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The electronic properties of oxygen vacancies in chemically pure La,CuO4 have been investigat-
ed by the ab initio pseudofunction method using a supercell geometry. Oxygen vacancies alter
the electronic structure significantly, breaking up the 2-eV-wide partially filled conduction band
into narrower bands, which are only about 0.1 eV wide in La,CuQs7s. Our results suggest that
vacancy-induced narrow bands near the Fermi level could lead to the antiferromagnetic state ob-
served in some nonstoichiometric La;CuQ4 samples.

La,CuQy exhibits a wide variety of interesting physical
properties depending on how the samples are prepared.'~?
La,CuOQ, is metallic at room temperature and above. 12
At low temperatures, La,CuQ, is variously found to be
the following: (a) metallic down to 4 K,! (b) semimetallic
down to about 30 K, where the conduction electrons ap-
pear to become localized,? (c) semiconducting and weakly
paramagnetic with the formation of a spin density wave
around 250 K,* (d) magnetic, with a localized magnetic
moment above 200 K which vanishes smoothly below 200
K,> (e) antiferromagnetic with a Néel temperature be-
tween 240 and 290 K,%% and (f) superconducting below
40 K.>10

Leaving aside deliberate doping, oxygen vacancies ap-
pear to be the most important variable controlling the
final properties. For example, long-range antiferromag-
netic order in oxygen-deficient La;CuO4—, is closely
correlated to the value of y.!' In this paper we will study
the electronic properties of oxygen vacancies theoretically
and discuss their possible relationship to 7, and antifer-
romagnetism in the La;CuQO4—), system.

In recent theoretical studies, '2!3 we demonstrated that
the orthorhombic phase of La,CuO, is metallic, with a
highly anisotropic band structure. The metallic character
arises from the fact that the highest occupied and lowest
unoccupied bands touch at certain points and along cer-
tain surfaces of the reduced zone. Elsewhere in the zone
these bands are separated by a gap. In contrast to state-
ments by earlier workers,>!*!5 we suggested that the or-
thorhombic phase of La;CuOy4 could be the host of super-
conductivity in doped as well as undoped samples under
suitable conditions. These predictions have subsequently
been confirmed experimentally,®!®1-!% as has our further
prediction that at very low temperatures La;CuO4 be-
comes a semiconductor due to an orthorhombic-to-
monoclinic structural phase transition. 2

Since all band-structure calculations to date indicate
that La,CuQO4 has broad bands crossing the Fermi level,
the main paradox conceptually is the occurrence of local-
ized moments and an antiferromagnetic ground state.
The broad bands should preclude the existence of a mag-
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netic ground state since the usual models of magnetism,
such as the Hubbard and Anderson models, require nar-
row bands and large correlation energies.

In this paper we will show theoretically that oxygen va-
cancies alter the electronic structure significantly, break-
ing up and narrowing the broad conduction bands of the
stoichiometric compound in the neighborhood of the Fer-
mi level. The vacancy-induced narrow band (in La,-
CuO3.75) is only 0.1 eV wide and so could conceivably sup-
port localized moments as well as an antiferromagnetic
ground state. The narrow band obtained here is consistent
with the earlier conclusion reached by one of us that O va-
cancies along one-dimensional Cu—O chains in YBa,-
Cu307-, can break the broad conduction bands at Er
into several narrow bands.?'

To study the effect of oxygen vacancies on the electron-
ic properties of La,CuQy4, we constructed a supercell of
four tetragonal unit cells of La;CuQy, i.e., 28 atoms. We
used atomic coordinates appropriate for tetragonal La,-
CuQy for ease of computation. The supercell was formed
by doubling the tetragonal unit cell in the two planar
directions. Body-centered tetragonal symmetry is
preserved for this configuration. We then removed 1 of
the 16 O atoms in the supercell from the 2D Cu—O net-
work. The only remaining point symmetry is inversion.
The separation between adjacent vacancies is 7.6 A, and
this proves to be sufficiently large to avoid significant in-
tervacancy interactions.

