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State-of-the-art electronic-structure calculations based on the local-density approximation (LDA)
to the density functional fail to reproduce the insulating antiferromagnetic ground state in the parent
compounds of the high-temperature oxide superconductors. Similar problems have been observed
earlier in classical transition-metal oxides such as FeO, CoO, and NiO. In this work we present
the method which delivers the correct insulating antiferromagnetic ground state in the correlated
ozides preserving other properties as well as the efficiency of the standard LDA. The method
embeds the relevant (for a given system of electrons) part of the Hubbard Hamiltonian into the
Kohn-Sham LDA equation. The resulting Hamiltonian attempts to fix two intrinsic problems of
the LDA: the deficiency in forming localized (atomiclike) moments and the lack of discontinuity
of the effective one-particle potential when going from occupied to unoccupied states. We present
the detailed study of La;CuO4 and LaCuOs. In the case of La;CuO4 the energy gap and the
value of the localized magnetic moment in the stable insulating antiferromagnetic solution are in
good agreement with experiment. We compare our results with the standard local spin density
approximation calculation and multiband Hubbard model calculations, as well as with results of
spectroscopy: inverse photoemission, valence photoemission, and x-ray absorption at the K edge
of oxygen. In the case of LaCuOj3; such an extensive comparison is limited due to the limited data
available for this compound. We discuss, however, the electric and magnetic properties and the
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insulator-metal-insulator transitions upon increase of oxygen deficiency.

I. INTRODUCTION

The density-functional (DF) theory has been a most
successful theoretical method for describing ground-state
properties in solid-state physics since the beginning of
the 1970s.)2 An enormous amount of applications of
the local-density approximation (LDA) to the DF can
be found in the literature for the description of a wide
range of phenomena in a wide range of materials (see,
e.g., references within Refs. 1 and 2 and reviews 3 and
4). Unfortunately the class of materials where the LDA
does not work properly is also growing rapidly including
those with the most startling physical properties.

In particular, although some of the properties of the
high-temperature oxide superconductors such as, e.g.,
the lattice dynamics and crystal stability, are still well
described by the LDA, the state-of-the-art electronic-
structure calculations performed within this approxima-
tion fail to reproduce the insulating, antiferromagnetic
(AF) ground state of parent (undoped) materials. Simi-
lar problems have already been observed much earlier in
classical transition-metal oxides such as FeO, CoO, and
NiO.

It is well established that the approach which treats the
many-body (Coulomb) interaction within the LDA is not
adequate for materials which exhibit a strong electron-
electron interaction. A crucial question, namely, whether
it is possible to solve this problem within the DF by more
elaborate approximations than the LDAS or whether it
is necessary to resort to configuration-interaction tech-
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niques, has attracted a lot of attention during recent
years. Within the DF, the self-interaction corrected
(SIC) LDA is perhaps the most promising approach.®”
The SIC LDA is, however, very difficult numerically,
which strongly inhibits wider applications.

In this work we present the method which delivers the
correct insulating AF ground state in the correlated oz-
tdes preserving other properties as well as the numer-
ical efficiency of the standard LDA. The method em-
beds the relevant (for a given system of electrons) part
of the Hubbard-like Hamiltonian into the Kohn-Sham
LDA equation. Care is taken to avoid double counting of
electron-electron interactions during this procedure. In
this way we attack two intrinsic problems of the LDA.

The first problem is that the LDA attempts to treat
the second-Hund-rule correlation together with spin po-
larization (Stoner-like). This is obviously incorrect, but
it seems to be the only possibility within a formalism
based on the electron-gas model. The correlation effects
which are behind the second Hund rule are responsible
for orbital polarization (ordering) and the formation of
local (atomiclike) moments. Stoner-like effects alone are
treated rather accurately within the LDA. The simple
example of this intrinsic deficiency of the LDA is a tran-
sition from a spin-split ferromagnetic to a paramagnetic
state. In the so-called nonmagnetic solution within the
LDA the magnetic moments vanish. This leads to a huge
difference in the energy between the magnetic and the
nonmagnetic solution, and the critical temperature is re-
lated to the moment formation rather than the order-
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disorder transition. The inability of developing local mo-
ments leads also to a failure in the description of Mott
insulators within the LDA, which is a very serious limi-
tation. The method, which was introduced by Anisimov
et al.® and which is further developed here, includes the
leading terms for on-site Coulomb and exchange interac-
tion U and J allowing for orbital ordering (polarization)
to develop around the mean-field (MF) solution in sys-
tems containing localized orbitals.

The second intrinsic problem in the LDA is that the
occupied and unoccupied states are solutions to the same
N-electron potential instead of being the solutions to the
(N — 1)- and (N + 1)-electron potentials, respectively.
In this paper, we worked out the procedure (the model)
solving the problem where it is mostly needed: for lo-
calized d and f electrons embedded into the reservoir of
other (delocalized) electrons. Following the spirit and
conclusions of work by Perdew et al.® we further mod-
ified our Hamiltonian in such a way that the potential
jumps discontinuously by a constant I — A when going
from occupied to unoccupied states (where I and A are
the first ionization potential and electron affinity, respec-
tively). For the localized level this constant is just equal
to U (or to U — J, depending on the change of spin of
the system under concern).

We have performed a series of calculations using two
forms of the modified Hamiltonian and the standard
LDA (as reference) for a number of transition-metal ox-
ides. The stable localized magnetic moment, the energy
gap, and other features are in good agreement with ex-
periments. We also performed calculations in the same
manner for transition metals themselves as a test of lim-
itations of our method. Although the approach was not
meant to be well founded for systems where orbitals
under concern are not localized enough (i.e., d orbitals
in pure transition metals in particular) the results are
rather interesting and worth some attention. We in-
tend to present those results elsewhere. Here we report
the results of calculations for La;CuO4 and LaCuOj3; in
detail. The former compound does not need any in-
troduction; its quasi-two-dimensional (2D) structure is
commonly known. The latter compound possesses a per-
ovskite structure (among other phases) with small tetrag-
onal elongation; its Cu-O-Cu segments form a nearly cu-
bic three-dimensional (3D) network.

In Sec. IT we describe the formalism of our approach.
Section IT A gives an intermediate step, which consists
of an improved version of the method introduced in Ref.
8 and which we call the local spin density approxima-
tion plus around mean field corrections (LSDA+ AMF).
Section IIB describes a new version of the LSDA+U
method. In Sec. IITA we present and compare re-
sults of calculations performed for La,CuQO, with the
standard LSDA and with model Hamiltonian versions of
the LSDA provided in Secs. ITA and IIB. Compari-
son with experiment and other theoretical work is also
given. Section IIIB is devoted to a similar study of
LaCuOj;. In addition, we discussed the insulator-metal-
insulator transitions upon the increase of oxygen defi-
ciency in LaCuOj;_s. Finally, Sec. IV assembles our
conclusions.
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II. METHOD OF CALCULATION

The self-consistent calculations within the LDA were
performed by the localized spherical wave method (LSW)
which is a version of the well-known augmented spheri-
cal waves method (ASW) of Wiliams et al.' The LSW
has already been successfully applied in many differ-
ent cases.!! % The difference between the LSW and the
ASW which is of importance here is the linear transfor-
mation of the basis set. This transformation produces
the most localized set (hence the name of the method)
by screening every spherical wave centered on every site
by spherical waves centered on the neighboring sites.}? As
far as the ASW is a sister method of the linear muffin-tin
orbital method (LMTO),'® the LSW is a sister method
of the tight-binding LMTO.16

The reason why the most localized basis set is so im-
portant is because it also forms a nearly orthogonal set.
The orthonormality of the basis set is implicitly assumed
below when we write down the electron-electron interac-
tion terms for d- and/or f-atomiclike orbitals in modi-
fied total energy functionals. For this reason the LSW,
in addition to its numerical efficiency, proves to be a very
convenient method.

