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ABSTRACT

The band structure of doped high-T. superconductors
(La,_,Sr.CuQy, etc.) is considered. Strong. electron-
electron Coulomb interaction as well as strong coup-
ling with the excitons play an important role ir; thg
band formation. The charged quasi-particle in x"—y
band has spin S=0 with small admixture of §=1
state. Close to the lowest x* —g? band there is 2* band
(AE<1eV) with S=1/2 quasi-particle. Dependence
of frequency of Cu nuclear quadrupole resonance
(NQR) on x is considered.

© Hucruryr sdeproti pusuku CO AH CCCP

RESULTS OF CALCULATION

Transfer integrals for /—¢# —J model which describes the mo-
tion of a hole in the background of spins are determined. Here ¢ is
the effective transier integral for hopping to nearest cell, # is the
transfer integral for hopping to next nearest cell (diagonal hop-
ping). Structure of quasi-particle is characterized by the following
probabilities: P(d”) =P (d®) —two holes on Cu, P(dp)=P(d®) —one
hole on Cu and one hole on O, P(pp) =P (d'’) —two oxygen holes.

x*—y* band: t=0.18 eV, ¥=—0.06eV, m~n..
P(d®) =27% , P(d’)=65% , P(d"")=8% .
2’ band: t=0.10 eV, =0025¢eV, m~5m.,
P(d®) =P(¥* — i, %) =57%,
P(d®) = P(Z) + P(* — i?) =30+ 10=40%, , P(d'") =3% .

X-dependence of NQR-frequency for Cu in La, ,Sr.CuO,.

If we suppose that concentration of holes in CuO, plane equals to x
then

Lt il =40 MHz,
dx

20 o MY

dx

For v(x=0.12) —v(x=0) experiment gives 5 MHz in agreement
with x*—y* band result. At x> 0.12 dv/dx is essentially smaller.
Probably it means that number of holes in CuO; plane very slowly
increases with x at x> 0.12. The other possible explanation of the
small value of dv/dx is the crossing with the oxygen n band.
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INTRODUCTION

Since the discovery of the high-T. superconductors a number of
band structure calculations have been published [1]. The main part
of this works are local density band structure calculations. This
approach fails to explain the fact that pure La,CuQO,4 is insulator,
The situation is better in local spin density approach, but still there
are the problems with localized magnetic moment in antiferromag-
netic state, noncentral Coulomb mteractlnn and strong electron-ex-
citon coupling.

We think that it is evident now that one should consider the
undoped materials (e. g. La:CuQO4) as Mott-Habbard insulators.
More exactly, these materials are charge transfer insulators in
Zaanen— Savatzky — Allen scheme [2]. In this approach there is no
problems with the value of the localized magnetic moment. The very
important test is the calculation of the frequencies of nuclear mag-
netic and nuclear quadrupole resonances for Cu [3].

In this situation it is natural to calculate the band structure of
doped system (e. g. La,_,Sr.CuQO4) considering the holes in
charge —transfer insulator in tight-binding approximation. In previ-
ous paper [4] we did such an attempt, but there we strongly ove-
restimated the oxygen 2p-orbitals splitting (see discussion in the
Ref. [3]) and did not take into account the oxygen-oxygen hopping
matrix element ¢,,. Therefore we got the wrong order of bands in
Rei. [4] and had the problems with the explanatmn ol melting of
magnetic order.

In the present paper we calculate the band structure of the hole
doped CuO; plane basing on the parameters checked in the calcula-
tion of the frequencies of nuclear resonances. The strong interaction
with the exciton and noncentral Coulomb interaction are taken into
account in the variational wave function. The weights of configura-
tmns dap“ d9p5 d'°p°p® are estimated. The lowest hole bands are

—y? and 2% The dynamics in the x*—y*® band turns to be close to
that in the Hubbard model as well as to {—1{ —/ model for singlet

pair motion [5, 6]. The difference from the simple Hubbard model

arises due to the close z* band.

