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Abstract We consider the doping dependence of the nor-
mal and superconducting properties of La;Srr_CuO, and
YBa;Cu3z07 in the low energy effective model based on
the ab initio LDA+GTB calculations. With doping we have
found a concentration region with electronic instability of
the uniform state. We have shown that two quantum phase
transitions (QPT) of the Lifshitz type correspond well to the
experimental phase diagram. For superconducting state we
have considered both magnetic and phonon mechanisms of
pairing.

Keywords Strong electron correlations - Fermi surface
reconstruction

1 Introduction

A complexity of the high-temperature superconductivity
materials stems from several reasons. Among them there are
strong electron correlations (SEC), strong electron—phonon
interaction, strong fluctuations of different possible order
parameters due to low dimension, strong p-d hybridization
of copper and oxygen orbitals. In the normal phase the mys-
tery of the pseudogap state is still unsolved. Fluctuations
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of spin density wave, charge density wave, orbital current
state and superconducting gap are competing mechanisms to
form the pseudogap state. Here we discuss one more mecha-
nism of the electron instability. It is of pure electronic origin
and results from a non-rigid band behavior of the electronic
structure calculated by LDA+GTB method designed in our
group to study band structure of materials with SEC [1].
The short range antiferromagnetic correlation functions de-
termine the self-energy of the Hubbard fermions band within
the LDA+GTB approach. A self-consistent calculation of
the electronic structure and spin correlation functions in a
spin liquid regime [2] results in the doping dependent band
structure of La;Sr;_ ,CuO; and YBa;CuzO7_y. A transfor-
mation of the Fermi surface with doping from weakly doped
Mott insulator to Fermi liquid normal metal occurs via two
(for single CuO; layer LaSrCuO) or three (for two-layer
cuprates like YBCO or Bi2212) Lifshitz type quantum phase
transitions. There relation to the electronic instability will be
discussed in this paper.

2 Electronic Structure of High-7, Cuprates
in the LDA+GTB Approach

Due to effects of SEC the conventional LDA calculations
failed for undoped and underdoped region of the phase
diagram. Our LDA+GTB is the hybrid method. It starts
with the LDA calculations, then Wannier functions are con-
structed for some set of orbitals and the parameters of the
multiband tight binding p-d model are calculated. The sec-
ond step is the multielectron cluster perturbation (gener-
alized tight binding) approach with the exact diagonaliza-
tion of all intracell interactions and perturbation treatment
of the intercell hopping and interactions [3]. The Hubbard
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X-operators constructed with the help of the cell exact mul-
tielectron eigenstates are very useful tool for the cluster
perturbation theory. The minimal realistic model for high-
T. cuprates should incorporate both dy2_2- and d32_,2-
orbitals and hybridization with b,, ajg and p, oxygen
molecular orbitals to get both in-plane and out-of-plane po-
larized states in the Fermi energy density of states (DOS)
found by XAS [4]. These orbitals were involved in the
LDA-+GTB calculations [1]. The effective Hamiltonian de-
pends on the energy scale. To study ARPES with the bind-
ing energy 1 =2 eV the two-band singlet—triplet —/ model
is required, while to study the Fermi surface the effective
t—#'—t"—J* model has been derived and its parameters cal-
culated from the ab initio approach [1, 2]. For the two-
layer cuprates additional interplane hopping parameter 7
is incorporated [5]. We have used the Mori—-Zwanzig pro-
jection method (see [6, 7]) to calculate electronic Green
function in the Hubbard X-operator representation. A self-
energy has been obtained in the non-crossing approxima-
tion, and at low temperature we have neglected the time dy-
namics ¥ (k, w) — X' (k). Finally, for the two-layer cuprate
we get the electron dispersion [8]. The spin correlation func-
tions have been calculated self-consistently following [2,

9]. The evolution of the Fermi surface in La;Sry_,CuO,
has been discussed in [2]. It appears that transformation
from underdoped to overdoped cuprates requires two Lif-
shitz type quantum phase transitions (QPT) [10]. The first
one at x¢; = 0.15 results in a log singularity in the DOS at
er and determined the maximum in the 7. (x) (optimal dop-
ing). The second one at x> = 0.24 separate the non-Fermi
liquid region (pseudogap state) at x < x.» from the Fermi
liquid normal metal at x > x¢;.

3 Doping Dependence of the Electronic Structure

Effect of the bilayer splitting for the two-layer cuprates
makes the Fermi surface evolution with doping more com-
plicate (Fig. 1). The bilayer splitting of small hole pock-
ets in Fig. la results in two similar QPT at x/, = 0.135
(Fig. 1b) and xé/l =0.165 (Fig. 1d). At these QPT small hole
pockets centered near (7/2, w/2) transform into two large
pockets centered in (i, r). The larger one is a hole pocket
while the smaller one is the electron pocket. With doping
increase the electronic pocket has collapsed at the critical
point x> =~ 0.25. The effect of the bilayer splitting on the
QPT at x is negligible small due to the doping dependence
of t; and C, . The dependence of the chemical potential on
the hole concentration is shown in Fig. 2. Electronic con-
centration n = 1 — x, so the region 0.135 < x < 0.25 where
au/ox > 0 corresponds to condition of the electronic in-
stability dn/dx < 0. Thus we have obtained the result that
the existence of both hole and electron’s Fermi surfaces and
electronic instability take place in the same doping region.

@ Springer

o (2m,2m)

N

/2

00 w2 =
K

2n

X
(
3n/2
Vel 4
/2

00 w2 1T<E 3n2 2

m (2w,2m)

X
(
3n/2
Vil
/2

0,00 w2 T 3n/2 2n

om (2r,2m)

3m/2
Ve
/2

00 m2 w© 32 2=
k

2n

3n/2

/2

00 w2 l7(': 3n2 2rn

m (2m,2m)
®

3n/2

IVl

/2

00 72 BEE

X

Fig. 1 Evolution of Fermi surface of two-layer cuprates with dop-
ing (a) x = 0.11; (b) x = 0.135; (¢) x = 0.155; (d) x = 0.165;
(e) x =0.22; (f) x =0.26
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Fig. 2 Dependence of electronic chemical potential on the number of
holes for LaySry_CuO,
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