A. LDA and the orbital/spin polarization
around the the MF solution

In order to cure (at least partially) the deficiencies of
the LDA mentioned in the preceding section one can at-
tempt to treat the correlation of the localized d and/or
f electrons explicitly by adding to the total energy func-
tional the relevant electron-electron interaction terms ex-
tracted from the general many-body Hamiltonian. Dur-
ing this procedure one should avoid double counting of
the interaction. The simplest expression which includes
on-site Coulomb and exchange interaction is written in
the form

1
ELDATAME _ BLDA 4 = ™ Uy — n0) (s — )

m,m’,oc

42 Y W )l 1) e ),

m,m' m#m', o
(1)

where n,,, are occupation numbers of the localized level
orbitals and n® = TzzliT)zma Nomeo ; it was proposed by

Anisimov et al.® Showing that LDA corresponds to a MF
solution of the many-body problem, an extensive justifi-
cation of this formula was presented in Ref. 8. There is
no need to reproduce those considerations here beyond
the summarizing point that the functional in Eq. (1) and
the effective one-particle potential emerging from it (by
the functional derivation procedure) allow us to develop
spin and/or orbital polarization (ordering) around and
beyond the MF LDA solution. [The acronym AMF in
Eq. (1) and in expressions below means around mean
field.] From a formal point of view, we just mention that
if one writes the identity

Mt = Tt (M) + N | () — () (ny)
F(mr = (n4)) (e — (1)) (2)
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and observes that the first three terms consist of the MF
approximation, one may directly conclude that the nat-
ural extension should have a form similar to Eq. (1).

The first version of the total energy functional we use
in this work differs from that in Eq. (1) in two aspects.

First, we suggest that n® should be replaced by n% =
51-}(——1' > Pmo- In that way the average is taken for each
spin independently [as in Eq.(2)]. To be consistent, we
use then ELSPA instead of EXPA as the starting point.
This small formal change has important consequences.
It opens degrees of freedom for spin-split solutions for
all other electrons in the system. The two different cat-
egories of correlation mentioned in the Introduction are
treated by different parts of the Hamiltonian in a com-
plementary way.

The second improvement is that we use matrices U,y
and Jp,,, instead of scalar values U and J. Allowing
for such anisotropy makes the model more realistic and
partially accounts for the multiplet splitting.

Our first energy functional then reads

LSDA+AMF LSDA 1 0
E + =F + 3 E Umnm' (Nme — 1)
m,m',o

X(Nmi—o —n2,)

1 0
+§ Z (Umm‘ - Jm?ﬂ’)(n"w - na)

m,m!' m#m',o

X (Mg — 'n.g) . (3)

The structure of U, and J,,,+ matrices is known
since the classical work of Condon and Shortley'? and
Griffith.'® Their specific forms in cubic symmetry for d
electrons were already used in the context of correlation
effects in transition metals, e.g., by Oles and Stollhoff!®
and recently in the model Hartree-Fock calculations for
La;CuQOy4 by Grant and McMahan.2°

We want our approach (the implementation) to be gen-
eral, equally valid for different ! values (in particular for
d and f electrons) and not limited to some specific sym-
metry. Therefore, we opt for the general expressions for
Upum' and Jpe in terms of Slater integrals and Gaunt’s
numbers (or equivalently in terms of the Clebsch-Gordan
coefficients).!® For completeness we reproduce those ex-
pressions in the Appendix.

In order to obtain the effective potential in DF one
takes the functional derivative of the total energy over
the charge density §/én(r). This procedure has to be
extended here to the variation of the charge density of
particular orbital 7,,,(r) when applied to terms added
to energy functional. One then obtains

VESPA+AME (1) — VISOA(£) 4 3™ Upt (s = 12,)

+ Z (Umm' = Imm') (Mo — ng).
m' m'#Fm ( )
4

Two important comments are in order here. First, we
have dropped site indices in U, J, ny,, and nl, as well
as the summation over all sites in case of expressions
for the total energy. We have also dropped the index
1, which should distinguish between different possible lo-
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calized levels (d, f, and so on). Second, the effective po-
tential given by Eq. (4) is orbital dependent only when
acting in the nearly orthogonal subspace of the localized
level selected for such treatment (see the comment about
the basis set above). This feature eliminates the difficulty
of using a non-Hermitian Hamiltonian as encountered in
SIC LDA calculations.”

Recently, Steiner et al.2! have presented calculations of
the one-particle Green’s function and quasiparticle band
structure for Fe, Co, and Ni. The self-energy operator
which they constructed includes on-site 3d — 3d interac-
tions up to the second order in parameters U and J. Up
to first order the self-energy operator is energy indepen-
dent, so there is no need to solve the Dyson equation.
Straightforward diagonalization delivers the same infor-
mation and usually it is more accurate and much more
efficient numerically. Our approach, as described so far,
is therefore equivalent to that in Ref. 21 up to the first or-
der in on-site Coulomb and exchange interaction. More-
over, we treat the first order terms more accurately using
Upm' and J,,n matrices instead of scalar values U and
J. Tt is instructive, however, to see the diagrammatic
representation of the Dyson equation and the structure
of the self-energy operator.2! One should notice that the
MF part of interactions were explicitly subtracted from
the self-energy. In our approach this is done by construc-
tion from the very beginning [see Eq. (1) and Ref. 8].

B. LDA and the atomic limit

First, we transform the total energy functional given
in Eq. (3) to a different form:

ELSDA+AMF — ELSDA + Hype — (Hint> , (5)
with
1
Hi, = 5 Z Unm' MmeNm/ —o

1
+§ Z

m,m' m#m',o

(Umm’ -

Jmm’)nmo’nm'a’ . (6)

It is easy to show using the summation relations given in
the Appendix that the averaging over occupation num-
bers ((nmo) = n) leads to the expression

21
20+1

where N, = (214+1)n = > n,,,. Equation (5) is just
another form of the result obtained under the assumption
that the LDA corresponds to the MF solution.

In the next step, one may verify the total energy of
the N-degenerate level (N = N, + N_,) with Coulomb
repulsion and exchange parameters U and J. We call
such a case an atomic limit, which may be written as

(i) = UNN, + 3 (N + N}) 22 (U = ), (7)

Eatlim — %UN(N -1) - %JNT(NT —-1)
1
—5INU (N, - 1) (8)

Now we suggest that because we want to correct the
LDA in the description of localized d or/and f electrons
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embedded into the reservoir of delocalized electrons, one
should subtract the term E2t!™ [Eq. (8)] obtained in
the atomic limit from the total energy functional instead
of a term corresponding to the mean field [Eq. (7)] while
adding an explicit electron-electron interaction term [Eq.
(6)].22 In this way we obtain the new version of the
LSDA+U total energy functional:

ELSDA+U — ELSDA + Hint _ Eat lim . (9)

To obtain the effective potential one should take the
functional derivative in the same manner as in the pre-
ceding subsection. We can show, after some algebra, that
the new effective potential, which we call VESPA+U a5
sumes the following form:

VESPAY (r) = VESPAAME (1) — (U7 — J)(ng - )

(10)

[compare with Eq. (4)].

The important feature of this new potential is that on
the top of the orbital and/or spin polarization around the
LSDA solution, the last term adds the shift of the cen-
troid of the level depending on its average occupation. In
an extreme case of empty states this term moves the level
upward by %(U — J) and in a case of occupied states it
moves the level downward by 1(U —J). One should note
(as mentioned already above) that for the localized level
U-—J =1-A, where I and A are the first ionization po-
tential and electron affinity, respectively. In this way the
new potential (both terms together) mimics the discon-
tinuity when going from occupied to unoccupied states.
For years one used to interpret the LDA eigenenergies
of unoccupied (occupied) states as the electron addition
(removal) energies knowing and/or ignoring the fact that
there is no strict justification for such an interpretation.
Although our method is not solving this problem in prin-
ciple (we tend to say that there is no such solution within
one-particle theory), the eigenvalues of unoccupied (oc-
cupied) states of the new effective potential will be closer
to the true addition (removal) energy also for the corre-
lated d- and/or f-electron systems.

