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Abstract

The electronic structure of the undoped and p- and n-type doped cuprates is studied in the framework of the
multiband p—d model using the generalized tight binding method. With hole doping, an unusual in-gap state appears
just at the top of the valence band with the spectral weight proportional to the doping concentration. The chemical
potential dependence on the hole and electron concentration is asymmetrical and in good agreement with the
experimental data. The in-gap bands have spin-polaron origin and the spectral function of this band has a form of small
low-energy satellite that can be detected in ARPES measurements.
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The key issue to understand the nature of high-
temperature superconductivity in the cuprates is
the evolution of the electronic structure from an
antiferromagnetic insulator to a superconductor
with hole doping. The adequate model for high-7;
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cuprates is the multiband p—d model [1]. At small
doping, we have to treat the strong electronic
correlations explicitly and therefore we use the
generalized tight-binding (GTB) method [2] that
consists of exact diagonalization of the intracell
part of p—d Hamiltonian and perturbative treat-
ment of the intercell part. The model parameters
are determined by fitting the ARPES data for the
undoped Sr,CuO,Cl,. The minimal energy in the
single-hole sector of the Hilbert space has the b,
molecular orbital, and in the two-hole sector
besides the Zhang—Rice 'Aj, singlet a significant
contribution of the triplet *By, state is found at the
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upper part of the valence band. A staggered
magnetic field & split by, levels by spin: ea, =
&1 — oh, eg; = &1 + oh. Our calculations [3,4] of the
quasiparticle dispersion and spectral functions
using the GTB method are in very good agreement
with ARPES data on Sr,CuO,Cl, [5].

The top of the valence band is given by the
quasiparticles with m = 1: X}\ = |b1g,T)(1A1g| and
X]l3 = |b1g,¢)(1A1g|, as usually there is spin degen-
eracy of the band in the antiferromagnetic state.
The occupation number n, = (XPP) is calculated
self-consistently via the chemical potential equa-
tion. In the mean-field Hubbard I approximation,
the solution of this equation for the hole-doped
cuprates with hole concentration ny, =14 x is
given by

nyy = nAT(blg) =1-x, ny = 0,

ny En(lAlg)zx. (1)

For the band m = 1, we get Fa4(1) = 1, while for
the band m = 2 with Xf\ = |b1g,¢>(1A1g|, the filling
factor is Fay(2) = x. The quasiparticle spectral
weight is proportional to the filling factor; thus it is
the band m = 2 that forms the in-gap state. In the
limit x — 0, its spectral weight is zero, when x#0
this band acquires both dispersion and nonzero
spectral weight proportional to doping concentra-
tion x. The observed pinning of the Fermi level in
La,_,Sr,CuQOy4 at low concentrations is due to the
in-gap state, when Fermi level comes to this in-gap
band it ‘“‘stacks” there. In Fig. 1 the doping
dependence of chemical potential shift Au for n-
type High-T. Nd,_,Sr,CuO4 (NCCO) and p-type
High-T. La;_,Sr,CuO4 (LSCO) is shown. The
localized in-gap state exists in NCCO also for the
same reason as in LSCO, but its energy is
determined by the extremum of the band at
(n/2,m/2) point and it appears to be above the
bottom of the conduction band. Thus, the first
doped electron goes into the band state at (w,0)
and the chemical potential for the very small
concentration merges into the band. At higher x, it
meets the in-gap state with a pinning at
0.08<x<0.18 and then p again moves into the
band. The dependence u(x) for NCCO is quite
asymmetrical to that of LSCO and also agrees
with experimental data [7].
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Fig. 1. Dependence of chemical potential shift Ay on concen-
tration of doping x for NCCO and LSCO. Straight lines are
results of GTB calculations [4,6], filled circles with error bars
are experimental data points [7].

To go beyond the mean-field Hubbard 1
approximation, one has to calculate single-loop
diagrams for self-energy. In the ferromagnetic or
antiferromagnetic state, the most important con-
tribution is given by loops with spin-wave excita-
tions (a spin-polaron effect). According to Ref. [§],
the main effect of the spin excitations is given by
the spin-wave renormalization of the multielectron
configuration’s occupation numbers, so instead of
Eq. (1), one gets

nyy = (1 = x)(1 — ng), ny = X,

2
where 2ng is the concentration of the spin
fluctuations (magnons) and it determines the
spin-fluctuation decrease of the sublattice magne-
tization (S3) = (1 — x)(1/2 — ny).

Thus, at small x and ng, the filling factors for
the valence band F(1) = 1 — ng, and for the in-gap
states F(2) = x +ng. It means that the spin-
polaron effect results in the non-zero spectral
weight of the in-gap states even for undoped
cuprates La,CuO4 and Sr,CuO,Cl,. The quasi-
particle band structure and the spectral functions
for the undoped La,CuO4 with ng = 0.138 (this
value was obtained both from neutron diffraction
experiments and self-consistently calculated in the
Heisenberg model) are given in Fig. 2 [9]. The

ny = (1 — x)n,
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Fig. 2. The quasiparticle band structure (a) and the spectral
function (b) of the undoped La,CuO,4 with magnon concentra-
tion 2-ng =2-0.138 calculated by the GTB method. The
Fermi level is above all bands shown here.

band formed in by hole hopping via two-hole
triplet 3By, state lies at & —1.4eV and is not shown
here. The lowest band in Fig. 2 is the top of the

valence band (m = 1) without spin fluctuations
with a maximum at k = (n/2,7/2). The upper
band (m = 2) formed by the dispersion of the in-
gap states. Despite its width, each state has a low
spectral weight as seen in Fig. 2b and the total
number of states in this in-gap band without
doping is proportional to ng. The appearance of
such non-Fermi liquid states is the direct effect of
strong electron correlations. The maximal spectral
weight of the in-gap state is near (7, 0) point of the
Brillouin zone (BZ). At the (n/2,7/2) point, the
two bands are degenerate, and we cannot separate
the contribution of the in-gap band to the spectral
function Ay (E).

In conclusion, we have shown that the spin-
polaron effect results in the formation of the in-
gap band above the top of the valence band even
in the wundoped cuprates like La,CuOy,
Sr,CuO,Cl,, and Ca,CuO,Cl,. For the hole-
doped cuprates there are two contributions to
the in-gap spectral weight: the mean field con-
tribution is given by doping concentration x and
the spin-fluctuation contribution is given by the
magnon concentration 2.
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