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Unrestricted Hartree-Fock approach to the insulating
behavior of antiferromagnetic CaCuo2
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Ground-state properties of CaCuoq, a parent compound of the high T, superconductors, are
calculated ab initio using a LAPW spin-unrestricted Hartree-Fock (UHF) scheme. While CaCu02
is a metal within the local-spin density approximation, UHF retains the essential nonlocality of
exchange, and predicts a wide gap insulator with an antiferromagnetic moment p, 0.8p,~. Results
for hypothetical ferromagnetic CaCu02 indicate that the insulating character does not depend on the
magnetic ordering. The shortcomings of UHF are corrected in part with a simple diagonal-screening
model.

One of the peculiarities of the high-T, superconduct-
ing cuprates is the existence of an antiferromagnetic
(AFM) insulating phase in the parent compounds (e.g. ,

Car, Sr~CuOq, LaqCu04, YBa2CusOs). Although a
link between high temperature superconductivity and
magnetism has not yet been demonstrated, understand-
ing the magnetic insulating phase is certainly of primary
importance in order to obtain a comprehensive picture of
high-T, cuprates.

The AFM behavior is usually ascribed, following the
Mott-Hubbard picture, r to a large on-site Coulomb re-

pulsion U (the energy to pay in order to doubly occupy
a Cu d orbital). A band-theory scheme was proposed
by Slater in the context of the Hartree-Fock formalism.
This scheme differs from the Mott-Hubbard one in that
it relates the insulating behavior to the AFM spin order.
In the cuprates, the persistence of the insulating behav-
ior above the Neel temperature is evidence in favor of the
Mott-Hubbard picture.

Calculations on AFM transition-metal oxides and
cuprates have been performed within the local-spin-
density (LSD) approximation,

s and beyond. 4 LSD fails
to explain the insulating properties of the parent com-
pounds, despite its success in describing, for instance, the
Fermi surface of the doped, superconducting materials. 5

Some model corrections to LSD have also been applied to
insulating cuprates, in order to remedy this deficiency.
Recently, Anisirnov et aL7 have done LSD band computa-
tions with a model exchange-correlation potential based
on the Hubbard scheme, and have obtained the insulat-
ing behavior for a number of transition-metal monoxides
and the parent compound CaCuO~. Closer to the spirit
of the present work, but starting from a multiband Hub-
bard model, Grant and McMahans have obtained, within

Hartree-Pock theory, realistic values of the superexchange
frequency and of the insulating gap in LaqCu04.

The feature which is missing in the LSD approxima-
tion and which is necessary for describing Mott-Hubbard
insulators is that occupied and empty states should ex-
perience difFerent potentials: while an electron sitting
in an occupied orbital in a cuprate feels the potential
of a ds Cu ion, an added electron will feel the poten-
tial of a ds ion, and the difference between the two en-

ergy levels will be the Coulomb repulsion U, When this
nonlocality of the self-energy is retained, the insulating
behavior can be obtained even within a one-electron ap-
proach. We use therefore the conceptually simple self-
energy of the (self-consistent) unrestricted Hartree-Fock
(UHF) method, which contains the above nonlocality
limited to exchange terms. Quantitative errors are hence
expected, because of the neglect of the smaller nonlo-
cal efFects due to correlation. As a test material, we
chose CaCuOq, the simplest among the parent cuprates
[and recently doped by electrons reaching T, = 40 K
(Ref. 9)]. We obtain an insulating ground state, with a
large gap and an antiferromagnetic moment on the Cu
atoms [= 0.8@~, the experimental value being = 0.51prr
(Ref. 10)]. Since a relevant question is whether the in-
sulating properties are related to the AFM ordering, we
also applied UHF to the ferromagnetic (FM) phase, still
obtaining a wide-gap insulator.

The crystallographic structure of CaCuOq is simple
tetragonal (st), with one formula unit per cell and space
group D4h. The calculations have been performed in
the (AFM) magnetic double-cell, with a body-centered
tetragonal (bct) space group (D4r7&) and using the experi-
mental Cap 84Srp y6CuOg lattice constants a = 10.32 a.u. ,
c = 12.09 a.u. The spin arrangement assumed p was an-
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tiferromagnetic both in plane and out of plane. FM cal-
culations have also been performed in the bet double cell.
Both magnetic arrangements have been assumed a pri-
ori, but in the AFM case the magnitude of the moment
was a result of the calculation. In the FM structure, on
the other hand, the occupation number was set to be two
units larger in the spin-up channel, resulting in a Axed
moment of 2@~ per cell.

The computational method follows the LAPW~~
scheme, and will be described in length elsewhere.
The HF long-range exchange singularity is treated fol-
lowing Gygi and Baldereschi. Tests with one and two
nonequivalent special points showed convergence of—
0.07p~ (FM), and —0.03p~ (AFM) for the magnetic
moments on different atoms, and of = 0.5 eV in the band
gaps.