III. RESULTS OF CALCULATIONS
A. La20u04

We have assumed that La;CuO4 has spatial symmetry
of a single-face-centered orthorhombic D} space group
described as Abma. The orthorhombic ¢ axis is parallel
then to the conventional one (see comment about con-
ventions in Ref. 4). We have ignored, however, the or-
thorhombic distortion and tilting of the CuOg octahedra.
The extensive attempts to obtain an insulating AF solu-
tion within the LSDA have shown that inclusion of this
distortion, though producing some narrowing of the top-
most valence bands, does not open the gap and does not
provide a stable magnetic moment (see, e.g., the review
by Pickett?). The on-site Coulomb correlation which we
introduce in our calculations is by far much stronger and
practically independent of such a distortion. This justi-
fies our simplification. It is relevant, however, to observe
that the AF ordering makes two Cu atoms in the elemen-
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tal cell inequivalent. Also eight La and four apex oxygen
atoms which were respectively equivalent in D1$ space
group are split in two classes (of four and two atoms).
Such a structure can be described, formally, by the D)
(Ammm) space group and the symmetry lowering is ob-
tained by removing a screw axis from D1$. La and apex
O atoms may then gain some spin polarization, but all
the planar oxygen atoms still remain equivalent (in ac-
cordance with an elemental analysis of the planar AF
structure).

The atomic-sphere radii we have used are (in
angstroms) 0.92 for Cu, 1.53 for La, and 1.42 and 1.36
for planar and apex oxygen, respectively. This selection,
which differs from the ones most used in LDA before,
reflects the realistic size of ions (small Cu and large O)
and it allows for a direct O-O overlap. It was stressed
by Pickett? that this is important for a realistic descrip-
tion of the electronic structure of cuprates. In order to
improve the space filling we have allocated four empty
atomic spheres with radii 1.24 A at all positions equiva-
lent to (1/4,1/4,1/4).

All electrons were included during the self-consistent
calculations. The basis set of augmented spherical waves
for the valence electrons consisted of 4s-, 4p-, and 3d-like
functions for Cu; 2s, 2p, and 3d functions for O; 6s, 5p,
5d, and 4f functions for La, and additionally s- and p-like
functions for the empty spheres. In all La;CuQOy4 calcu-
lations the self-consistency was obtained with the use of
512 k points in the Brillouin zone (BZ). The density of
states (DOS) and partial DOS were calculated by linear
tetrahedral technique.

We will compare results of three calculations: (i) using
the standard LSDA; (ii) using the modified potential ac-
cording to Eq. (4), which we call LSDA+AMF; and (iii)
using the modified potential according to Eq. (10), which
we call LSDA+U. In both cases (ii) and (iii) we included
an on-site correlation for Cu 3d and La 4f orbitals.

To complete this description we have to comment on
how we treated the on-site Coulomb and exchange pa-
rameters. There have been many efforts in the liter-
ature to calculate effective (screened) U in atoms and
solids by various approaches and in particular within the
LDA (see, e.g., Refs. 23-26 and the references therein).
Though it is established that constrained LDA calcula-
tions can deliver reasonable values of the on-site Coulomb
repulsion parameter U, those values may still differ by
up to 30% between different calculations.?” In previous
implementations of the LDA+U approach,®2® which are
closer to our LSDA+AMF version, the value of U and
also the on-site exchange J parameter were calculated
within the LDA by the method introduced by Gunnars-
son et al.,?* showing that it is possible to work in a
parameter-free framework. In this work, only values of
U = FY% for Cu 3d and La 4f states were used as the re-
sults of constrained LDA calculations. Having in mind a
large spread of U values for Cu d states reported in the lit-
erature, we have decided, in order to facilitate a compar-
ison of our results with those of Grant and McMahan,?°
to use the same value of U = 7.42 eV. For La 4f we used
the value of U = 11 €V.2? For Cu 3d F? and F* Slater
integrals we chose the free-ion optical values obtained
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from Ref. 30, as already used in Refs. 31 and 32. In or-
der to get the La 4f F%, F*, and F® values, we used the
fact that empirical Slater integrals compare very favor-
ably with the results of atomic Hartree-Fock calculations
when the latter ones are scaled down to 80%.3% We took
Hartree-Fock values of F2,F*, and F® for La 4f (ex-
trapolated from ones for Ce) from Mann’s table®** and
then reduced them accordingly. The relations between
F? F*%, etc. and J, U, Jum, and Uy, are given in the
Appendix. Selected values of the parameters we used are
listed in Table I. We want to stress that none of the
parameters was treated as adjustable. (N.B. One may
always try to do so to tune some important characteris-
tics of the final results to experimental data. Indeed, as
we point out below, comparing results with experiments,
Grant and McMahan’s U = 7.42 eV seems to be to small.
A value larger by about 1.2 — 1.6 eV, still being in the
range of values reported in the literature, would improve
the agreement.)

The LSDA band structure of La,CuQ4 was presented
in the literature in many occasions (see, e.g., Ref. 4), and
though different calculations always show some small dif-
ferences, it is essentially well established. Our results
compare well with previous calculations and in this sense
they do not bring any new information, except perhaps
a wider energy range and very detailed DOS and par-
tial DOS projected on irreducible representations (see
below). We need this calculation as a reference in our
systematic comparison.

In Figs. 1(a), 1(b), and 1(c) we compare the overall
structure of La;CuQ4 obtained by the three calculations,
respectively. The total DOS in unit cell (two La;CuO4
molecules) is shown in the lower panel. In the upper pan-
els we present local DOS projected on different atomic
sites. The energy range includes the semicore 2s states
of oxygen at about —19 eV and —17 eV for planar and
apex sites and semicore 5p states of La at about —15 eV.
Then through valence Cu 3d and O 2p states (from —8
eV) we go to unoccupied states up to 15 eV. Unoccu-
pied states (and actually all states in the total DOS) are
strongly dominated by 4f states of La and then, next to
them, 5d states of La (note the different scale of some
panels). While the O 2s and La 5p remain virtually un-
changed when going from (a) to (b) and (c) in Fig. 1,
Cu 3d and O 2p valence states are strongly modified. En-
ergy gaps of 2.10 eV and 1.65 €V are opened in cases (b)
and (c), respectively. As we will discuss in more detail
below, this is due to the Hubbard splitting of the Cu

TABLE 1. Selected parameters of on-site Coulomb inter-
action (in eV). Effective U were calculated by the constrained
LDA. Slater integrals are either empirical or HF values (see
the main text). The last column gives the resulting on-site
exchange J parameter.

U F? F* F*® J
Cu 3d 7.42° 11.5 7.4 1.35
La 4f 11.0° 8.4 5.3 3.7 0.68

2 Reference 20.
® Reference 29.
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dz2_,2 orbital. The experimental value of this gap is re-
ported to be 1.8 eV.3% The gap in La;CuO, is reduced
by many-body effects such as the formation of Zhang-
Rice singlets. Our gap of 1.65 eV is too small. This
could be due to a too small U value used for Cu d states,
and also perhaps an incorrect treatment of the configu-
ration hybridization as discussed below. In Fig. 1 one
can also observe an essential enhancement of the oxygen
contribution to the top of the valence band which is the
manifestation of the charge-transfer character of the gap
in late transition-metal oxides.3®

Figure 1 and all other figures in the paper are plotted
in a such way that zero corresponds to the Fermi energy
for the metallic solution and to the top of valence band
for insulating solutions.

In both cases (ii) and (iii) [Figs. 1(b) and 1(c)] we
have obtained a stable AF solution with local puc, =
0.67up and 0.62up, respectively. These values are in
good agreement with the experimental one, which is
around 0.5545.37 The experimentally measured value is
always reduced by quantum fluctuations in the AF state.
The result of our calculation of gcy, which does not take
this effect into account, should be reduced (for a two-
dimensional system) to about 66% of its value.3® The
values of charge transfer gaps and Cu local magnetic
moments for both La;CuO4 and LaCuO3 are collected
in Table II.