We calculated the energy bands for this structure, for-
mally La;CuQOs;7s, using the pseudofunction method. %
Identical calculations were also carried out for the same
structure but with the vacancy occupied. Although the
actual symmetry is much higher now, we continued to use
the lower symmetry of the 27-atom case as a numerical
check. Our results for the 28-atom case (no vacancy)
closely resemble published band structures for tetragonal
La,CuO4 (Refs. 14 and 15), thus increasing our confi-
dence in the adequacy of our ordered vacancy calculation.

The two crystals we investigated, oxygen-deficient
La,Cu0O3 75 and stoichiometric La,CuQ,, bracket the un-
doped material La;CuOs3gs, whose structure has been
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studied by neutron diffraction.? These studies clearly in-
dicated that all the O vacancies occur in the Cu—O plane,
as assumed in our theoretical model.

We used an ordered-vacancy supercell approach be-
cause we believe that this approach should provide accu-
rate local information on the electronic structure of isolat-
ed oxygen vacancies. Moreover, none of presently avail-
able first-principles self-consistent band-structure compu-
tational methods can deal with disordered vacancies real-
istically. Since we found considerable changes in the elec-
tronic structure as the self-consistent iteration proceeded,
we would expect simplified non-self-consistent methods
such as empirical tight-binding calculations to miss many
of the essential physical features of the (ordered or disor-
dered) oxygen vacancy problem.

Our principal results are presented in Fig. 1. The bot-
tom panel shows the energy bands for the 28-atom model
(no vacancies), and the top panel the energy bands for the
27-atom (one O vacancy) model. It is readily apparent
that, on the average, there is only one unfilled band for the
27-atom case and two for the 28-atom case. Apart from
this feature, which is dictated by the different number of
electrons and available orbitals, the bandwidths are strik-
ingly different in the two cases. While there is a broad
band roughly 2 eV wide crossing Er for the 28-atom case,
in agreement with previous studies of stoichiometric
La,CuOy4 by ourselves!? and others'#!3, the bands for the
27-atom case are considerably narrower, having been bro-
ken up by the ordered vacancy superlattice.

In contrast to textbook pictures of energy bands that
are perturbed slightly only near the reduced zone boun-
daries by superlattice periodicity, the superlattice splitting
extends throughout the reduced zone in the present in-
stance. In fact, a band gap opens over a substantial part
of the reduced zone between the 79th and 80th bands.
Combined with the change in the number of filled bands
(79 rather than 80), the oxygen vacancies create a very
narrow band in the neighborhood of Er whose width is
about 0.1 eV. This narrow band forms the valence band
edge and is highlighted in Fig. 1(a). Our result therefore
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FIG. 1. Band structures of La;CuO4—,. (a) y =0.25 (with O
vacancies) and (b) y =0 (without O vacancies). The k points
labeled 1-6 along the horizontal axis are 3 =(0.0,0.0,0.2878),
1=(0.0,0.0,0.0) =T, 2=(0.25,0.0,—0.0179), 6=(0.25,
0.25,—0.1438), 4=(0.25,0.25,0.2438), and 5=(0.0,0.25,
—0.0179). Narrow band at Ef(=0 eV) is highlighted.

suggests that nonmagnetic La;CuOj3 75 could have consid-
erably higher density of states at £ than stoichiometric
La,CuQ,. However, we believe La;CuOs 75 is likely anti-
ferromagnetic and may not exhibit such a high density of
states as suggested by Fig. 1(a).