The UHF calculation for the AFM phase uses the zero-
moment LSD results as input, and upon iterating pro-
duces a magnetic moment on the Cu atoms of —0.8yB,
t be compared with the experimental value, —0.51pg.0

fThe neglect of correlation effects is probably the cause o
the discrepancy. The oxygens are equivalent by sym-
metry and carry no total moment. The spin density is
quite localized on the Cu sites. In the FM calculation,
although the two Cu atoms are not equivalent by the as-
sumed space group, their charges are identical (within
10 e). The total charge density is very similar in the
AFM and FM calculations.

In Fig. 1 we plot the bands of CaCuOz along the I-

Z direction of the bct Brillouin zone (BZ); in the plot,
Z = (1,0, 0)2~/a is equivalent in the bct structure to
(0, 0, 1)2~/c. Therefore, this direction gives both in-
plane and out-of-plane dispersions. The I' and A =
(1/2, 1/2, a/2c)27r/a points of the st BZ fold into the bct
I' point, while the Z and M = (1/2, 1/2, 0)27t./a points
fold into the bet Z point. Thus, the I'-Z dispersion con-
tains the information on the relevant in-plane Cu-0 dye
bonds. Not shown in the figure are the 0 2s (valence)
bands.

Figure 1 shows the I'-Z band dispersion for (a) LSD,
(b) UHF-AFM (up and down bands are identical), (c)
and (d) UHF-FM for spin t' and spin $, respectively.
While LSD gives a semimetal with a nearly zero gap along
this line, both the AFM-UHF and FM-UHF calculations
give a wide-gap insulator. Also, the total valence band-
W1 1s'dth is much larger in UHF. This is not surprising since

ndthe same tendency is observed, e.g. , in Si and diainon
(40% and 23% larger bandwidth for HF than LSD).is

Important differences also occur in the strongly two-
dimensional (I' vs Z symmetry) bands indicated by thick
lines and corresponding to the Cu-0 dpo' antibonding
states. The behavior of these bands in LSD is similar to
that previously found in this, 6 and other cuprate com-
pounds: the Cu and 0 states are nonbonding at I' and
strongly antibonding at the st A and M points, resulting
in a large dispersion.

In the AFM case, these two bands are separated by
a large gap of = 13.5 eV, and have little dispersion
(= 0.45 eV and —1 eV for the lower and higher bands, re-
spectively). The small dispersion indicates localization of
the corresponding orbitals, a feature which is confirmed
by the charge density of the two Bloch states at I' plot-
ted in Fig. 2: out of a nonbonding and of an antibond-
ing state, two completely different molecular orbitals are
formed ~5 which are predominantly localized on one of
the two Cu atoms, and with a tail extending on the
other Cu. By symmetry, the spin $ functions can be ob-
tained from the spin t' ones with a translation bringing
Cu(1) into Cu(2). Thus, the spin 1' conduction and the
spin J, valence states look very much alike, as in Slater's
approach Analysis of Fig. 2 shows small difFerences be-
tween the valence and conduction states with the same
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FIG. 1. Energy bands of CaCu02 along the I'-Z direction
of the bet BZ as calculated within LSD (a), AFM-UHF (b),
FM-UHF spin I (c), and FM-UHF spin 1 (d). LSD bands
above 6 eV are not shown for clarity.

FIG. 2. Electronic charge density for the occupie spin I
(a) and empty spin T (b) dpo' states at I', as obtained in the
UHF-AFM calculation. Contour spacing is 0.002e/a. u. , and

3the highest level is 0.028e/a. u.
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spin, accounting for the necessary orthogonalization and
for their different symmetries (the two Cu 3d orbitals are
out of phase in the conduction state, and in phase in
the valence one, as seen by the bonding with 0 2p x, y
orbitals). At the I'-Z midpoint, the lower and higher
dpo* states can be decomposed inside muffin-tin spheres
as Cu(1) 51%, Cu(2) 3%, 0 37% and Cu(1) 1%, Cu(2)
82'%%uo, 0 13'%%uo, respectively. The decomposition depends
on the values chosen for the muffin-tin radii, which are
larger for Cu (R = 1.98 a.u. ) than for 0 (R = 1.66 a.u.),
but gives an indication of the Cu-0 hybridization. While
we correctly find the empty dpo' states to be mostly Cu,
we get a large Cu component at the valence band top,
in contrast with the experimental data in a similar par-
ent compound. is This clearly indicates the importance
of correlation corrections, which will be discussed later.

In the FM phase, the dispersion of the dpcr' bands is
larger than in LSD for both spin channels, as expected,
the only differences between the two bands being a global
shift of about 13.5 eV and a smaller width of the conduc-
tion bands.