The difference between cases (ii) and (iii) as far as gap
and magnetic moment are concerned is not sufficient to
claim that approach (iii) is superior to (ii). There is,
however, another important, clearly visible difference be-
tween results (ii) and (iii), which is the position of a very
sharp peak (about 1 eV wide and also very large) of La 4f
states. In case (ii) and in the standard LSDA these states
are placed about 1 eV below La 5d states at about 4 eV
and 3 eV, respectively. [In this aspect cases (i) and (ii)
are almost the same.] In case (iii), however, La 4f states
are shifted nearly 5 eV upward and they are placed at
8.5 eV coinciding with the top of 5d states. This is the
relative position of lanthanum 5d and 4f states which
was very clearly observed by an inverse photoemission
experiment.3® Moreover, the absolute position on the en-
ergy scale is also correctly reproduced. Standard LSDA
calculations were always placing these states much too
low (which was usually silently ignored). This dramatic
difference is very pronounced in Fig. 2, where we present
the band structure of La;CuQO4 obtained in cases (i) and
(iii). The group of very flat La 4f bands is shifted from
about 3 eV in the case of standard LSDA calculation
[given in Fig. 2(a)] to 8.5 eV in the case of LSDA+U
[given in Fig. 2(b)].

We have shown that our new scheme (iii) offers impor-
tant improvements over scheme (ii) and only results of
this scheme will be discussed and compared to standard
LSDA from now on.

The one-face-centered orthorhombic BZ and the defi-
nition of the cross section through it are shown in Fig.
3. Note that the section I"' — Z corresponds to the (110)
direction. Sections I' — Y and Z — L are parallel to the
conventional k, axis (see comments about conventions in
Ref. 4) and therefore show very little dispersion in both
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FIG. 1. Total DOS (two moleculés in the unit cell) and local DOS on different atomic sites of LazCuO4: (a) metallic

nonmagnetic solution by standard LSDA; (b) insulating AF solution by modified Hamiltonian LSDA+AMF [Eq. (4)]; (c)
insulating AF solution by modified Hamiltonian LSDA+U [Eq. (10)].
and to the top of the valence band in (b) and (c).

The zero of energy is set to the Fermi energy in (a)
While the semicore O 2s and La 5p states remain unchanged there is a

strong modification of the valence Cu 3d and O 2p states when going from (a) to (b) and (c). Note also the shift of unoccupied
La 4f states in (c). See the main text for more discussion.
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cases (with the exception, perhaps, of dispersive unoccu-
pied La 5d states).

In order to discuss the nature of differences between
the metallic nonmagnetic solution [Fig. 2(a)] and the
insulating AF solution [Fig. 2(b)] we have to analyze si-
multaneously the projections of the local partial DOS of

i“'?i!!""l ) —

Energy (eV)

Energy (eV)

r z L Yy r X S Z

FIG. 2. Electronic band structure of La;CuO4: (a)
metallic nonmagnetic solution by standard LSDA; (b) insu-
lating AF solution by the modified Hamiltonian (LSDA+U)
Eq. (10). The zero of energy is the some as in Fig. 1. The
semicore O 2s and La 5p bands are not shown. The upper
Hubbard band (UHB) splits up from the O 2p and Cu 3d va-
lence bands and opens the gap of 1.65 eV in the AF solution.
Its LHB partner is located at —7 eV. (See Fig. 4 and its dis-
cussion in the main text.) Note also the 5 eV upward shift of
very flat La 4f states. For more comments see the main text.

14 217

TABLE II. Charge-transfer gaps and Cu local magnetic
moments in La;CuQO4 and LaCuOs.
La20u04 LaCuO3
LSDA LSDA+U Expt. LSDA LSDA+U Expt.
E, 0 1.65 1.80* 0 0.95 07
HCu 0 0.62 0.55° 0 0.98 07

2Reference 35.
PReference 37.

Cu 3d and planar and apex O 2p states on the symmetry
components. These partial DOS are given in Figs. 4 -
6. All these figures are organized in the same way as in
Fig. 2: (a) gives the results of standard LSDA; and
(b) gives the results of the LSDA+ U [Eq. (10)]. First of
all, we show in Fig. 4 the projection of Cu 3d states on
irreducible representations of the point group of the Cu
site (which is Dy, because, as we mentioned above, we
ignored the orthorhombic distortion). The atomic origin
of these states is also indicated in terms of cubic harmon-
ics. For the metallic solution, states at the Fermi energy
are dominated by d,2_,2 component (as expected). They
hybridize with planar O 2p states which are given in Fig.
5. Analyzing the shape of partial states, one can locate
bonding (—7 to —5 eV) and antibonding (—1 to 1.5 eV)
parts of the d,z_,2 — po hybrid. It is also possible to
do the same with d,, — pm; and dy, —pr; compo-
nents; however, bonding-antibonding separation is not so
evident.

In the case of the AF solution d,._,. states are
strongly modified by an on-site correlation. The forma-
tion of a lower Hubbard band (LHB) at —7 eV and an
upper Hubbard band (UHB) of opposite spin at 2 eV is
very clear. Their separation (9 eV) is larger than the
value of the Coulomb U (7.4 eV) due to hybridization
(which is a well known behavior). The overall shift of
all other Cu d states downward (Fig. 4) and O 2p states
upward is the next thing to observe. The latter is true,

FIG. 3. The one-face-centered orthorhombic Brillouin
zone. The bold solid line shows the cross section which we
used for plotting the band structure in Fig. 2.
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TABLE III.
See the main text for more comments.

M. T.CZYZYK AND G. A. SAWATZKY

Partition of the first added hole and the first added electron in La;CuO4 (in %).

First hole at the top
of the valence band

First electron in the
conduction band (UHB)

LSDA LSDA+U 8B HM* LSDA LSDA+U 8B HM*
Cud,z_,e2 28 4 8 48 60 65
Cud,: 17 14 14 5 0.3 ~0
planar O 16 15 25 36 35 33
apex O 27 61 52 10 3.8 ~0

?Eight-band Hubbard model. Reference 20.

in particular, for the apex oxygen states which are given
in Fig. 6. Due to this effect the overall contents of oxy-
gen at the top of the valence band increases significantly,
changing from 46% (19% planar and 27% apex) in the
standard LSDA to 76% (15% planar and 61% apex) in
our AF solution. The latter values compare favorably
with 77% (25% planar and 52% apex) obtained for the
highest occupied valence state in the AF solution of the
eight-band Hubbard model by Grant and McMahan.2?
Their values, however, were given for one specific k point
in the BZ while ours are obtained by integrating over
the energy interval at the top of the valence band con-
taining one hole per LasCuO,4 molecule. This procedure
seems to be more representative. [In our calculation, we
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FIG. 4.

Cu d partial DOS in La;CuO4 projected on irreducible representations of site symmetry:

include all other valence orbitals (e.g., La), which also
makes the results of our distribution analysis more real-
istic.] This high content of oxygen at the top of valence
band is in accordance with the classification of cuprates
as charge-transfer gap materials.3® The same estimation
of Cu contribution shows a change from 45% (28% dg2_,2
and 17% d,:z) in the standard LSDA to 17% (4% dz2_,
and 14% d,z) in the AF solution. The latter values are
again very close to those (8% and 14%) obtained in Ref.
20 by the eight-band Hubbard model in the AF solution.
The results of the partition analysis of the first added
hole are collected in Table III (together with the results
of a similar analysis for the first added electron which is
discussed below). We also included there the correspond-
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(a) and (b) and the

zero of energy are the same as in Fig. 2. The atomic origin of states is also indicated. Solid and dashed line shows DOS for
opposite spin directions. In the nonmagnetic case (a) these two lines are degenerate. Cu d contribution to the LHB and UHB
(which are separated by about 9 eV) is entirely dominated by z® — y* component with opposite spins. Note also the overall
downwards shift of all other d states when going from (a) to (b).
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ing values from Ref. 20.

