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Abstract. 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 Wannier
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 t¢-J model shows a
large ferromagnetic superexchange interaction between the Cu spin with the nearest virtual oxygen spin

in the Zn cell.

PACS. 71.27.4+a Strongly correlated electron systems; heavy fermions — 71.55.-i Impurity and defect levels

— 74.72.-h High-T,; compounds

1 Introduction

In order to test different theories for the electronic
structure and a mechanism of high-temperature super-
conductivity in cuprates, many experimental studies of
impurity effects have been made (see, e.g., [1]). In com-
paring with other trivalent and divalent, magnetic and
nonmagnetic dopants, a striking peculiarity induced by
the substitution of nonmagnetic Zn ion with 3d'° closed
shell into the Cu site has attracted much attention.
The most unexpected result is a strong deterious effect
on superconductivity without changing carrier concen-
tration in low Zn-doped samples (see, e.g., [2]). At the
same time an appreciable reduction of the Néel tem-
perature Tx by Zn substitution was observed both in
LasCuy—yZn, Oy [3] and YBas(Cui_yZny)3064, [4] com-
pounds. In LayCuy—yZn,O4 compound Ty — 0 at Zn con-
centration 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 im-
purities increases [4].

The formation of the induced magnetic moment by Zn
substitution in cuprates was found out in several stud-
ies. Measurement of the static magnetic susceptibility re-
vealed the Curie law with static magnetic moment of the
order lup per Zn-site for the underdoped region which
decreased with Sr doping in Las_;SryCui_yZn,Oy4 [3,5].
NMR experiments in YBay(Cui_yZny)3O06+, [4,6] have
revealed that induced local magnetic moments resides on
the nearest neighbour Cu orbitals. The local magnetic
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moments induced by Zn doping were also observed in elec-
tron paramagnetic resonance [7] and pSR [8] experiments.
The local magnetic moments can be induced also by other
nonmagnetic substitutions with closed shells like AI** and
Ga3t [5,9].

In NMR and NQR measurements [10] the authors ob-
served a local suppression of antiferromagnetic spin corre-
lations near Zn impurities and an induced finite density of
states at the Fermi level. Further investigations by Gd3*
ESR [11] and by NMR [12] have confirmed that in the re-
gions 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
YBasy(Cui_yZny,)3O064+5 was obtained by inelastic neutron
scattering. In the underdoped sample with x = 0.6 the
quasi-gap behaviour in spin fluctuations at the antiferro-
magnetic wave vector (7, ) in the pure, superconducting
sample disappears upon Zn doping [14]. In the overdoped
compound with x = 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 re-
gion.

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 re-
sistivity close to the universal two-dimensional resistance
for a potential scatterer in the unitary limit, h/4e%. At this
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universal value of the sheet resistance for various combi-
nations of doped hole and Zn concentrations 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 Zn™? ion can-
not be considered just as an inert substitution in the CuO2
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 supercon-
ducting T for the d-wave pairing. As estimations show
[9,19], the pair-breaking effect due to induced magnetic
moments gives an order of magnitude smaller contribu-
tion in comparison with the experimental results.

Several theoretical models have been proposed to ex-
plain the anomalous behaviour of Zn impurity in copper
oxides [20-32]. In a number of papers the Zn impurity
in the CuOs plane was considered as a local nonmag-
netic impurity level at high energy in the Hubbard model
[21,22] or the ¢-J model [23]. Using the T-matrix de-
scription, bound impurity states within the Hubbard gap
were obtained. Due to strong Coulomb correlations in the
model, the bare local impurity potential becomes a dy-
namic one that results in the resonant scattering and
bound state formation of different (p, d-wave) symme-
tries in the gap. Formation of local magnetic moments
induced by a spin vacancy within the RVB theory in the
two-dimensional spin liquid in the underdoped cuprates
was considered in [7,24,25]. Influence of the impurity lo-
cal 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 Zn?* impurity in charge transfer excitations
between copper 3d and zinc 4s orbitals was pointed out
in [27]. To investigate the influence of nonmagnetic impu-
rities on the d-wave superconductivity several phenomeno-
logical models of Fermi liquid type have been also consid-
ered (see, e.g., [28-32]).