CALCULATION OF THE HOLE BANDS

It is well establishéd that for undoped case CuO; sheet is insu-
lator with electronic configurafjon d’p® (d=3d copper orbital,
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p=2p oxygen orbital). The 3d-hole is in the state x>—y* (x and y
axes lie in the CuO: plane). It should be noted that there is 17%
admixture of the configuration d'°p® [3]. It is virtual admixture of
charge transfer excitation. The energy of this excitation equals
17 3

A= E(d"°p®) — E(d°p®) =5 eV . - (1)

The excitation d°p®d®—d'°p®d® has the energy Uss=6 eV [7].
The value of A is slightly larger than that excepted in Ref. [8]:
A~3 eV. We should note that precise value of A is not very impor-
tant. It is essential only that A is larger than hopping matrix ele-
ment to provide undoped system being insulator.

In the calculation we use tight binding approximation and
include in the basis set the 3d state of Cu ion and 2p-state of
oxygen ion.

3d: 13y’ 12005 1oy, [x2), |y2),
2p: ix>, uy. |23 (2)
Let us list all the parameters we will use. The hopping transfier

integrals of the hole are as follow.

1) Cu-O hopping. Link directed along x axis:

oo gtv= =X (pdo),  tg,= L (pda),
2 2
(pdo)=16 eV, (pdn)= —0.8 eV. : (3)
2) 0O-0 hopping
top=(ppo) = —1 eV, (ppn)=0. (4)

Let us stress that (3), (4) describe the hole hopping. For the elec-
tron the transfer integrals are of opposite sign. The values of tran-
sfer integrals (3), (4) are close to generally excepted (see e. g.
Ref. [1]). We have checked this values by calculating the constant
of superexchange Jss; [7] and the frequencies of Cu nuclear quad-
rupole and magnetic dipole resonances [3].

The Coulomb integrals of the second and forth multipolarities
for the 3d electrons can be found from the Cu ion spectrum [9]:

F:=0245 eV, F,;=0.017 eV. (5) -




According to the photoemission data (see e. g. Rei. [10]) the
energy of separation of 3d electron from Cu®* in the compounds
under discussion is equal to the energy of separation of 2p electron
from O*~. Thus

E(d°p®) = E(d°p®) . (6)

We should stress that here E(d°p°®) is the center of configuration,
i. e. the value averaged over all possible LS-states of d*pair.

The electronic band structure problem is closely connected with
the problem of magnetic structure. The melting of the antiferromag-
netic order at the doping is due to the strong interaction of moving
hole with magnetic system. To avoid this problem at the first step
let us consider the hole band structure in the ferromagnetic state,
similar to Refs [11, 4].

In this case without doping all the 3d holes are in the state
|x>—y*),. Let us add one additional hole of the symmetry
|x*—y*). Due to the Pouli principle it has spin down: [x*—y?),. If
we choose the average energy of 3@* configuration to be zero

(E(3d°) ) =0. (7)

then due to the Coulomb interaction of the second and fourth multi-
polarities (5) the energy of the state |1)=|x—y?),|x>—y?),
equals

The next point is the exciton contribution [4]: the |x*—y?), hole
can virtually hope to the nearest oxygen. It can not move further to
the following copper due to the Pouli blocking. Let us denote by a,
the creation operator of function |x*—y®), hole and by b, the crea-
tion operator of 2p, oxygen hole. Then the exciton-like mixing is

ri) =ﬂ1n ﬂ#ﬂ*lf} = v1—452 ﬂ_.ral—ﬁ(bﬁ—bﬂ—b“—kbﬂ.) a,. {g}

The oxygen ions denoted by 2, 3, 4, 5 are pointed at Fig. 1. The
signs = before b; in (9) are due to the signs of 2ps-functions with
respect to x* —y* Cu function in the point of their overlapping.

The energy of the state |T) equals '

E1=e1 (1 —48) +48%,— 43 £ /1 —4E2 (pdo) 4 ‘;? g S 1)

Fig. 1. CuO; plane split into the elementary cells. The cross corresponds to the Cu
ion and the circle corresponds to the oxygen.

Here ¢, is the single-particle energy of 2p-hole at oxygen. According
to the Eqs (6), (7) e,=0. The £ in Eqgs (9), (10) is the variational
parameter and we should find it at the final step.