In spite of the essential progress in the description of
various properties of La;CuO,4 as we pointed out so far
and as we will also show below when discussing unoc-
cupied states of the LSDA+U solution, the nature of
the first ionization state (the top of the valence band)
is still not described properly. We want to stress that
this is a serious problem in our approach and we dis-
cuss it in some detail. It is established (experimentally
and by many-body theory) that the first added hole in
Lay;CuO4 goes to the Cu-O planes. This means that
it should have predominantly planar O 2pc and Cu
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FIG. 5. Planar O 2p partial DOS in La;CuO4: (a) and

(b) and the zero of energy are the same as in Fig. 2. Unoc-
cupied states are shown as multiplied by a factor of 10, which
in the case of metallic solution (a) produces the discontinuity
at zero energy. The opening of the gap of 1.65 eV [in (b)]
is strongly pronounced for the po component. Note a large
contribution of this state to the UHB. For more discussion, in
particular when the shape of unoccupied states is concerned,
see the main text.
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dz2_,2 character, which is not the case in our calcula-
tion (see Table IIT). Hole doping populates the Zhang-
Rice (ZR) singlets*® which bind the holes in the Cu-O
planes. A description of ZR singlets seems to be impos-
sible within a one-particle picture. (No methods with a
single-determinant many-body function can do this.) We
argue, however, that the essential part of the energetics
of ZR singletlike states can be obtained. There are two
mechanisms which should be taken into account. First,
it was shown?®2° that in the solution in which the spin of
one Cu is flipped relatively to the AF background an ex-
tra hole goes to four surrounding (planar) oxygens (in ac-
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FIG. 6. Apex O 2p partial DOS in La;CuQOy4. The figure

is organized as Fig. 5, except that the solid and dashed lines
indicating DOS of opposite spin directions in (b) are not fully
degenerate. Spin splitting of the occupied o component corre-
sponds exactly to the spin-splitting Cu d,2 component in the
topmost panel of Fig. 4(b). Note also the small spin-polarized
contribution to the UHB of o component in (b). All states
are shifted significantly towards the top of valence band when
going from (a) to (b). See the main text for more discussion.
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cordance with elementary symmetry analysis). The lim-
ited configuration-interaction calculations mixing such
a Cu-spin-flipped solution with the AF solution with a
model Hamiltonian gave the ratio of planar to apex oxy-
gen contributions which is much closer to the experimen-
tal value (see Ref. 20 and references therein). We also
can obtain the one-Cu-spin-flipped solution using a suit-
able supercell with our LSDA+U method (as was demon-
strated with the simpler scheme in Ref. 28). Though
the subsequent configuration-interaction between these
two solution seems to be beyond our method, we ex-
pect that the energetics will be dominated by one-Cu-
spin-flipped solution. The second mechanism, which
is, as a matter of fact, more general (the first mecha-
nism was related to specific 2D square geometry of Cu-
O bonds), is the renormalization of transfer integrals
to mimic the configuration-configuration hybridization
of many-body theory rather than to use the molecular
orbital-molecular orbital hybridization as in one-particle
theories. This mechanism selectively enhances the hy-
bridization of some orbitals by factors related to the de-
generacy (by symmetry) of configuration-configuration
hybridization.?? It is expected (for further discussion see
the paragraph below about the valence photoemission)
that a part of Cu d,2_,2 and planar O 2po states will
be further stabilized and perhaps pushed out of the top
of the valence band.

To complete the discussion of the partial DOS of the
valence bands in the AF solution, we mention that the
hybridization between Cu d and O 2p states is more pro-
nounced than in the standard LSDA solution insofar as
Cudyy - O pmy, Cudy, - Opry, and Cu d,: -~ apex
O po orbitals are concerned. Bonding-antibonding sep-
aration is also more evident, as one may see comparing
the respective panels in Fig. 4(b) with those in Fig. 5(b)
for planar and those in Fig. 6(b) for apex oxygen. In
particular, po states of apex oxygen show spin splitting,
which exactly corresponds to the opposite (as it should)
spin splitting of Cu d,2 states. The bonding part is lo-
cated at —4 eV and antibonding at the top of the valence
band. There are, however, features in the pm component
of the planar oxygen DOS that cannot be traced to Cu-
O hybridization (also called nonbonding when this hy-
bridization is concerned). As shown already by others,??
a direct p — p interaction plays an important role here.

Turning to unoccupied states, we make two points.
The first concerns the composition of the UHB. This sin-
gle band (doubly degenerate, as all the others, due to AF
order) is separated by a gap of 1.65 eV from the top of
valence bands [see Fig. 2(c)]. From case (b) of Figs. 4,
5, and 6 one can see that the UHB is entirely built from
the spin polarized Cu d,z_,2 component, which amounts
to 60%, and from the planar O p, component, which
amounts to 35% (values reported in Ref. 20 were 65% and
33%, respectively). While the contribution from Cu d,2
is negligibly small (about 0.3%), there is also a contribu-
tion from the apex O p, component of about 3.8%. The
latter contribution is relevant for a proper description of
polarized x-ray absorption spectra of oxygen, which we
discuss below. All values obtained in this analysis are

collected in Table III.
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Our second comment about unoccupied states con-
cerns the overall shape of O p states in the energy range
up to 11 eV. The dramatic change of these states [com-
pare (a) with (b) in Figs. 5 and 6], besides the formation
of gap, is due to very sharp peaks which are located at
3 eV in the standard LSDA calculation (a) and which
disappear in the LSDA+4U calculation (b). These peaks
are identified as the tails of La 4f states entering the
oxygen atomic spheres. They are stronger for apex O
because it is a nearest neighbor of La. Actually, these
peaks do not disappear, but they shift upward by about
5 eV where they superimpose on the sharp structures
already present in that energy range. This behavior is
directly related to the shift of La 4f states which we dis-
cussed in detail when describing Figs. 1 and 2. Above,
referring to the inverse photoemission experiment,3® we
used this shift to discriminate between the calculation
(ii) performed with LSDA+AMF [Eq. (4)] and the cal-
culation (iii) performed with LSDA+U [Eq. (10)]. Here
we again confront all three calculations with another ex-
periment, namely, with polarized x-ray absorption at the
K edge of oxygen.*!

In Figs. 7(a)-7(c) we show the results of the calcu-
lation of absorption spectra. The experimental result
is also included. The curve marked E|c (ELc) reflects
the shape of z (z and y) component(s) of both apex
and planar O p states. Contributions from apex and
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FIG. 7. Polarized x-ray absorption at the K edge of oxy-

gen in LazCuOy: (a)—(c) are the same as in Fig. 1. Dashed
line, ELc; dotted line, E|lc. Experimental results (Ref. 41)
are added in the case (c) and ELc and E||c spectra are sepa-
rated for clarity. The experimental spectra were aligned with
the calculated ones to match the peak at 5.5 eV for El|c. See
the main text for discussion.
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planar oxygen have to be offset due to a difference in
the binding energy of the 1s level. This offset certainly
depends on the difference in screening of core hole cre-
ated during the excitation process. It is also sensitive
to the values of atomic-sphere radii used in the calcu-
lation (which are never selected in a unique way). It
seems that the offset values 2.22, 2.10, and 2.21 eV,
which we obtained in our calculations in cases (i), (ii),
and (iii), respectively, are too large. We used, therefore,
the experimentally estimated offset??4! of 0.3 eV in all
three calculations. Partial DOS were convoluted with a
Lorentzian distribution using the energy-dependent pa-
rameter lpwum = 0.4 + 0.08(F — Ethreshold) (in eV) to
account for lifetime effects and with a Gaussian distri-
bution with parameter I'rwym = 0.3 €V to simulate
instrumental broadening.** (FWHM denotes full width
at half maximum.) Comparing calculated spectra with
the experiment in Fig. 7, one can easily see a drastic dis-
agreement in cases (a) and (b). (Using the offset of apex
and planar oxygen contributions as the adjustable pa-
rameter does not lead to an improvement in these cases.)
In Fig. 7(c), however, we obtained an essential improve-
ment in the description of absorption spectra. A strong
leading peak in the E_lc spectrum corresponds to pla-
nar oxygen po states in the UHB, while a small leading
peak in the E||c spectrum corresponds to 3.8% of the po
apex oxygen contribution to this band. [Compare the
middle panel of Fig. 5(b) and the lowest panel of Fig.
6(b).] The remaining discrepancy can be explained in
the following way. First of all, note that we align the ex-
perimental curves with calculated ones to match the wide
structure and the peak at 5.5 eV in particular. This is
to stress that the positions of the leading peaks are not
reproduced exactly. Had we obtained the UHB at energy
higher by 0.6 eV (i.e., the gap of 2.25 eV instead of 1.65
eV), we would have had perfect agreement here. We
estimated that this would require us to use a value of U
for Cu d states larger by about 1.2 — 1.6 eV than the
one taken from Ref. 20. Second, it is expected that the
effect of the core hole in the O 1s orbital, when included
in the calculation, should shift the intensity within the
broad structures located between 3 and 8 eV towards
lower energy.4* This will further fill in the space between
the leading peaks and these structures. It will also en-
hance the details of these structures at the lower energy
shoulders (for both ELc and E||c, however, possibly in
a slightly different way). Finally, we mention that the ||
to L intensity ratio of the leading peaks estimated from
experimental data of Ref. 42 is 13 — 14% and 10% is given
in Ref. 41 as the ratio of || to both || + L intensity. Our
value is 11% for the || to L ratio [or 10% for the | to
(I + L) ratio]. (See the analysis of the UHB composition
above.) Having these three points in mind we conclude
that the agreement with experiment in Fig. 7(c) is very
good.