However, to justify the proposed simple models a mi-
croscopical theory of electronic spectrum for the CuOs
plane with a proper consideration of both the strongly
correlated 3d states on copper and zinc sites and 2p states
on oxygen sites should be developed. In the present paper
we propose a microscopical approach based on the orig-
inal p-d model [33,34] and derive an effective Hubbard
model describing a low-energy electronic spectrum of the
Zn-doped CuQOs-plane. Based on the band structure cal-
culations for a model CaCuOs compound with Zn sub-
stitution in Section 2, we conclude that Zn 3d'° 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 Section 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 Wannier oxygen doublet states. Further
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reduction to an effective t-J model in Section 4 reveals
a large ferromagnetic superexchange interaction between
the Cu spin with the nearest virtual oxygen spin in the
Zn cell. Conclusions are presented in Section 4.

2 Band structure of Zn-doped CaCuO,
compound

To obtain a first information about the effect of zinc im-
purities in cuprates we performed band-structure calcu-
lations. We have chosen as the basis of our investigation
one of the simplest undoped cuprates containing CuO;
planes, namely CaCuOs. It is an idealised parent com-
pound to the simple tetragonal Cag.ggSrg.14CuO2 where
the Sr — Ca substitution is necessary to stabilise the
tetragonal phase but is electronically unimportant. That
compound was also chosen in reference [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 a = 3.86 A and ¢ = 3.20 A. It
consists of CuQOs planes which are separated by Ca lay-
ers and is more three-dimensional than, say Lay;CuQOy4. 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 CayCuZnQ,4 having a twice as large unit cell.

The calculations were done in the local density approx-
imation (LDA) using the linear combination of atomic
orbitals (LCAO). Due to the relatively open structure
one or two empty spheres per unit cell for CaCuO; or
CagCuZnOy, respectively, have been introduced (in the
Ca plane). The calculation 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 op-
timise the local basis a contraction potential has been
used at each site [42]. The exchange and correlation part
was treated in the atomic sphere approximation, while the
Coulomb part of the potential was constructed as a sum
of overlapping spherical contributions.

The resulting density of states (DOS) for CaCuOs is
shown in Figure 1. The dispersion of the bands in the Bril-
louin zone is not shown but it coincides nearly with the
result given in reference [41]. In contrast with the expected
insulating behaviour of an undoped cuprate we obtain a
metallic state due to the neglect of strong electron correla-
tions in the LDA. The Fermi level lies in the antibonding
copper 3d — oxygen 2p band. The main effect of the elec-
tron 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 elec-
tronic structure of the valence band are less important. We
show also the partial Cu- and O-DOS in Figure 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.
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Fig. 1. Total and partial densities of states for CaCuO;. The
Fermi level corresponds to the zero of energy.

Let us now compare the DOS for Ca;CuZnO,4 (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
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 hybridisa-
tion between copper and oxygen). Besides that difference
concerning the zinc d levels there is some similarity in
the valence band structures of CaCuOs and CasCuZnQOy.
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,2_,2 and in-plane oxygen 2p orbitals. But its
bandwidth is smaller for CaoCuZnO,4 due to less copper
neighbours 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 impu-
rities. There is nearly no Cu 4s DOS at the Fermi level
in Figure 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 the results of band structure calculations
presented in Section 2 we neglect the Zn orbitals in a tight
binding modelling of Zn-doped CuOs plane with the main
effect of Zn doping being a creation of vacant Cu-sites. At
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Fig. 2. Total and partial densities of states for CaoCuZnQ4.
The Fermi level is at zero energy.

the same time we suggest that the energy levels of O-2p
orbitals are not considerably changed by substitution of
Zn?* for Cu?*. Therefore, in a conventional tight binding
description of the CuO2 plane with copper 3d,2_,» and
oxygen 2p, and 2p, hole o-orbitals, one can model Zn-
impurities by vacant 3d,2_,» sites. Taking into account
only the most important terms, in the limit of strong cor-
relations at the Cu-site (U; — o0), we consider the fol-
lowing p-d model Hamiltonian [33,34]

