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Self-interaction-corrected electronic structure of La2Cu04
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We have applied the self-interaction-corrected (SIC) local-spin-density-approximation (LSDA) formal-
ism to La2Cu04. In contrast to the local-spin-density result the self-interaction-corrected formalism
yields correctly an antiferromagnetic semiconducting ground state as found experimentally. The band

gap of 2.1 eV and spin magnetic moment of 0.66pz compare favorably with experimental values. The
bonding properties are correctly described proving that the SIC LSDA is also capable of describing the
properties that have been correctly predited within LSDA.

The failure of the local-spin-density-approximation
(LSDA) to describe such strongly correlated materials as
La2Cu04 and transition-meal oxides is partially blamed
on the electron self-interaction. Recently it has been
shown that the self-interaction-corrected (SIC)-LSDA
theory leads to correct antiferromagnetic ground states,
in good agreement with experiment, for the 3d monox-
ides' and also for La2Cu04. In contrast, the wave-
vector-dependent spin susceptibility, calculated on the
basis of the LSD A paramagnetic band structure of
LazCu04, has turned out to be two to three times too
small for the transition to the antiferromagnetic state to
occur. A very detailed analysis of the various contribu-
tions to the spin susceptibility led us to the conclusion
that the Cu d bands are not sufficiently localized within
the LSDA picture, leading to gross underestimation of
the intraband and interband transitions. However, these
bands could be localized further within the SIC-LSDA
scheme, and this was the original motivation for this
study.

It is a paradox of the LSDA that it gives an adequate
description of the bonding and structural properties of
LazCu04 although the ground state itself is not correctly
predicted. Therefore, one should investigate whether
the SIC-LSDA formalism is capable of providing a more
consistent story, namely, to provide both the correct
ground state and good description of the lattice constant.
A future objective would be to apply the SIC-LSDA
scheme to a Sr-doped compound to explore whether it
can correctly describe the metallic nature of its ground
state. For this our present study forms a rather essential
starting point. Finally, it is of interest to see whether our
results, based on a very different implementation of the
SIC-LSDA formalism, support the findings of Svane.

In this paper we study the electronic structure of
LazCu04 by means of an ab initio band-structure scheme,
self - interaction - corrected —linear - muffin - tin - orbital—
atomic-sphere approximation (SIC-LMTO-ASA), taking
into account the self-interaction correction to the LSDA,
and implemented within the standard LMTO-ASA

LsD&5V (r) =2f, dr'+ V„, [lq.(r)l', O] (2)

is the self-interaction correction to the usual LSDA po-
tential and V„ is the LSDA exchange-correlation po-
tential. The Lagrange multipliers c, ~ ensure the ortho-
normality of the g (r) functions. In order to find the
solution of the SIC-LSDA equations [defined by Eq. (l)]
we employ the unified Hamiltonian concept. It not only
secures the orthogonality of both self-interaction-
corrected and non-self-interaction-corrected orbitals,
without a need for evaluating the Lagrange multipliers
matrix, but also provides all self-interaction-corrected
and non-self-interaction-corrected solutions from the
same matrix diagonalization. However, at every iteration
of the self-consistency (SCF) cycle, the following set of
equations

(+.l5V. —5v., &., ) =o

has to be satis6ed, for every pair o.,a', in order to ensure
the absolute minimum of the total energy for the mutual-
ly orthogonal orbitals with optimal degree of localization.
These equations follow from the requirement that the
SIC-LSDA energy functional is stationary under unitary
transformations among the occupied orbitals and are
often referred to as the localization criterion, ' since
they take care that the orbitals possess the optimal degree
of localization for the total energy to become minimum.
Therefore, in the SIC-LMTO-ASA band-structure

band-structure method. As has already been mentioned,
our implementation of the SIC-LSDA scheme differs sub-
stantially from the cluster approach of Svane and Gun-
narsson and is described in more detail in Ref. 2.

The SIC-LSDA Hamiltonian has the form

H"'tp (r)=[H —5V (r)]y (r)

(r),
a'

where H" is the usual LSDA Hamiltonian and

11 533 Qc1993 The American Physical Society



11 534 BRIEF REPORTS 47

~ 12C
CL
M

10—
(D

8—
O

M 6—

M 4—

C

(a)
14—

~ 12
C:

) 10—

e 8—
O

M 6—

M 4—

C

—15 —10
I

—5 0

E (eV)

I

5
I

10
I

15

o
—15

I

—10

E (eV)

I

10
I

15

~ 12C
CL
M

~ 'lo—

Q)

e 8—
O

M 6—

M 4—

C

o
—15

I

—10

II

i, ")

I gl II I

I

(c)