Consider now the motion of a spin down hole. It is not blocked
by Pouli principle and the Bloch wave arises. It consists of the
states |T) and |[x*—y?),[p,),

¢k=——jﬁ %{a|i‘>+af(ﬁbu+wb3+:}}exp{i&'a}, (11)

If we neglect the #,, the dispersion is

= (8 ol (o () e (B8}

Here t%:—jg—sT(pdn)wil—4_2, a=3.81A=72a is the lattice period.

To take into account #,, and mixing with other configurations (="
XY, p. etc.) we have carried out numerical calculations. It makes
deeper the bands bottom. The lowest energy corresponds to k,,
ky=t£n/a (let us remind that we discuss the hole band but not the
electron band).

_ The Eq. (11) takes into account the hybridization of the states
d* and dp. The other types of configurations are p* and pp. We neg-
lect the contribution of high state p? As far as pp is concerned it

can be added easily to the Bloch wave (11):

-




ll?ff=,]—ﬁ. Z{Mr}—lﬂitﬁﬁf}zl—}-?bm}—l— ) Wby hn} explikry) . (13)

i i =
1.2.3.4

Note that there are two ways of hole movement here. The first is
d*p°d*—d*p*d*—~d’p°d®, the second is p°d°p®—p°d'’p®—p°d’p>. Accor-
ding to the Eq. (1) the energy of pp configuration is A=~0o eV.
Therefore its admixture is rather small (~10%). It pushes down
the bottom of the band by ~1 eV.

Fig. 2. Position of the bottom of the x*—y? 2%, and xy bands as a function of the
(pda).

The lowest energy of the x*—y° band as a function ol hopping
parameter (pdo) is plotted at Fig. 2 (solid line). Other hopping
parameters are scaled proportionally to (pdo), e. g.

1 eV
1.6 eV

(pda) .

II"J,JP = —

The weights of configurations P;, eflective mass m~ and ampli-
tude of exciton admixture & near the bottom of the band are as
follow:

iegfom =08mg, 1 E=031;
Pd}) =a®(1 —4E%) =0.27;
Pdp) =42+ 1p12 41712 =0.65;
P(pp) =) 1®1*=0.08. (14)

i

The calculation of 2%, xy, xz, yz bands is very similar to that for
«?—4? band. The only difference is that the spin of the band ho!g
can be parallel or antiparallel with respect to the localized x*—y
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hole. According to Hund rule the configuration with parallel spins
has lower energy and we consider this case. It is possible to con-
sider averaged case (it corresponds to antiferromagnetic order of
x*—y* spins) but the difference between these two cases is not
large (0.35 eV for 2’ band). Moreover the estimation shows that
higher order correlations suppress this diifference to ~0.1 eV.

The Coulomb energy of the state |x*—y®),|2?), equals

E'.]=H-—SF2——~9F4=—2.11 EV, {15}

For the xy band we have |x*—y*), |xy), and

g1 =4 Fy—69 Fy=—0.19 eV . (16)

Similar to x*—y* band calculation, the hopping of the |x?—y?),
hole to the nearest oxygen gives coupling with exciton (compare
with Eq. (9)) and motion of |z*) or |xy) hole leads to the band.
We use all the configurations d? dp, pp as the basis for numerical
diagonalization of Hamiltonian matrix. The lowest energy for z* and
xy bands corresponds to k. k,= +n/a. This lowest energy as a
function of (pdo) is plotted at Fig. 2. (We suppose that

. I%aN
(pdn) = (—1/2) (pdo), tpp= TS,
amplitudes of exciton admixture § and the weights of configurations
are as follows:

z: band: m" =b5m., £=0.29;
P(d%) = a’(1 —48%) =0.57 ;
P(dp) = P(Z) + P(X* —if*) = 0.4 ;
P(z") =40 =030, P(X*—y*) =|pI®+ |v/2=0.10;
Ppp)=) |®yl*==0.03; (17)

it

(pda).) The effective masses,

xy band: m"=88m,, E=0.35;

P(d%) =0.46 ;
P(dp) = P(Xij) + P(Z*— %) =0.4540.07=0.52 ;
P(pp) =0.02. (18)

We would like to remind that P(d*) consists of P(x—y) which is
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due to exciton and P(z?) or P(xy) which are due to the Bloch
wave. The both contributions are presented at Eqs (17, 18).