H=¢ Z Ciz;gio + € ij;:wpma
i mo

+ D (thnd pme + Hee)
imo
+ Z (& ProPno + Hec.), (1)

mno

where i-sites contain only Cu (i.e. ¢ 3 Cu) and m,n sites
contain O atoms (i.e. m,n > O) while the the sum over
Zn-sites, being vacant for the Cu sublattice, is omitted.
Here €q and €, = €4 — Apq are the energies of the lo-
calised holes on Cu and O sites, respectively. The sign
of the hopping integrals tf;i = tpasgn(Sim) and PP =
tppsgn(Smn) are chosen according to the sign-convention
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for the coefficients Sim, Smn used in [39]. The fitting pa-
rameters of the model are the difference between the en-
ergy levels, Apq = €, — €q >~ 4 €V, and the hopping inte-
grals, t,q ~ 1.5 eV and ¢, ~ 0.6 €V (see, e.g., [36-38]).
We used the hole representation in equation (1) with the
vacuum state |3d1°2p%) for both the Cu and Zn sites where
J;';, = d;-';,(l —n,5) operators create a hole on a copper site ¢
providing that there is no other hole with the spin ¢ = —¢
and the operators p;!  create a hole with the spin o on
the oxygen sites m, o = +1.

Using unitary transformation from the Fourler compo—

nent of the original canonical Fermi operators {pqo— ) pgé}
to the canonical Fermi operators {bqe, aqo} [36,43,44]

bao P9
=S| |, 2
(aqv ) (p((fif) @

i ( Sy —qu>

i ) 3
ol ®
Wh(-ere )\g = 52 + Sgy, Sga = 8in(qa/2), a = (v,y), one
derives

H = ¢4 Z cijgc?w + €p Z(b

with [39]

b, Sy
jo’bJ‘T + ajaaja)

+2tpa Y _{A( — §)d i bjo +He}
ijo
_tPP Z{ﬂ(k - j)(b—k‘rabjf" - ago'ajc")
kjo
—v(k — j)(akabJU + bkaaﬂ")} (4)

Here the operators bjt,(ajt,) acting on the vacuum cre-

ate holes with the spin ¢ on the orthogonalised oxygen
Wannieér orbitals associated with the cells ¢ 5 Cu and
j,k > Cuor Zn.

The corresponding Wannier coefficient is given by

v} —j4) = NZ{A p, v}qe TR - (5)
where p, = 852,52 /A2 and v, = 454,85, (52, — S2,) /2.

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 j, 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 + Hhopv (6)
where

P (=) (+)
Hipe = €2y diydic + Y (€, blbjo + ¢, alas0)

SV by + ), ™)
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Table 1. Coefficients of the oxygen Wanniér orbitals (5).
R(i — j) is the radius vector connecting cell sites ¢ and j,
%X and y are the basis cell vectors. Only the coefficient v
has sign-changing symmetry: v(z,y) = —v(y sgn z,z sgn y)

[37,39].
R(i — j) A I v
0 0.958 1.454 0.0
X —0.140 —0.546 —0.266
X+y —0.023 0.244 0.0
2% —0.014 —0.128 0.082

where ¢ > Cu and j > Cu or Zn, prd = 2tpaMo and E;E;i) =

€p + /J()tpp .

Hyop = > {VEYdfbjo + H.c}

i#j,0
— Z {Vﬁf b+ bkg a akg)
Jj#k,o
— Wik (a),bro + blyaks)}, (8)

where ¢ 3 Cu cells and k,j 2 Cu or Zn cells and

d . . . .
‘/i]; = 2tpa A(i — ), Vzgpztpp (i — j),
Wiz;'p = tpp (i — ). 9)
Exact diagonalisation of the intracell part Hic, for the

cells containing Cu, gives the lowest one-hole, predomi-
nantly d-type state

|Do) = cos f1d}|0) — sin61b}(0),
with the corresponding energy

1, - 1
ED = 5(613 =+ Gd) 2
The lowest two-hole state which can be identified as the

generalised Zhang-Rice singlet [40] is given by

(e —ea)? +4(VEH2. (10)

|¢)) = cosfo— (dJ“bJr djb¥)|0) — sin 92b$bf|0),

7

with the corresponding energy

1.

1 _
By =306 +e) - 5/l — e + 80402, (1)

|
-) _ €a)? + 4(V0pd)2

(=) _
" } (13)
) €a)? + 8(V0pd)2

1

E{H v

For cells containing Zn, the lowest one-hole doublet states
|bo) = b}|0) has the energy €\ ) = €, — fiotpp.

cos By =
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Reduction to an effective two-band model is achieved
by reducing the size of the Hilbert subspace to the
lowest states in the one-hole and two-hole sectors
[36-38,44], leaving only one-hole doublet states |bo) for
impurity cells. By introducing the projection Hubbard op-
erators X7 = (Ja))i((8]) for the quantum states |a), |3)
in the cell 7 we obtain