Charge density plots are useful for understanding the
bonding qualitatively. In Fig. 2 we have plotted the total
pseudofunction charge density for the 28- and 27-atom
cases. We see that the charge density contours around the
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FIG. 2. Pseudofunction charge density for La;CuQOq4—,: left panel is for y =0 (without O vacancies) and right panel is for y =0.25

(with O vacancies).
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Cu and O atoms are quite similar, whether or not the O
vacancy is present. The removal of an O atom thus has
only a minor effect on neighboring atoms. Since there is
very little rearrangement of electronic charge, it is as if a
neutral O atom is plucked out of the lattice. The effect of
removing the O atom is screened within a short distance,
as is usually the case in covalent materials. Since the
screening length is so short, adjacent vacancies do not in-
teract with one another, suggesting that the present model
describes the neighborhood of a vacancy realistically, as-
suming that lattice relaxation effects can be neglected.

In real oxygen-deficient compounds, the O vacancies
are arranged at random, so that superlattice band gaps
are not actually formed. Nevertheless, we would expect
the electronic density of states in real materials to reflect
the changes that occur in exaggerated form in our ordered
vacancy model. That is to say, we would expect randomly
arranged O vacancies to induce deep minima rather than
absolute band gaps in the electronic density of states. So
we will continue to speak of vacancy-induced narrow
bands though we realize that these bands have smeared-
out rather than sharply defined band edges.

In view of the narrow bands in our 27-atom model, and
the fact that Cu 34 atomic orbitals contribute strongly to
the crystal wave functions near Er, we would expect this
model to support Hubbard-type antiferromagnetism. We
hope to carry out spin-polarized band calculations at a
later date. If the above ideas are correct, we expect to find
a nonmagnetic ground state for the 28-atom structure and
an antiferromagnetic ground state for the 27-atom struc-
ture.

Our conclusions should also apply to the lower symme-
try orthorhombic phase because the crucial conduction
bands under consideration are of the same width, about 2
eV, for both materials. In addition, spin-polarized band
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splitting, if it occurs in tetragonal La;CuO4-,, would
occur more easily in the orthorhombic phase due to the
preexistence of energy gaps in substantial portions of the
reduced zone.

Emery?® and Harrison?* have concluded independently
that pure La,CuQy is an antiferromagnetic semiconductor
at low temperature. Both use model Hamiltonians with
electron-electron repulsion U =6.0 eV. In their models a
large U is necessary because the bands at Er are very
broad. Our calculations suggest that the presence of O
vacancies leads to a reduction in the effective widths of en-
ergy bands near Ef, requiring smaller (and possibly more
realistic) values of U for antiferromagnetic behavior. In
any event, the pure stoichiometric compound should not
be an antiferromagnetic semiconductor in view of the
broad energy band.

The relationship between band narrowing and O vacan-
cies should also play an important role for YBa,Cu3O7—,.
Depending on the conditions under which O is removed,
YBa;Cu30;7-, (0.5 <y < 1) can be either a superconduc-
tor or a semiconductor. We believe this is related to
whether O atoms are removed from the dimpled Cu—O
planes or not. Semiconducting samples probably would
have substantial O vacancies in those planes whereas su-
perconducting samples would have less vacancies.

In summary, our calculations indicate that O vacancies
tend to break up the broad conduction band in La,CuQy,
into much narrower bands in the neighborhood of Ef, in-
creasing the likelihood of antiferromagnetic behavior.

We thank V. J. Emery, W. A. Harrison, W. A. Little,
T. N. Rhodin, and M. Schluter for stimulating discus-
sions. The work at IBM was supported in part by the
Office of Naval Research.

IR. Saez Puche, M. Norton, and W. S. Glaunsinger, Mater.
Res. Bull. 17, 1429 (1982).

2p. Ganguly and C. N. R. Rao, Mater. Res. Bull. 8, 405 (1973).

3J. D. Jorgensen, D. G. Hinks, D. W. Capone II, K. Zhang,
H.-B. Schuttler, and M. B. Brodsky, Phys. Rev. Lett. 58, 1024
(1987).

4S. Uchida, H. Takagi, H. Yanagisawa, K. Kishio, K. Kitazawa,
K. Fueki, and S. Tanaka, Jpn. J. Appl. Phys. 26, 1445
(1987).