Note that at k. k,= +n/a the mixing between the bands
x*—y? 2% xy, xz, yz is forbidden due to symmetry selection rule. Ii
k deviates from this points the mixing matrix elements are propor-
tional to 8k* and they are small in interesting region of 8k. There-
fore the mixing could be important only in the vicinity of the cros-
sing of different bands. Moreover, this mixing is sensitive to spin
structure and ferromagnetic model probably overestimates it.

The calculation of xz, yz bands shows that they are close to xy
band. Thus the lowest band is the x*—y* band (see” Fig. 1). The
splitting between x*—y* and 2° is about 1 eV. It should be noted
that we do not know exactly the matrix element {,, (the superex-
change and nuclear resonance frequency are not sensitive to it). If
we set f,,=0 the bottoms of these two bands become practically
degenerate.

Stress that noncentral Cnu!nmb interaction of 3d holes is impor-
tant here. Just this interaction pushes down z* band and reduces
the interval between x*—y? and 2* bands.

Thus our calculatmn shuws that at small dopmg hole states at
Fermi surface are of x?—y® type. However it is possible that at
some f{inite doping the Fermi level crosses the bottom of the z
band. In this case the states at Fermi surface became mainly of 2°
type due to large effective mass in this band (Eq. (17)).

From the photoemission data [10] we know that the distance

between the center of 3d-peak and Fermi level is about 4 —4.5 eV.

The position of 3d-peak center is shifted from zero (Eq ( )) b
—1 eV due to correlation in the initial state |p®d°p®) =|¥*—§@*)
(Ref. [3]). Let us suppose that Fermi level is about 1 eV abmre the
bottom. Then we see from Fig. 2 that at (pdo)=1.6 eV our calcu-
lation agrees with the experimental distance between the center af
3d peak and Fermi level.

It is necessary to say a few words about oxygen m-orbital band
(for CuO link directed along x axis, |o)=Ipx), |m)=Ipy)).
Energy of the bottom of this band and effective mass are approxi-
mately equal to

pn baﬂd ; E(k_}c, kyz iﬂ}{ﬂ) :En_g|fﬁlp| +$EP,E5

m° =~ me, (19)

Here AE,,~ —1 eV is the shift of the band bottom due to mixing
' 10

— =

with two oxygen hole states (excitation p°d’p®—p°d'°p®), e. is the
splitting of: 0 and n 2p-hole energies (we set &,=0). This splitting
probably - <1 eV, however the value eg,~ —2 eV is not excluded
(e. g., splitting between:o- and m-orbitals in CuO molecule is just
2eV). If we take g,=—2eV and {,;,=—1eV, we get
E.= —5 eV. It is very close to the energies of x*—y* and 2* bands.

THE FREQUENCY OF NUCLEAR QUADRUPOLE RESONANCE FOR Cu

We calculated the frequencies of NQR and NMR for undoped
CuOs; plane in the Ref. [3]. In the doped system the NMR-frequency
practically vanishes [12]. As far as we understand this is the con-
sequence of spin liquid type of magnetic structure. The frequency of
NQR does not change drastically but slightly depends on the
doping. The calculation of this dependence can elucidate the ques-
tion of electronic structure.

x*—y* band

~ It has been shown in the Ref. [3] that the contribution of
x*—y?-hole to the NQR-frequency equals (all numerical values are
presented for ®Cu nucleus)

%—bgg —89 MHz. (20)

With no doping this hole is at the Cu ion with the probability
] —4a*=0.835 [3]. In the doped compound additional band holes
arise (see Eq. (14)). The total contritution of 3d-holes to the
NQR-frequency equals