After enumerating a number of features of our
LSDA+U results, which gave the essential progress over
the standard LSDA calculation when comparing with the
variety of experimental data, we again point out serious
difficulties now in a context of valence photoemission of
La;CuOy4. Results of our calculation are given in Fig. 8.
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FIG. 8. Valence photoemission of La;CuQO4. The calcu-

lations included different photoionization cross sections for
different contributing electrons. Background is not included.
For more discussion see the main text.

We have taken into account different energy-dependent
photoemission cross sections for different types of elec-
trons Cu 3d, O 2s, and 2p, and La 5p and 5d. The
realistic lifetime (Lorentzian) and instrumental (Gaus-
sian) broadening were applied. (The procedure is the
same as that in Ref. 14, but without background simula-
tion.) Though one possibly can improve the one-particle
simulation of the spectrum by taking into account also a
coherent process (k-dependent matrix elements, i.e., am-
plitudes rather than cross sections), a comparison with
the experimental curves in Figs. 1 and 2 in Ref. 45 clearly
shows serious discrepancies. In our result the main pho-
toemission “line” is much too wide (about 2.5 eV) and
we cannot reproduce the satellite at about —12 eV.

This deficiency is directly related to characteristic mul-
ticonfigurational behavior of strongly correlated systems
as (late) transition-metal oxides. On the base of the
many-body model Hamiltonian cluster calculations*®:47
(which can explain the shape of spectrum) it is known
that the satellite and the main line narrowing are caused
by the “additional” hybridization of the d® configuration
with the dominating d°L one and due to the multiplet
splitting of d®. We described above the origin of this
“additional” hybridization when we discussed the nature
of the top of the valence band. Then the final shape of
the spectrum is affected by quantum interference between
different configurations, which is known as the spectral
weight transfer problem. In our LSDA+U calculation
states from the d® configuration are located at about —7
eV. The additional hybridization will push these states
out of the valence band (like in the case of impurity states
embedded in the wide band). Part of them will be pushed
down to about —12 eV (satellite line) and part up to (per-
haps out of) the top of valence band giving valence band
narrowing and the “Zhang-Rice singlet states” if the hy-
bridization is large enough.4®

We tackled this problem in a previous work?? in the
test case of photoemission of NiO. Though we manage to
obtain the correct satellite position and the main band
narrowing, we did not obtain progress when the problem
of spectral weight transfer is concerned. This is beyond a
one-particle picture since in the real many-body situation
the one-electron removal spectral weights are determined
by the overlap integrals of type (¥ ~1|d; ¥%). These in-
tegrals are related to the fractional parentage coefficients
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in atomic spectroscopy (and should not be confused with,
say, dipole transition matrix elements).

All these difficulties are left out here and our valence
photoemission spectrum remains in rather poor agree-
ment with the experiment.

B. LaCuOg

The LaCuOjs compound is not as well known and
widely studied as La;CuQy. It has attracted researchers’
attention only recently (see Refs. 49-51 and references
therein). In some early studies®? LaCuQ3; was seen as a
“good model for the cuprate superconductors” because
its basic building block (CuOg octahedron) is the same
as that in La;CuQy4. Since then, however, there is no evi-
dence of superconductivity found in the extensive search
over many La;_,M,CuQO3 compounds.’® It seems that
the essential factor here is that LaCuQO3 has a 3D network
of O-Cu-O bonds contrary to the 2D (planar) structure
of (all) high-T. superconductors. Large uncertainty re-
mains in the literature when electric and magnetic prop-
erties of LaCuQj are concerned. This is probably due to
the difficult sample preparation and uncertainty about
oxygen deficiency.?%®! There are reports in the litera-
ture that LaCuO3 has poor metallic conductivity,>3:5!
but there are also reports of insulating behavior?® and
semiconducting behavior for a fully stochiometric tetrag-
onal phase (see Ref. 51 and references therein). Where
magnetic properties are concerned suggestions were pre-
sented that LaCuOQj; is an antiferromagnet, a Pauli para-
magnet, an antiferromagnet with ferromagnetic canting,
as well as a Cu" low spin nonmagnetic compound (see
Refs. 50 and 51 and references therein).

In our systematic study we have performed a se-
ries of band structure calculations. First, we used the
smallest possible, tetragonal perovskite cell (symmetry
P4/mmm) with lattice parameters a = 3.81875 A and
¢ = 397271 A (Ref. 49) and carried out the calcu-
lation by the standard LSDA. Then in order to allow
for possible AF ordering in Cu-O planes similar to that
in LaaCuQ4 we constructed a V2 x /2 x 2 supercell.
The resulting structure (also tetragonal) belongs to the
D17 (I4/mmm) space group with atoms in the following
Wyckoff positions: Cu in 2a and 2b, La in 4d, apex O in
4e with z = 0.25 and planar O in 8h with £ = 0.25. Using
this supercell we first repeated the standard LSDA calcu-
lations but now introducing initial AF spin polarization.
We observed that magnetic polarization is quickly van-
ishing and the system converges to exactly the same non-
magnetic solution as that obtained in a smaller tetrago-
nal cell. Then we carried out the calculation using our
LSDA+U method obtaining a stable AF insulating solu-
tion with an energy gap of 0.95 eV and a local moment
pcu = 0.98up.

Before we give a full report of our results we will add
some more details about the calculations. Applying the
same criterion as in the case of La;CuO4 we selected
atomic-sphere radii to be (in angstroms) 0.83 for Cu,
1.63 for La, and 1.40 for both planar and apex oxygen.
Note that the Cu sphere is smaller than the one used in
La,;CuOy since the Cu®* ion is smaller than the Cu?*
one. This reflects a difference of nominal valency of Cu
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in these compounds. The space filling was improved by
allocating empty atomic spheres at Wyckoff positions 4c
and 8f with radii 0.70 and 0.61, respectively. The basis
set we used for LaCuQj; included the same augmented-
spherical waves as for La;CuO,4. In general all techni-
cal steps of the calculations for LaCuOj3 followed closely
those for La;CuO4 and we maintained the same level of
accuracy. Finally, we used the same values of on-site
Coulomb and exchange parameters for Cu d and La f
states as in Lay;CuQ4. Obviously some of these values
may differ slightly in these two cases, but we are con-
vinced that the influence on the physical content of the
solution will be very small.