Only one of the dpo' bands is occupied for each spin
in the LSD and AFM calculations, while in the FM case
they are both occupied for spin t' and both empty for spin
$. However, the gap between lower- and upper-half bands
is vanishing in LSD, and very large in the AFM-UHF cal-
culation. Basically the same separation is found between
the center of gravity of occupied spin $ and empty spin
J, FM dpo' bands. The origin of this gap is the on-site
Coulomb interaction U between electrons with opposite
spin. The U value implicit in our calculation is some-
what larger than the one reported in the literature for
these compounds, and derived by density-functional cal-
culations (- 7.5 —10 eV).7 i7 The model calculations of
Anisimov et al. r for CaCuOz, and Grant and McMahans
for LazCu04, give lower values of the dpo' gap in closer
agreement with experiment. Correlation terms, which
are implicitly taken into account in the above models, are
fully neglected in our UHF calculation, and this should
explain our large value. s In this respect, the relevance
of our calculations is that they provide parameter-free
first principles HF results, which can be used as a sound
starting point for the inclusion of many-body corrections.

The energy separation at midpoint in the AFM case
is related to the nonequivalence (see Fig. 2) of the two
Cu atoms in the unit cell (degenerate states are forced to
have equal amplitude on the two Cu's), and even more to
the occupied vs empty discrimination, deriving from the
nonlocality of the exchange interaction. Obviously, the
local self-energy used by LSD does not contain this ingre-
dient and the system optimizes the chemical bonding, re-
sulting in a paramagnetic, metallic electronic structure.
Similarly, in the FM case, both dpo' states are either
filled or empty for a given spin; therefore, the system
has no interest in the Cu-Cu disproportionation seen in
the AFM case: the two Cu muffin-tin spheres have equal
charges, and the states at the I-Z midpoint are degen-
erate within about 10 mRy.

In all our calculations, besides the de.* states, we
find two unoccupied bands with large k, dispersion (I'
vs Z asymmetry), and a dominant interstitial charac-

ter (- 50%%uo outside muffin-tin spheres). The dispersion
of these states is similar in all calculations (including
the LSD one), although UHF pushes them up in energy.
Within UHF, they are the lowest unoccupied states.

Our UHF results indicate that both AFM and FM or-
dering lead to a wide-gap insulator in the Mott-Hubbard
regime. It should be stressed that these results have been
obtained within band theory, and that localization, an
essential feature of the Mott-Hubbard insulators, comes
out naturally, although use of Bloch wave functions has
been made.

While the insulating character originates from the big
on-site U term, the antiferromagnetic order is stabilized
by weaker interatomic interactions. From our results, we
can estimate the superexchange frequency J = 4t2/U, is

where t is the dpo hopping integral. Averaging the widths
W = 2zt (where z is the Cu coordination) of the FM
dpcr' bands for the two spins results in t = 0.7 eV, and
using U = 13.5 eV from Fig. 1, we obtain J = 0.15 eV.
Assuming strong-coupling expressions results in a Neel
temperature TN —900 K, to be compared with the ex-
perimental value T~ ——537 K.

Despite the prediction of the insulating ground state
of CaCu02 by UHF, several known shortcomings of
this method are found here: much too large energy
gaps and incorrect bandwidths are the major prob-
lems. The simplest correction scheme is the diagonal
COHSEX approximation, s where the exchange opera-
tor is screened with a static diagonal dielectric func-
tion. Since this function is not known for CaCuOq,
we take as a model s(q) = (q + o, )/(q + o. /e ),
where F00 = 5 is the Laz ~Sr~Cu04 dielectric constant, 0

and o, = 0.45 a.u. preserves unscreened the short-range
Coulomb interaction. The results are displayed in Fig. 3
for the AFM phase, and show a significant (and almost
rigid) lowering of all the conduction states, which brings

FIG. 3. Energy bands of AFM CaCu02 along the I'-Z di-
rection of the bet BZ, calculated within the diagonal COHSEX
approximation, as explained in the text.
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the optical gap in much closer agreement with experi-
ment (1.5 eV).z~ The valence bands remain nearly un-
changed. This is consistent with the results found in 8-p
materials. The optical gap is between the Cu-0 dpo *

valence states and the interstitial-like conduction states.
To our knowledge, there is no experimental evidence ei-
ther in favor or against this result for CaCu02. The gap
between the dpo' half bands is decreased to = 8 eV, and
the moment to 0.7p~. Also, the lower and higher dpo*
bandwidths increase to —1 and —1.3 eV, respectively.
Upon increasing (not self-consistently) the inverse screen-
ing length a to 0.9 a.u. , the above bandwidths become,
respectively„- 1.4 and 1.7 eV, with a gap among them
of —3.6 eV, in the direction of a more pronounced metal-
lic behavior.

Considering that the polarizabilities of Cu and 0 are
very much different from each other, large local-field ef-
fects can be anticipated in CaCuOq. They are not in-
cluded in our diagonal COHSEX scheme, and very likely

they will produce substantial changes in the atomic-
orbital contributions to band states, possibly leading to
an enhancement of the 0 character at the valence top,
as experiment indicates in a similar parent compound. 6

Also, the relative ordering of conduction bands could be
affected by local-Beld eEects. These features can be han-

dled provided one has very detailed and precise infor-

mation on the response functions of the material. Un-

fortunately, a first-principle calculation of the dynamical
dielectric matrix of CaCu02 is at present prohibitively
time consuming.
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