I I

5 10 15

14-

~ 12C
CL
M

~ 10—
(0

e 8—
O

M 6—

M 4—

C
I

~~~ !c
II

!I!+Nli. III &Ii'!I'i I
I ~i \

I

—5
I I I

10
I

15

E (eV) E (eV)

~ 12C
CL
M

~ 10—
(D

e 8—
O

M 6-

M 4—

C

0
—15 —10

I

—5

E (eV)

I

IIII I
, IIII
I IIII ill
I Ig I!Ill

I
I
I
II

~ /

I

5

(e)

I

I

I

I

I

I
I

II
~f Xi

I

10
I

15

FIG. 1. SIC-LSDA density of states for La2CuO4. (a) the total density of states; (b) the Cu contribution to the total density of
states; (c) the apex (out-of-plane) oxygen contribution; (d) the planar (in-plane) oxygen contribution; (e) the La contribution.
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scheme one has to employ a two-level SCF cycle to reach
convergence for both the total energy and wave func-
tions.

As in the case of oxides, we have applied the SIC only
to the occupied Cu d states, five majority spin states, and
four minority spin states. We have concentrated on the
antiferromagnetic solutions and performed our calcula-
tions for the base-centered orthorhombic structure with
14 atoms per unit cell. Nonspherical contributions to the
potential have not been considered, and the Wigner-Seitz
cells have been approximated by spheres. With respect to
the basis functions we have only included s, p, and d
muffin-tin orbitals on Cu and La sites and s and p muffin-
tin orbitals on the oxygen sites, and no empty spheres
have been considered. Moreover, as in the case of the ox-
ides we have employed the local approximation and have
expanded the localized orbitals around central unit cell
only.

Our ab initio results for the total density of states and
its decomposition into Cu, planar (in-plane) oxygen, apex
(out-of-plane) oxygen, and La contributions are presented
in Fig. 1. The first thing to notice is a substantial band
gap of 2.1 eV. This value compares favorably with the ex-
perimental gap of 2.0 eV." One expects that including d
muffin-tin orbitals on the oxygen sites will slightly reduce
the present value of the band gap. In the case of
transition-metal oxides, this reduction was of the order of
0.2—0.3 eV. Note that although the band gap occurs be-
tween the non-SIC bands, the effect of the SIC is present
through orthogonalizing these sets of band states to the
SIC states.

The width of the valence band is about 6 eV. The top
of this valence band is of predominantly oxygen charac-
ter, hybridizing substantially with La states. Since the
major effect of the SIC is to pull the occupied Cu d bands
well below the valence band, they are not noticeably
present at the top of the valence band. It appears that
both kinds of oxygen atoms contribute with equal
weights at the top of the valence band. The bottom of
the conduction band is of predominantly Cu d character,
however, there are some contributions from both the in-
plane oxygen and La to the lowest unoccupied peak in
the density of states. The La states are predominantly
unoccupied, except for those hybridizing with the oxygen
valence bands. Unexpectedly, the position of the occu-
pied Cu d peak obtained within this approximate
ground-state theory is in very good agreement with the
position of the experimentally observed d satellite at—12.5 eV. ' Similar, favorable comparisons with experi-
mental findings can be made for other features of the
present density of states. Also, it is rather gratifying to
see that our results are in good agreement with those of
Svane, in spite of a very different methodology employed
and a smaller basis set used in the present calculation.
The value of the spin magnetic moment of 0.66p~ is rath-
er high compared to the experimental value of 0.4pz, '

but again one would expect it to be reduced if d muffin-
tin orbitals are placed on oxygen sites and f muffin-tin or-
bitals on La sites.

In Fig. 2, we have shown the dependence of the total
energy on the unit-cell volume. We see that the theoreti-
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mental cell volume is 189.480 A .

cal equilibrium volume (190.684 A ) is within 0.6% of
the experimental value (189.480 A ). We obtain a bulk
modulus of 1.33 mbars (1.25 mbars in the LSDA). As in
the case of LSDA, the SIC-LSDA provides an adequate
description of the bonding properties of La2CuO4. This
means that the SIC-LSDA scheme can describe both lo-
calization and unit-cell volume. In previous work' we
speculated that, in spite of the wrong ground state, the
LDA was still able to describe the bonding properties be-
cause this involved La and O atoms. We validate this
speculation since the electronic structure resulting from
these chemical components does not change substantially
in going from the LSDA to the SIC-LSDA and hence the
theoretical lattice constant hardly changes. To summa-
rize to this point we would like to stress good agreement
of our results with previous calculations and with experi-
ment, if one can take the liberty to compare this approxi-
mate ground-state theory with high-energy spectros-
copies.

We also find that the band gap remains roughly con-
stant at 2. 1 eV when changing the lattice constant from—2% to +3% of the experimental value. As the volume
is changed both the bottom of the conduction band and
the top of the valence band move in unison. This is
presumably because both occupied and unoccupied states
around the band gap are similar in character. Since the
electronic structure in the vicinity of the band gap does
not change much, we also find a small change (0.01@~) in
the magnetic moment as a function of volume.

Finally, the LSDA-SIC results for the antiferromagnet-
ic state can also shed some light on the search for spin
Auctuations in a hypothetical paramagnetic state with
amplitudes large enough to drive the system into an anti-
ferromagnetic phase transition or to bring it near to such
a state. The LDA approach failed badly in this respect
because the contribution of the intraband transitions
within band 17 (the only band crossing the Fermi level) in
the body-centered-tetragonal (bct) structure turned out to
be too small. This band has an appreciable width of 3 eV
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which makes the wave-function coefficients strongly k
dependent. This, in turn, leads to small matrix elements
because of the small wave-function overlap between occu-
pied (k, E) states and unoccupied (k+q, E+co) states.
Within the SIC-LSDA, this band will most likely become
substantially Hatter. This happens as follows. One would
SIC per spin four of the five Cu d bands for paramagnetic
La2Cu04. The effect of the SIC would be to pull these
bands well below the bottom of the valence band and to
make them much more localized. The Cu d band cross-
ing the Fermi energy, although not self-interaction

corrected, would be inAuenced by the SIC through or-
tho gonalization to the very localized, self-interaction
corrected, Cu d bands and hence would also become
much flatter. Such a Oat band could then drive the insta-
bility from the paramagnetic state to the antiferromag-
netic state with stable and sizable magnetic moments at
the Cu sites, as found in the present study.
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