K. K. Singh, P. Ganguly, and J. B. Goodenough, J. Solid State
Chem. 52, 254 (1984).

6Y. Yamaguchi, H. Yamauchi, M. Ohashi, H. Yamamoto,
N. Shimoda, M. Kikuchi, and Y. Syono, Jpn. J. Appl. Phys.
26, 1447 (1987).

’D. Vaknin, S. K. Sinha, D. E. Moncton, D. C. Johnston, J. M.
Newsam, C. R. Safinya, and H. E. King, Jr., Phys. Rev. Lett.
58, 2802 (1987).

8S. Mitsuda, G. Shirane, S. K. Sinha, D. C. Johnston, M. S. Al-
varez, D. Vaknin, and D. E. Moncton, Phys. Rev. B 36, 822
(1987).

9P. M. Grant, S. S. P. Parkin, V. Y. Lee, E. M. Engler, M. L.
Ramirez, J. E. Vazquez, G. Lim, R. D. Jacowitz, and R. L.
Greene, Phys. Rev. Lett. 58, 2482 (1987).

10y, Beille, R. Cabanel, C. Chaillout, B. Chevallier,

G. Damazeau, F. Deslandes, J. Etourneau, P. Lejay,
C. Michel, J. Provost, B. Raveau, A. Sulpice, J.-L. Tholence,
and R. Tournier (unpublished).

11D, J. Johnston, J. P. Stokes, D. P. Goshorn, and J. T. Lewan-
dowski (unpublished).

12R. V. Kasowski, W. Y. Hsu, and F. Herman, Solid State Com-
mun. 63, 1077 (1987); in Proceedings of the Symposium on
High Temperature Superconductors, edited by D. U. Gubser
and M. Schluter (Materials Research Society, Pittsburgh,
1987), pp. 41-44.

I3R. V. Kasowski and W. Y. Hsu, Adv. Ceram. Mater. 2, 733
(1987).

141 F. Mattheiss, Phys. Rev. Lett. 58, 1028 (1987).

15J. Yu, A. J. Freeman, and J.-H. Xu, Phys. Rev. Lett. 58, 1035
(1987).

I6R. J. Cava, A. Santoro, D. W. Johnson, Jr., and W. W.
Rhodes, Phys. Rev. B 35, 6717 (1987).

17U. Geiser, M. A. Beno, A. J. Schultz, H. H. Wang, T. J. Al-
len, M. R. Monaghan, and J. M. Williams, Phys. Rev. B 35,
6721 (1987).

18R. M. Fleming, B. Batlogg, R. J. Cava, and E. A. Rietman,
Phys. Rev. B 35, 7191 (1987).

1P, Day, M. Rosseinsky, K. Prassides, W. 1. F. David, O. Moze,
and A. Soper (unpublished).



RAPID COMMUNICATIONS

36 ELECTRONIC PROPERTIES OF OXYGEN VACANCIES IN La;CuOs-, 7251

20D, G. Gubser, in Proceedings of the International Workshop
on Novel Mechanisms in Superconductivity, edited by
V. Kresin (Plenum, New York, in press).

21R. V. Kasowski, Superlattices Microstruct. (to be published);
W. Y. Hsu and R. V. Kasowski, in Proceedings of the Inter-
national Workshop on Novel Mechanisms in Superconduc-
tivity, edited by V. Kresin (Plenum, New York, in press).

22R. V. Kasowski, M.-H. Tsai, T. N. Rhodin, and D. D. Cham-
bliss, Phys. Rev. B 34, 2656 (1986).

23V, J. Emery, Phys. Rev. Lett. 58, 2794 (1987).

24W. A. Harrison, in Proceedings of the International
Workshop on Novel Mechanisms in Superconductivity, edit-
ed by V. Kresin (Plenum, New York, in press).