Results for LaCuQOg are presented below in a way sim-
ilar to those for La;CuQy in Sec. III A. Much less exper-
imental data is available, however, for LaCuQOj, so our
results should be seen rather as predictions and explana-
tion of the electronic structure of this material. (We also
will not show and/or discuss results of the intermediate
version of the Hamiltonian.) We will stress similarities
and differences relative to La;CuQj,.

In Fig. 9 we show the overall DOS of LaCuOs3. The fig-
ure is organized as Fig. 1 for La;CuQOy4. The assignment
of semicore O 2s and La 5p states remains the same. A
large shift of La 4f states is also clearly visible. In this
case, however, there are no experimental data (e.g., in-
verse photoemission) available to confirm the position of
La 4f states. The important difference with respect to
Lay;CuQy is that the shapes of the local DOS for apex and
planar oxygen are nearly the same in the whole energy
range. This reflects the simple fact that the tetragonal
deviation from the cubic perovskite is rather small and
all oxygen atoms are almost equivalent. It means that
(contrary to LazCuQOy4) both types of oxygen will nearly
equally contribute to the UHB that is separated [Fig.
9(b)] from the top of the mostly oxygen valence band by
a charge transfer gap of 0.95 eV. Although it is not ex-
plicitly visible in Fig. 9 (but it will be explicit below)
it further means that, contrary to La;CuQO4, both Cu
dg2_,2 and d,2 orbitals undergo Hubbard splitting. We
point out here that our solution is essentially different
from the model proposed recently by Bringley et al.5! In
their model the d,: band is completely filled -and does
not undergo Hubbard splitting. We will return to this
problem.

Since there are no published detailed results of the
band structure calculation for LaCuQ3,% before we con-
tinue with our main presentation, we include a small
paragraph reporting the standard LSDA calculation for
this compound. In Fig. 10 we show the band structure
obtained with the smallest tetragonal perovskite unit cell.
LaCuO3 appears here as a nonmagnetic metallic system.
Bands crossing the Fermi energy are formed by antibond-
ing Cu dz2_,2 — planar O 2poc and Cu d,: — apex O
2po  orbitals. The Fermi surface is presented in Fig.
11. It consists of two sheets. Omne resembles a shape
of octahedrons centered at I' points and connected by
necks in the z directions, but only touching other octa-
hedrons at X points in the xy plane. The second sheet
forms closed pockets of holes around A points. In Ta-
ble IV we listed the local partial charges within atomic
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FIG. 9. Total DOS (two molecules in unit cell) and lo-
cal DOS on different atomic sites for LaCuO3: (a) metallic
nonmagnetic solution by standard LSDA; (b) insulating AF
solution by modified LSDA+U Hamiltonian [Eq. (10)]. The
zero of energy is set to the Fermi energy in (a) and to the top
of valence band in (b). Note the strong modification of the
valence Cu 3d and O 2p states and the shift of unoccupied La
4f states when going from (a) to (b).
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Energy (eV)

r ™M X r z A R Z

FIG. 10. Electronic band structure of LaCuOsz as ob-
tained by the standard LSDA plotted within the simple
tetragonal BZ corresponding to the smallest tetragonal per-
ovskite unit cell. The zero of energy is set to the Fermi energy.
The semicore O 2s and La 5p bands are not shown.

spheres which with some caution can be interpreted as
occupation numbers. The total DOS at Ej is equal to
2.4 states/eV.

Returning to our primary presentation, in Fig. 12 we
compare the band structure of LaCuQOj; obtained with
our LSDA+U method (b) with the standard one, but
now plotted within a v/2 x v/2 x 2 supercell for consis-
tency (a). (Of course, the latter one represents the same
electronic structure as that in Fig. 10 and all the DOS
and partial DOS obtained from these two band structures
are exactly the same.) Figure 12 is organized in the same
way as Fig. 2 for La;CuO,4. Comments about the shift
of La 4f states remain equally valid. An important dif-
ference is that we have now [in (b)] two split up Hubbard
bands and that they are well separated from each other.
(In cubic perovskite they would be degenerate at the I’
point.) This separation becomes important in the discus-
sion of transport properties of n-doped LaCuQO3_s given
below. The indirect gap is equal to 0.95 eV, but a direct
one is about 2 eV everywhere in the BZ. As in the case of
LazCuOy4 one should look simultaneously at the projec-
tions of the local partial DOS of Cu 3d and planar and
apex O 2p states on the symmetry components. These

R A
A z R A
M r X M
X M

FIG. 11. Two sheets of the Fermi surface of LaCuQO3; as
obtained by the standard LSDA. Shadowed regions are occu-
pied by electrons.
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TABLE IV. Partial charges in atomic spheres for LaCuO3
as obtained by the standard LSDA calculation.

Cu Planar O Apex O La

4s  0.07 2s  1.97 2s  1.97 6s 0.12

4p 0.08 2p o 1601 2p o 1615 5p 5.88
3d zy 1.789 m  1.805 7, 1.790 5d 0.63

yz 1.787 ;.  1.794 my, 1790 4f 0.25

zz 1.787 3d 0.25 3d 0.21

2 1.430
z? —y*> 1331

(a)
10

i i

Energy (eV)

Energy (eV)

r G1Z r X G2 Z
FIG. 12. Electronic band structure of LaCuQOj3. The figure
is organized as Fig. 2. Note the upward shift of La 4f bands
when going from (a) to (b) and the two split up Hubbard
bands in (b). The lower UHB is separated from the valence
bands by an indirect gap of 0.95 eV. Points in the BZ are
labeled as in Ref. 55.
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FIG. 13. Cu d partial DOS in LaCuOs;. The figure is or-
ganized as Fig. 4. Deviation from cubic symmetry is very
small in both cases (a) and (b). Although d,2_,2 and d,»
states show equal Hubbard splitting (about 8 eV), they con-
tribute differently to two UHB’s (compare Fig. 12). See the
main text for a simultaneous discussion of Figs. 13-15.
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are given in Figs. 13-15.

First, we observe that the deviation from cubic sym-
metry is very small. The degeneracy of zy,yz,zz and
z2 —y2, 2% states in Fig. 13 is barely lifted and shapes of
planar and apex O 2po and 2p7 states are the same in the
whole energy range in Figs. 14 and 15, respectively. As
a consequence, contrary to La;CuOy4, both dy2_,2 and
d,: states equally contribute to the Fermi energy region
[Fig. 13(a)] and they show nearly the same Hubbard
splitting [Fig. 13(b)]. In the latter case local moment
pcu = 0.98up comes equally from dgz2_,2 (0.48up) and
from d,» (0.5pp) orbitals. The small though important
difference one should observe is that the d,» orbital is
contributing much more to the lower band from two split
up upper Hubbard bands. This will be relevant for the
discussion of transport properties of n-doped LaCuO3_;.

Next, the overall upward shift of occupied O 2p states
and downward shift of occupied Cu d states when go-
ing from case (a) to case (b) is much less pronounced
than in Lay;CuQOy4. Nevertheless, the formation of the
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FIG. 14. Planar O 2p partial DOS in LaCuOj;. The figure
is organized as Fig. 5. See the main text for simultaneous
discussion of Figs. 13-15.
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charge transfer gap is apparent. Further analysis shows
hybridization between Cu d., and planar O 2pm orbitals
and between Cu d,, ., and both apex O 2pn, , and pla-
nar 7, orbitals. This effect is stronger in the LSDA+U
solution and the resulting states are located in energy
range —7 to —3.5 eV. Moreover, there is significant direct
oxygen -7 hybridization of states located between —3.5
eV and the top of the valence band in the LSDA+U solu-
tion and between —4 eV and about —1.5 eV in the stan-
dard LSDA solution. This effect is equally pronounced
in both cases.