Hie ~ Ep Y XP7P7 4+ By Y X

i

— bo,bo
e D X,
ko

(14)

H}EJOI;—Cu ~ Z {t;l;wxzb,DanDa,w + thXiDO'70X;),DO'

i#j,0

D /~-Do,0 D3,
+otyP(XP7OX PV + e}, (15)
u—7Zn b ,D& ~-0,bc
H}?op Zn Z {tf}C J(sz X, +He.)
i#k,o
+tRo(xPOXY 4 Heel)), (16)

where now and what follows we use the indices (i, j) for
the cells with Cu (4,j > Cu) and the index (k) only for
the impurity cells with Zn (k > Zn). The effective hopping
parameters between the cells containing Zn and Cu are
given by

t;@w = wa‘/;?d — A%yrp

DD __ pd PP o2
Vij s ti —KDDVij —Vij sin“ 6y,

1 = Kyp V' + AV sinby, 137 =AaViR! = AVEY,
(17)
ti[,)cb = Vi’,';d cos by + VP sin 6,
where

wa = 2AdAC, KDD = -2 sin01 COSOl,
Kyp = Accosfy — Agsinby

with the corresponding coeflicients

1
Aj; = ———=sin#; cos by,

V2

A, =sinf sinfsy + % cos 01 cos 0.
In this way, we obtain a two-band Hubbard-like model
with one-hole Wannier oxygen levels in the Zn-cells. By
neglecting Hfé’p_zn term in the limit of low Zn-impurity
concentration, we can write the effective two-band Hub-
bard model for CuOs plane with Zn impurities in the final
form:

H ~ Hye + Hg b O + HEW ™ — uN,

(18)
where p is the chemical potential and

N=Y x4+ xP7P 4y x (19)
% o ko

is the number operator for which [N, H] = 0 is satisfied.
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4 Reduction to extended t-J model

In order to compare the corresponding ¢-J model for a
pure CuOs 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 sin-
glet and one-particle bands, it is convenient to rearrange
the Hamiltonian (18) in the following way

H=Hy+H +H, (20)
Hy = Hioc — uN, Hy =Ti1 + 1o,
H, = (T2 + Ty, + Ty5) + Hee,,

where

DD yDo,05-0,Do
g tii X Xj ,
i#5,0

Do x-Do,
X e,
i#j,0

To

Ty =Y otiP X 70X,
i#],0

b y-b0,0 v~ D&,
T = ) oty XX 7Y,
i#k,o

Z tgcin[)a,ng,ba’
i#k,o
where 7,5 © Cu cells and k > Zn cells.
Using the Schrieffer-Wolff transformation [45]

- 1
H:eSH87S2H0+H1+[57H1]+§[’5’7H{]7 (22)

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

S = (AT, + BTy, + CTy;) — Hee., (23)
where the coefficients are
1 1
A=, BT o R
2Ep — Ey Ep —Ey +¢p
1
C=——. (24)
ED — 6(_)
Performing the commutations in (22), one obtains
- 1 -
H:HO+H1+§[S7H{]2X+H3X7 (25)
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where

D Do,Dé x~D&,Do
[s Hilox = —A > (t8P){x] X]
i#],0
XDa DchDa DU+X¢ OXO 111+X1/1 wXO 0}
_B Z td}b XDo’ Do‘Xbo' bo
i#k,o
XDO' DaXbo' ba + Xw wXO 0}
_-C Z t {XO OXbo’ bo XiDmDUX]S,O};
i#k,o
(26)

where 7,5 > Cu cells and & > Zn cells. The remaining
part Hsx with products of three Hubbard X-operators at
different lattice sites

Hyx =[S, Hilax + 5 [S Hilsx (27)
is given in the Appendix.
Now we introduce spin operators for Cu-sites
1 Do,Do So Do’ Da
=5 > ox b, = (28)

and a spin operator for the oxygen orbital |bo) at Zn cell

= % Z JXza’bG,

with ¢ = £1. Then we obtain the effective Hamiltonian
in the form of the corresponding ¢-J model for Zn-doped
CuOs-plane

s7 = X7, (29)

_g:_go-l-_gt-l-_gj-f—ﬂ—g,x-f—ﬂﬁ (30)
HO—ZED XDJDU+Z~() Xbaba

io

+ZE¢ ()XY, (31)

Z tDDXDaOXO Da+ Z thwa Do’XDcrw

i#5,0 i#5,0
(32)
1
Hj; = ZJDD ZNiNj)
i#£]
1
+ Z JRY (si “s) — ZN”““> : (33)
i#k
=24 ( (P2 X 0X
i#]
+ DD ABUR + CURNXIIXT (39)
i#k,o

where N; = 3 xpobe 4 2sz’¢ and ny = > X,g”’b”.
The second sum in AH describes density-density interac-
tions between impurity and host lattice sites. The first sum
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in AH and H. sx contain double hopping processes between
bands and they are of second order in effective hopping
parameters. The effective superexchange integrals are

TP = —2A(t1P)? > 0,

JRY = —2B(t%)? < 0.