—g-bag (1—8) (1 —4a?) +8[2P(@) + P(d)]} =74 MHz+5-32 MHz. (21)
Here & is the concentration of additional holes per cell (=1 cor-

responds to one additional hole in every cell). The contribution of
oxygen electrons to the NQR-frequency is of the form [3]:

% by, {B2(2p,4p) +BE(2s, 4p) — B2(2p, 4p) —

— B2 (2p, 4p) — PB5(2s,4p) + B3 (2p, 4p)} = — 42 MHz. (22)
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Here b,,= —65MHz is the quadrupole constant of Cu 4p-electron
and f; are the decomposition coefficients of oxygen wave functions
in terms of copper wave functions. The details of calculations and
numerical values of pB; are presented in Rel. [3]. Due to the doping
the holes at 2p,-state of oxygen arise. The corresponding contribu-
tion to the NQR-irequency equals

S / W
— =-0P(d) b3, B3 (2p. 4p) =6-8 MHz. (23)

The NQR-frequency is the sum ol contributions (21) — (23). Thus
we obtain for x*—y” band

BY aodt), 3AE Lo (24)

db

2? band

Simple calculation shows that the contribution of localized z*-ho-

le is just opposite to that of x*—y*-hole. Therefore using the
Egs (17), (21) we obtain for the case when doping leads to the z°
band holes

dv 2 2y = =
— ==z | —(L—4e)) +| AP =17) P2 [

s %P(J} bsp B7(2p, 4p) = —87 MHz. {29)

xy band
The calculation similar to that for x* —y® bands gives
dv

2 ) . — =
5 = 7 baal —(1—4a%) +[2P(@®) + P(d)]} —

e % byy| Plxy) B2 (2p, 4p) — PU*— i) B2(2p, 4p)} =59 MHz.  (26)

Now we can compare our calculations with experiment. The
dependence of NQR-frequency on x for La,_ . Sr.CuQOs was observed
in Ref. [12]. The measurements have been done for 0.12<<x<<0.4.

For small x certainly 8=x. Therefore from Eq. (24) for x*—y’
band we get

v(x¥=0.12) —v(x=0. ) =5 MHz. (27)

12
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This value agrees very well with experimental one [12, 13]. How-
ever at x> 0.12 the experimental slope is smaller [12]:

& 10 MHz. (28)

dx

We can try to explain this fact following the statement by Shaifer
et al. [14] that for x> 0.1--0.15 the concentration of the holes in
CuOs plane & very slowly increases with x. From experimental data
[12] and our calculations we estimate the maximal concentration of
the holes in CuO; plane: §,,,, =~=0.15-=0.2.

There is no hint in the experimental data for the crossing of 2*
band by Fermi level. This crossing would be evident in x-dependence
of NQR-irequency due to large negalive derivative for 2* band (see
Eq. 25)). However according to our calculation Fermi level should
be close to the bottom of z* band (see Fig. 2). It could give another
explanation of small derivative (28).There is strong mixing of z*
and x*—y° band near crossing point. If the Fermi level is very clo-
se to the crossing point the negative contribution of z* band admix-
ture decreases the derivative (24). But in this case we would not
have linear dependence of NQR-irequency on x. Therefore the first
explanation seems more reasonable.

Of course one can say that we use incomplete basis set (3d cop-
per and 2p oxygen orbitals refined near copper ion) and overesti-
mate the density of holes on copper which leads to strong x-depen-
dence of NQR-irequency. However, this basis set allows us to get
correct value of NQRand NMR-irequencies without doping. It is the
very sensitive test of hole density. Another good test is a frequency
gap between x=0.12 and x=0.

[t is not excluded also that close to x*—y* band there is oxygen
p. band (see (19)). In this band dv/d6 is very small (~—2 MHz).
If x*—y* band and p. band are populated simultaneously for
x> 0.12, we get dv/dx=17 MIlz. 1t is not too far from experimen-
tal value (28).