Finally, when unoccupied oxygen states are concerned
we would like to make two points. First, we again point
out that the upward shift of La 4 f states (by about 5 eV)
is reflected in the oxygen local DOS by a shift of sharp
peaks located at 3.5 eV in the standard LSDA solution
to about 9 eV in the LSDA+U solution. Second, states
in the wide structure ranging from 4 eV up to 9 eV in
all O 2pr partial DOS are nearly equally hybridized with
empty La 5d states located in that energy range.
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FIG. 15. Apex O 2p partial DOS in LaCuOj. The figure
is organized as Fig. 14. See the main text for simultaneous
discussion of Figs. 13-15.
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We close this section by discussing transport proper-
ties of LaCuO3_s for 0 < § < 0.5. We refer here to the
experimental evidence reported in Ref. 51 and we will
compare our interpretation with the model depicted in
Fig. 8 therein. Describing results of our LSDA+U calcu-
lation we pointed out energetic separation of two UHB’s
and the fact that the lower from them is dominated by
apex O 0—Cu d,z contribution. Since oxygen vacancies
are acting as double donors, this Hubbard subband will
become quickly populated when § increases. The system
will appear as metallic, though with poor conductivity
due to the small mobility of carriers in the narrow band.
Moreover, doping of a Hubbard subband is not at all a
rigid filling process. During the electron doping, states
are transferred from the upper (empty) Hubbard band
to the lower one and the UHB just disappears. Such a
process, which is beyond a standard band picture, could
possibly be described by a combination of the LSDA+U
and the coherent potential approximation (CPA), which
is widely used in the theory of alloys. (We would like to
recall here that the approach, which in the theory of al-
loys is called CPA, was introduced by Hubbard®® for the
description of motion of an extra electron or hole through
a half-filled narrow band in a strongly correlated system.)
LaCuOj_; should behave as a poor metal (semiconduc-
tor) with decreasing numbers of carriers as § increases.
When § reaches 0.5 all the bands, except the planar o—
Cu dy2_,2 (second) UHB, are completely filled and the
system again becomes insulating. Our model is clearly
presented in Fig. 16. (Compare with Fig. 8 in Ref.
51.) Summarizing, our model predicts LaCuO3_s to be
an insulator for the ideal stochiometric tetragonal phase
(6 = 0) (contrary to the model in Ref. 51), a poor metal
(doped semiconductor) for 0 < § < 0.5, and again an
insulator for § = 0.5. This seems to be in full agreement
with experimental evidence collected by Bringley et al.
in Ref. 51. (It is extremely difficult to prepare a stochio-
metric tetragonal phase without oxygen vacancies. This
probably explains why LaCuOj was mostly reported to
be metallic.)

oxygen T oxygen T

[t o-dx?y ?|
8=0 0<8<05 §=05
insulator poor metallic insulator

FIG. 16. Model proposed of the electronic structure of
LaCuOs;-s upon an increase in oxygen deficiency 4. (pl = pla-
nar, ax = apex, LH, UH = lower, upper Hubbard subbands.)
The transfer of states from the UHB to the LHB upon doping
(as indicated by the arrow) results in the disappearance of the
upper band and “growth” of the lower one. This is depicted
by the change of the horizontal size of relevant boxes (apex
O 2po — Cu d,2).
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When magnetic properties are concerned, LaCuOj; is
antiferromagnetic in the LSDA+U solution. It remains
antiferromagnetic in all ranges of § according to our in-
terpretation of the m-doping process, in particular for
0 = 0.5, as was observed experimentally. For intermedi-
ate d values it is very likely that some ferromagnetic com-
ponent will develop due to disorder and moments canting.
We stress strongly, however, that neither our calculations
nor our model of the doping process say anything about
the ratio of long-range order for the finite temperatures.

IV. SUMMARY

In Sec. I we presented, modified in its physical mean-
ing and also technically extended, a version of the so-
called LDA+U method of including an on-site Coulomb
correlation (the essential part) to the effective Hamilto-
nian of the local-density approximation to the density
functional. We distinguished our method by the label
LSDA+U because the original formulation intrinsically
does not allow for spin polarization in the DF part of the
Hamiltonian.

In Sec. III we reported extensively and discussed
carefully results of the electronic-structure calculation
for LapCuO4 and LaCuOQj carried out by the LSDA4-U
method. The most important features of our solution
for La;CuQy are (i) a stable AF insulating solution with
the correct value of the Cu local moment, (ii) the mo-
ment carried entirely by the d2_,2 orbital, (iii) a charge
transfer gap with the correct value, (iv) a correct posi-
tion of La 4f states and a correct description of inverse
photoemission, (v) a correct description of polarization-
dependent x-ray absorption at the oxygen K edge in-
cluding details of E||c and E_Lc anisotropy, and also the
following serious difficulties: (vi) the incorrect nature of
the first ionization states (the ratio of in-plane and out-
plane contributions), and (vii) a poor reproduction of
valence photoemission. Both of these difficulties [(vi)
and (vii)] are directly related to the problem of an in-
correct treatment of the configuration hybridization and
(vii) also to the “lack” of treatment of the spectral weight
transfer. We discussed some possibilities (and attempts)
to improve upon points (vi) and (vii). We consider these
problems as important because they show the essence
of (many-body) strong electron-electron correlation and
also as difficult ones because any successful treatment (if
ever possible) will certainly spoil the simplicity and wide
applicability of the effective one-particle approach.

Where LaCuQ3 is concerned few experimental data are
available, so results of our calculations should be consid-
ered rather as predictions. Inspired by our LSDA+4+U
solution, we constructed a model which gives a full ex-
planation of insulator-metal-insulator transitions upon n
doping.

On the basis on our results and on those obtained with
the simpler form of the modified Hamiltonian® we claim
that the method using the effective potential in the form
of Eq. (10) offers a significant improvement over the stan-
dard LSDA calculations when dealing with the electron-
electron correlations of localized orbitals embedded in de-
localized electron systems. The LSDA+U method deliv-
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ers an essentially better approximation to the electron-
removal and electron-addition spectra, which is crucial
for the interpretation of the majority of (spectroscopy)
experiments. Finally, it requires only a minor increase of
computational effort over the standard LSDA, which is
very important for the materials science where we need
efficient tools to handle more and more complex systems.
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APPENDIX

The general expressions for Coulomb and exchange
electron-electron interaction matrices in the case of
equivalent nl electrons assume a relatively simple form.
We reproduce them here after Ref. 18. They read

m' Z a‘mm' (Al)
2l
MVED R L L (A2)
k=0

where F* are Slater integrals for a given nl and
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at* . =c*(Im,lm)ck(Im/,Im’) , (A3)
bk = [c*(lm,lm')]? (A4)

where
c*(lm,lI'm') = <2l+ 1) /dQ Y Yem—m' Yom  (A5)

are known as Gaunt’s numbers.’” Equation (A5) pro-
vides also a relation to the much more common Clebsch-
Gordan coefficients.5®

It is rather cumbersome to verify the following two
summation relations. The first of them is

> Ut =2+ 1)*F° = 21+ 1)°U .

mm'

(A6)

Here and everywhere in this work we identify the atomic
Slater integral F° with the screened (in solid), effective
Coulomb interaction parameter U for a given nl (i.e.,
F% = U). Note that we use here the index [ explicitly
for U and J matrices to stress this dependence, but we
still drop this index in the case of U and J parameters
and Slater integrals. Next, we recall the relation

_Liprype -
J—14(F + F*%) forl=2,

(A7)

2 1 4 6 | =
J= 6435(286F + 195F* + 250F°) for 3,

known in the field of atomic spectroscopy. The second
useful summation relation can be written as

S (U = To) =202+ 1)(U = J) .

mm/'

(A8)

These summation relations were used in Sec. II B.
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FIG. 11. Two sheets of the Fermi surface of LaCuOj; as

obtained by the standard LSDA. Shadowed regions are occu-
pied by electrons.
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FIG. 16. Model proposed of the electronic structure of
LaCuQ3_; upon an increase in oxygen deficiency 4. (pl = pla-
nar, ax = apex, LH, UH = lower, upper Hubbard subbands.)
The transfer of states from the UHB to the LHB upon doping
(as indicated by the arrow) results in the disappearance of the
upper band and “growth” of the lower one. This is depicted
by the change of the horizontal size of relevant boxes (apex
O 2po - Cud,2).