(2

By taking the conventional values of the model parame-
ters, Apq =4 €V, tpg = 1.5eV, t,, = 0.6 €V, we obtain for
the energy differences in the coeflicients (24) the following
values (in eV):

Ew —2Fp ~ 375,
i) — Ep ~ 4.84.

Ep+¢€,) — Ey ~1.09,

The corresponding hopping parameters and the exchange
energies are presented in Table 2.

The effective energies in (31) are

Ep(i) = Ep — p+CY_(th")?
ki
(=) (=)
& (B)=¢, —p—C> (th) (37)
itk
Ey(i)=Ey—2u+Y JOP+Y IR0 (38)
i ki

The shifts of the on-site energies in these equations are
of the order of small exchange energies and can be disre-
garded.

Depending on the position of the chemical potential
in the one-hole d-like band (electron doping) or the two-
hole singlet band (hole doping) one can consider in the
low-energy limit only the one-band effective ¢-J model
with the corresponding single site energy in equation (31)
and the hopping energy in equation (32), and the exchange
interaction, equation (33), which includes both the Cu-Cu
and Cu-Zn lattice cell spin exchange interactions. How-
ever, the filling of the bands will occur in such a way
that after filling the d-like band at first the two-hole sin-
glet band will 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 Ey — 2Ep ~ 3.75 eV and the doublet excitation

energy eé ) — Ep ~ 4.84 €V when all Cu cells are occu-

pied by exactly one hole and the Zn cells are empty. So
we can understand the spin operator equation (29) for the
oxygen orbital |bo) at the Zn cell in equation (33) as a vir-
tual spin. Exchange interaction of the Cu spin with it just
takes into account the second order perturbation due to
the hybridisation between singlet states at Cu cells with
the oxygen doublet states in the nearest Zn cells. As the
estimations show, we have quite a large ferromagnetic ef-
fective exchange interaction between the Cu spin and the
virtual oxygen spin at the Zn cell.
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Table 2. Values (in eV) of the hopping parameters (17) and
Apg =4eV, t,ga=15eV, ty, =0.6 eV.
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the superexchange integrals (35, 36) for the model parameters:

R(i — j) ter bP il e b JEP Jhb
% 0.402 0.454 —0481  0.384 —0.528  0.124 —0.270
%+y  —0059 0.022  0.002 —0.095  0.015 1.6x107° —0.017
5 Conclusions Appendix

In the present paper we proposed the effective two-
band Hubbard model for CuO5 plane with Zn-impurities,
equation (18). Based on the band-structure calculations
for the model systems, CaCuOs and CasCuZnOy, we de-
scribe 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 Wannier states in Zn cells. For the undoped
case the excitation energy for the Wannier states is rather
large (6;,7) — Ep ~ 4.8 V) to produce strong effects. How-
ever, at finite doping an exchange between holes in the
Cu singlet band and the oxygen Wanniér states at Zn
cells can result in a strong scattering due to much smaller

excitation energy Fp + e,()_) — Ey ~ 1.1 eV. This can ex-
plain 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 ¢-J model, equation (30) ob-
tained by further reduction of the two-band model (18). In
the ¢-J model the Zn-impurity cells are described by vir-
tual 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 anti-
ferromagnetic spin correlations in CuOs plane and on the
superconducting transition. The results of these studies
will be considered elsewhere.
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The three site part (27) of the effective ¢-J model can be
written in the form:

Hsx = Z aH, (o),
a€e{A,B,C}
Hix (o) = HYY (o) + HPP (o) + Hig(e), (A1)

where the coefficients A, B and C are given in (24) and
where

gg;p( Z { Uth tDDXDcrOXDa OXOw
i#j#Em,o
+XPOXPOY X POy 4 Hel
YD pD (59,0 xDG,Y 5-0,D5
F PR (X PO X P X0 P
+ XP7OX R PTXT))
1 _ _
YD b 51,0 x- DG 1p x-0,b
+§ Z [t e X X7 X ™
i#j#k,o

