONHOYACTHYHBIMH KHCIIOPOAHBIMU cocTosHMAMH Bannbe. Ilpennaraemas monens
OCHOBAHA Ha pe3y/bTaTax pacyeToB 30HHON CTPYKTYpPHI, MOMYYEHHBIX B paMKax
npuGnxenns nokanbHoi wiotHocty. [locnenyomas penykius 1ByX30HHOH MORETH
K OIIHO30HHOM f—J MOMIENN YKa3bIBaeT Ha CYIIECTBOBaHHE (PEpPOMarHUTHOIO CBEpX-
obMmennoro BiaumonedcTBusa Mexay Cu-cnuHaMH W GMiKailluMMH CMHHaMH B Zn-
gyeHKax.

PaGora BminonHeHa B JlaGopaTopun Teopernueckoil dusukn um. H.H.Borono-
6osa OUSIH.

[penpuHT OGLeUHEHHOrO HHCTHTYTA ANepHbIX Uccnenopanuii. Jybua, 1998

Kovatevic Z., Hayn R., Plakida N.M. E17-98-324

Effective Hubbard Model for Zn-Doped CuO,, Plane

In the framework of the cell-perturbation method for the original p—d model
an effective two-band Hubbard model for the CuO, plane with Zn impurities is

derived. Zn impurities are modelled by Wanniér oxygen one-hole states at vacant
Cu sites. The model is based on the results of band structure calculations carried
out within the local-density approximation. Further reduction to an extended r—J
model shows a large ferromagnetic superexchange interaction between the Cu spin
with the nearest virtual oxygen spin in the Zn cell.

The investigation has been performed at the Bogoliubov Laboratory
of Theoretical Physics, JINR.
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