Regretably we do not know the detailed data for the dependence
of plane Cu NQR-frequency on x in other high-T. superconductors.
It would be very interesting to compare this dependence with the
formulae (24), (29).
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SPIN SINGLET BEHAVIOUR FOR x*—y? BAND
AND SPIN 1/2 FOR z? BAND

In the above calculation we have used the model of ferromagne-
tic . background. This model allows us to calculate the position of
the bands, effective masses, distribution of the hole between the oxy-
gen and copper. To discuss the spin structure of the system one
needs the model which includes the spin degrees of freedom of the
background. At the same time we can simplify the band problem
considering the hole near the bottom of the band. Let us divide the
CuOs-plane into the overlapping cells containing one copper ion and
four oxygen ions (see Fig. 3). According to our calculation the mo-

Fig. 3. CuOz plane split into the eifective elementary cells. The cross corresponds to
the Cu ion and the circle corresponds to the oxygen. The effective intercell transfer
integrals ¢, ¢’ are pointed out.

tion of the hole in x*—y? band looks like a motion of spin singlet
via the lattice of cells. This conclusion agrees with the result by
Zhang and Rice [5]. Their arguments were based on large AF
superexchange interaction between O- and Cu-holes.

To confirm this statement let us expand the wave function of a
cell in the states with definite spin. According to Eqs (9), (13) at
the bottom of the band (k., k.= +mn/a) the cell wave function is of
the form

Yeen=0 {1 —4E ay a;—& (byy — b3y —byy +bss) @)

14

+Bay (b —b3y —byy +b5,) + Z Dijb;y by . (29)

s j=
2345

We take into account that at k. k,=+n/a y= —B. This wave
function is not normalized due to overlapping of the cells (see
Fig. 3). Using the values (14) we find {(ceu|$een) =1.48. It is easy
to verify that ®;=®; and therefore pp as well as dd does not con-
tribute to |[S=1) component. Using values (14) we get

Weer =[}94|S=[}}—|—033|S=1,5230} (SD]

\ {Weett| Weer )

Thus the weight of |S=1) in {.x is small (0.33)>=11%), and this
confirms the picture of scalar quasi-particle (spin singlet).

It is easy to understand the origin if S=1 component in (29),
(30). It appears due to ferromagnetic background which suppresses
the motion of the spin up hole. The admixture of S=1 component is
proportional to the asymmetry of spin up and spin down amplitu-
des. In symmetrical case = —af there is only S=0 component in
(29), (30).

Using the Eqs (9), (13), (14) one can easy calculate the ave-
rage spin of Cu 3d-hole and O 2p,-hole in x>—y? band

(0. )= P2+ |v|2—4a’E2=0.314,

(0239, =208 — — (IBI*+ 7/ = — - (0:)u=—0.157.  (31)

Emery and Reiter solved the model for hole motion in ferromagnetic
background [I1]. Similar to (31) they got the (o.)s;==0 and
basing on this fact they argued against the picture of spin singlet.
We do not agree with their conclusion. It is true that (o.);5%0
means that there is admixture of S=1 component to singlet. But
for singlet picture it is only necessary that this admixture is small
(and it is ~119%). Moreover it can not exactly vanish in ferromag-
netic background. Let us consider simple model elucidating this sta-
tement. Let s be the spins of the particle localized at linear lattice
and j be the spin of the particle which can hop between the nearest
points of the lattice with the transfer integral ¢ (s=j=1/2). The
exchange interaction between the localized and delocalized particle
is large |

H=J&7,, I=0,' I, (32)
15




and therefore we have hopping of spin singlet.

f.pk:{Lﬁzn" 1S=0)nexp (i kra) . (33)

One can easy verify that the transfer integral for singlet in ferro-
magnetic background equals /2. Hence the dispersion is

ek="—%1+tmska. (34)
The band with S=1 lies higher (AE=/J)

¢k=\}L_h_r§ |S=1)mexp (i krs) . (35)

Due to hopping the bands are mixed. The lower band S=0 gets
admixture of higher band S=1:

B i

—}—-j—-mskals—l 8o D}———iS—l Sz—-l}}exp(ikrg},
|5=0}n=l"ﬁ-[bn# a,, —b azk) any [bo),
|S=1.sz=0>n=v‘—_( Fad 464 a) et 190d, (36)
IS=1,S:=1)n= 2 bk 7 a1y gy 0 0y dugay),

[po) =[] am} 10).