— oty PR X PTOXTOX D) + Hee],  (A2)

Z{ th tDDXDa O(XO ,0 XDU‘ DG)XDJ,qp
i#j#m,o
+ t;pnd;XiDa,O(ija,Da + X;b,w)Xga—,w) + H.c]
n t;{;Dt¢D(XDU,0XjD6,D6X2{Da
+XP7OX VXD
& v Do,Do D&,
— XpPTX PP P
1 D b/ v Do,0 v D&,D& 0,bo
+5 > B TXPTPTX
i#j#k,o
+ XDU,OX#J,wXO,bU)
+ O_tht (Xba OXO O)(Da,l/,y
bo’O Do,Do Da,
+X70X PPOX PO L Hee,

o X%,Dﬁxjﬁ),oxf)c?,w

(A.3)
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H55(4) = > AlottP(—thP x 70X D7D x Pov
ijAm,o
+ X PIOX PP X DYy L Heel

_ t;@Dtﬁf (X?U’OXJD&’DJX&D&
_ X%’D"XD”’D‘_’XZD&W)}

1 Z [(thtwaDcr OXDcr DchO b
i#j#k,0
+Utht Xbo’ OXDJDO'XDG,w>+HC]

(A.4)

H%(B) =

3X

Z (tﬁbthXDaoXbaoXow
i#j#k,o
1 _ _
YD )b 1,0 v-0,b6 v D&,
— SHPEX X)X
1
Pb bo,0 y~b3,0 10,7
—5 Y othRXITOX X}+Hc
i£k4£K,o
(A.5)

7 b bo,0 v Do,D& Do,
aEP(B) = Y {|(athits (xprOx PP X P
i#j#k,o
+ X};J’OXZp’wXD&’d))

1 _
4= Utwbt (XDU' OXO OXDO',w XJDJ,OXIZC)O',bGXiDO',w)

2
1 o a,Do o

oty (XX PTPTXR

+ Xf’”’OX?"""X,S’b")) + H.c.}

+t1¢;€bt;plf(X¢,DaX0 OXDa,w T X¢,D5Xba,baX;3&,¢)}

p>

i#k#K,o
b XEOXPXY)

pb d}b bo,0 y~D&,D& ~-0,bo
£ (x b0 x PouD7 ¥ 0,

(A.6)

HP,S)‘?(B): Z {{( td)btwabaOXDaDaXDow

ik “ij
i#j#k,o
1 ot2D! b X D70 xbbo Do
2
1 _ _
— SHPERXPTOXPTPOX)) + Hee|
t;z;cbt;plew,DaXba bJXDJ,d)}
- > t0beh x b0 x Do Do x0ba (A7)
Iy

_ 1
Hg;ﬁ(C) = Z [_ 5 tht XDa OXba OXO’w
i#ith.o
Dbt 3 Dot 30,b0 51,0
— R XY X X
1
= Y otthBixprOXITOX 1"} +He,
i2k£K,0
(A.8)
PPy = > {|(RHBP (P Ox PO x
i#iFho
+ XDJ,OXPG,DJXIS,bJ)
1

_5 td)Dt (Xba OXO O)(Da,d,y +Xba OXDU DUXDU,w)

L 4b,Db( 5 Do.0 50,0 5 Do,
+§atfktjk (XP7Ox0x P

+ Xf"vox,‘;"v""xf"’vw)) + H.c.}
+tirl>€btﬁb(XiDa,oX£,0X;),Da + Xi[)a,OXza,baX;),Da)}
i£k#K,o

+ X?,OXiDU,DUXI(c),bU)’

b, Db b0,0 v-0,0 4~ 0,b0
K(XK Xz Xk

(A.9)

Z {[(tﬁbtngjD&,oX?a,Dan,ba

i#jF#k,0

_ %U ﬁbt;b’DXb&,OXng’D&X?&ﬂp

+ ;atwbt XD‘T OXba bU'XDo-,qp)

+He]+ tD tjk Xf)”’OX,i"”b"Xg»D"f}

COY R OXE X (A0)
i#h£K,o

where i, j,m > Cu cells and k, K 3 Zn cells and in the
summation all three lattice cites are different.
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