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We address the question whether intra-atomic repulsion U in YBa,;Cu,0; is strong enough to provide electron localization. We
use a recently proposed self-interaction-correction (SIC) based approach which provides a qualitative criterion (symmetry break-
ing) for electron localization. Using a first-principle LMTO-Green-function technigue we show that only d,,, d,. and d., orbitals
of Cu in the CuO; plane get localized; localized orbitals have ~ 4.5 eV smaller energy then itinerant ones (which gives an estimate
of U). d,2_,: and d,.:_,. orbitals of Cu and p-orbitals of O are stable against localization.

The recent discovery of the high-T, copper oxides
revived the interest in the Coulomb-induced locali-
zation of electrons in solids. The essential physics of
this phenomenon is usually described in terms of the
Mott-Hubbard parameters [1], namely intrasite
Coulomb repulsion U and hopping integral ¢. Then,
a large U/t ratio leads to “localization” of each elec-
tron near its nucleus and an attempt to localize an-
other electron with opposite spin on the same atom
leads to an increase of the energy by U. When U/
t< 1, however, the electrons are itinerant and the
effect of Coulomb interaction (yet strong) is accu-
rately described by the renormalisation of the effec-
tive one-electron potential. It is known that such a
situation takes place in simple metals for instance.
Transition metals represent a step towards the Mott-
Hubbard picture; one cannot neglect completely the
“Hubbard-like” effects, but they result only in quan-
titative distortion of the band shapes, first of all in
narrowing of the d-bands. However, qualitative ef-
fects, like strong Hubbard splitting do not exist in
these metals. Finally, there are some examples of the
Mott insulators (NiO, MnQ) where U/t is quite
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large, bands are split by Coulomb repulsion, the
magnetic moments are nearly integer and so on. The
main problem with high-7,. materials is to know as
to which group they belong.

The appearance of strong magnetism in nearly-su-
perconducting copper oxides is an indication of
strong electronic correlations. It is not easy to tell,
however, whether they belong to the same class as 3d
magnetics (“correlation-induced band distortions™)
or to the class of “doped Mott insulators™. There are
no ways to determine either theoretically or exper-
imentally the criterion U/t and to decide if it is large
enough. For instance the semi-empirical Zaanen-Sa-
watzky-Allen approach may be very successful but
to apply it one should be sufficiently sure in the ex-
perimentally photoemission spectra and in the inter-
pretation of corresponding sattelites. Unfortunately,
this is not the case for high-7, materials. The 9.5 eV
sattelite in the 1-2-3 compound which has been so
widely discussed in this connection was recently
proved to be due to surface deterioration ({2])! A
formalism is wanted which would allow to deal with
“U-t competition™ directly.

It was recently proposed by Svane and Gunnars-
son to use for this purpose the so-called SIC (self-

0921-4534/88/$03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division )



718 V.I. Anisimov et al. / Localization in YBa,Cu;O; induced by SIC

interaction correction) formalism [3]. The formal-
ism was introduced by Perdew and Zunger [4] in
order to obtain a correct and simple description of
free atoms and ions. It consists of using local density
functional theory with artificial removing of the
Hartree and (local) exchange-correlation self-inter-
actions. The effective SIC potential for the ith ei-
genstate is

V:(’)= Vexl(r)+ VH[p](r)+ ch[p](r)
=Vulp: 1(r) =Viclpil(r) , (1)

where V,,, is an external potential, p,= | w;(r) | 2 is the
“jth” electron density, p=2..p:. Self~interaction
correction gives very good results for atomic-like sys-
tems (localized electrons) and vanishes with the de-
localization. Svane and Gunarsson [2] have
mentioned that the potential (1) may break the
translational symmetry and lead to self-localization
of an electron, due to the orbital dependence of eq.
(1). This self-localization is governed by the same
criterion U/t and has essentially the same physical
origin as the Mott-Hubbard localization. Indeed,
Svane and Gunnarsson [3] have applied SIC to the
so-called *“discrete LDA model” [4] for the one- and
two-dimensional Hubbard model and obtained ex-
cellent agreement with Monte-Carlo results in a wide
region of U/t. They also applied the same model to
La,CuQ, and obtained antiferromagnetism; how-
ever, somewhat too large. It should be noted in this
connection that the approach seems oversimplified
in the following aspects: (1) As well shall see below,
the third dimension is important for localization. (2).
The disadvantage of the quantitative application of
the Hubbard model is a too indirect estimate of u
and ¢. (3) We agree with the recent criticism of Sham
and Schliiter [5] against the *“‘discrete-LDA” Hub-
bard model” in connection with real systems.

That is why we tried to apply the SIC formalism
to an electron in a real material (YBa,Cu,O,) and
to look for a broken-symmetry localized solution.

Concretely, we extract an electron of a particular
site (Cu or O) and with a given symmetry (d,:_,.
etc.). Then we assume that it is localized inside its
own atomic sphere *. Then a self-interaction correc-
tion is switched on (only for this particular elec-

* We use a neutral atomic sphere as is usual in the LMTO method.

tronic state). The resulting problem is solved by the
LMTO Green-function impurity method. If the ob-
tained “impurity level” is localized we recalculate
the self-interaction correction and iterate to self-con-
sistency. Therefore, all but one electron states feel
the same ordinary self-consistent LDA potential. The
state in question, labeled i, feels the potential with
the correction:

Vi=Vipa—Vulpil - Vilpil . (2)

In principle we should also take into account the
change of ¥, p4 On the site in question due to the re-
distribution of the ith electron density. This is, how-
ever, a much weaker effect than the SIC for the ith
electron.

We have found that, according to the idea of Svane
and Gunnarsson [2], the SIC formalism may dis-
tinguish between “localized” and “non-localized”
states; in fact, for no oxygen state we have found a
localized solution. For copper, d,,, d,. and d., states
get localized with the position of the localized level
~ 1.5 eV below the bottom of the valence band or
~4.5 eV below the center of the corresponding bands.
This number corresponds well with other estimates
of U. d,:_,: and ds,._,. do not localize. However, if
we extract the CuQ, plane from the crystal and apply
the formalism to it, d;.._,» localize too, which shows
the sensitivity to three-dimensionality.

Our conclusions are as follows:

(1) SIC-LDA formalism may serve as a tool for
distinguishing the “localized” Mott-Hubbard states
from the delocalized ones.

(2) In YBa,Cu;0, the partially filled d,._ . states
as well as dj.._,. are delocalized. This suggests that
the extreme Hubbard limit with large splitting be-
tween occupied and empty states is not appropriate;
however it seems quite probable that the shape of the
Cu-0 bands in LDA is distorted and especially their
width is overestimated. Such an overestimate may
be responsible for the incorrect paramagnetic ground
state in YBa,Cu;0, and in La,CuO,. The assump-
tion that the whole band structure of La,CuQ, in
LDA is correct but too wide is also confirmed by op-
tical measurements [6].

(3) The tendency to localization is greatly fa-
voured by the two-dimensionality; in an isolated
CuQ, plane electrons are more localized than in the
bulk crystal.
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(4) In estimates of Hubbard parameters U and ¢
from band structure calculations and/or from ex-
periments it should be taken into account that they
may be different for states with different symmetry
and that maximal U/t corresponds to the filled d,,,
d,. and d,, states and not to (anti-)bonding d,._,>
orbitals.
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