However it is still a singlet in the sense of number of states.

In the case of x*—y* band this high S=1 band is oxygen band.
And we really can calculate its admixture by perturbation theory if
we start from S=0 state (= —af in Eq. (29)). Thus spin dyna-
mics is described mostly by spin singlet motion and the mixing with
S=1 band slightly perturbed spin structure only. Note that in our
variational wave function for x> —y? band state |S=1, S,=1) is
absent (see Eq. (36)). It is possible to take it into account by
means of perturbation theory but its admixture is small.

16

(R By= Enfa).

Let us discuss briefly z* band. This case is not so complicated.
The interaction of moving hole spin with magnetic background is
not very large here (exchange interaction between moving and loca-
lized hole is 0.7 eV and it is suppressed few times by higher order
correlations —see above). In any case it can be taken into account
by means of perturbation theory. Thereiore we can consider the hole
in 2z band as a usual spin 1/2 quasi-particle.

THE EFFECTIVE INTERCELL TRANSFER INTEGRALS

For the model description we consider the overlapping cells pre-
sented at Fig. 3 as elementary units. To calculate magnetic structu-
re and its influence on charge motion we need the transfer integrals
between these units. Let / be the nearest neighbour transfer integral
and ¢’ be diagonal transfer integral (see Fig. 3). Then the model
hole dispersion in the ferromagnetic background is of the form

E=FEy+2t(cos ka+t ms-ﬁega} + 4t cos kea cos k,a ~

~ Eo— 41 + 41+ (k31 8k2) (1 —21") . (37)
The lower line in Eq. (37) is the expansion near the bottom
We would like to stress that the description in
terms of elementary units and effective transfer integrals is valid
only at 8ka<Cl where the internal degrees of freedom of the unit
are not important (i. e. coefficients of expansion in basis states for
the internal state of the cell do not change essentially). This is just
the region of physical interest. The value ({—2¢) is found from the
value of effective mass (14), (17), (18). We can estimate { and ¢
separately. The nondiagonal hoppin:; ¢ is mainly due to oxygen-oxy-
gen hopping {, (see Fig. 3), i. e. ' is proportional to f,. In the
same time { is roughly independent of f,, (since internal state of
cell very slightly depend on {,,). Using this arguments and calcula-
tions of effective mass for different f,, we have obtained:

x!—y* band: {=0.18 eV, "= —0.06 eV;
2* band: {=0.10 eV, #¥=—0.025 eV, (38)
For spin singlet (x*—y* band) ¢, ¢ have been calculated in Ref.

[15] using cluster approach. Our estimate (38) is about two times
smaller.
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CONCLUSION

In the present paper we have calculated the band structure of
hole doped CuO, plane. It is shown that x>—y? band is the lowest
and z? band is very close to it.

We have calculated the dependence of the frequency of Cu nuc-
lear quadrupole resonance on the holes concentration. Comparison
with experimental data for La,_ ,Sr.CuQO, supports the statement
that doping leads to holes in the x> —y* band. We do not know such
a detailed data for YBasCu3Ogs,,. It would be very interesting to
measure it. '

- Concerning the x*—y® band spin dynamics we confirmed the
spin singlet picture suggested in Ref. [5]. Small admixture of S=1
state to S=0 state of quasi-particle is not very essential. The
one-hole dynamics is nearly the same as in single-band Hubbard
model in the large-U limit. This quasi-particle is like a holon [16].
The doping leads to the melting of antiferromagnetic order and for-
mation of droplets of spin liquid. (RVB) [17].

As far as hole-hole interaction is concerned the essential diffe-
rence from Hubbard model dynamics could appear due to close 22
band. There is the possibility of virtual hopping to 2z band due to

hole-hole interaction. It is not excluded also that z? band is popula- .

ted in the case of large doping. One can speculate that the variation
of T, from 60 K to 90 K is due to 2* band.

Authors are grateful to G.K. Semin for the stimulating discus-
sion of nuclear quadrupole resonance problem.
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