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The local-spin-density approximation yields a metallic ground state for the antiferromagnetic insula-
tors CoO, FeO, FeF,, and CoF,. By using the generalized gradient approximation (GGA) we find the
difluorides to be insulators, while in CoO the GGA splits the bands near Er and opens a direct gap, but a
small indirect band overlap remains. For FeO a significant improvement is found but not quite enough
to make it an insulator. The magnetic moments and gaps increase. The GGA improves angular (and
also in-out) correlations and thus affects the energy bands, a feature in addition to the total-energy im-

provement.

I. INTRODUCTION

The local-spin-density approximation' (LSDA) for
treating exchange and correlation effects within the
density-functional theory (DFT) is well established in
first-principles calculations for describing the ground-
state properties of solids. Although the LSDA has been
very successful, there are shortcomings and failures that
call for an improvement of it. For example the cohesive
energies of most solids and the binding energy of mole-
cules are overestimated and the respective equilibrium
distances are often too short;’ the ground state of iron is
predicted® to be the nonmagnetic fcc rather than the fer-
romagnetic bcc phase observed experimentally; the insu-
lating antiferromagnetic transition-metal oxides (like
MnO, CoO, or NiO) are computed to be metallic or show
only a tiny gap,* while the undoped parent compounds of
the high-T, superconductors (such as YBa,Cu;O,
La,CuQO,, and CaCuO,) are nonmagnetic metals instead
of antiferromagnetic (AF) insulators.>® Since the LSDA
is based on results of the homogeneous electron gas, it is
natural to try gradient expansions to improve it, but a
straightforward second-order expansion violates impor-
tant sum rules.’ Recently, however, various forms of
generalized gradient approximations (GGA) for the ex-
change and/or the correlation energy were intro-
duced®”®° which yield better cohesive energies and equi-
librium distances, at least for molecules and solids con-
taining light atoms up to the 3d elements. These results
have dramatically changed the view of quantum chemists
who now often use DFT (with the Becke-Perdew?®’
GGA) in their calculations of large molecules. The appli-
cations of GGA to solids has led to the correct ground
state of Fe (Refs. 10-12) and to improved equilibrium
lattice parameters for many solids.>'> However, it was
found that in systems containing heavier elements (such
as Pd), where already LSDA predicts good equilibrium
volumes, GGA yields too large values'>!* and in certain
cases overestimates magnetism. '

Leung, Chan, and Harmon!? reported for the
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transition-metal oxides almost no difference in the band
structures using LSDA or GGA potentials and thus they
argued that for these highly correlated systems GGA [in
the Perdew-Wang (PW-I) version®] is insufficient and oth-
er techniques must be used. For example, self-interaction
corrected (SIC) LSDA calculations'>!® found localization
of the metal (M) d states and a large band gap between
occupied O 2p and unoccupied M 3d states. The occu-
pied M 3d states were found below the O 2p band in con-
trast to LSDA results, so that these systems were de-
scribed as charge-transfer insulators instead of Mott-
Hubbard insulators. A different approach was taken by
Norman,'” who applied an ad hoc orbital polarization
correction (OPC) in a proper basis and obtained an insu-
lating ground state for FeO and CoO. He argued that
Hund’s second rule, which is not properly taken into ac-
count in LSDA, must be satisfied to yield an insulator.

In this paper, we show that a careful and complete im-
plementation of GGA can split bands to yield insulators.
We investigate the electronic structure of AF solids, the
monoxides (MnO, FeO, CoO, and NiO) and difluorides
(MnF,, FeF,, CoF,, and NiF,) of transition metals (TM),
by means of the full-potential linearized-augmented-
plane-wave (LAPW) method!® wusing GGA as
parametrized by Perdew et al.?> All Fe and Co com-
pounds are metallic (Mn and Ni compounds have a tiny
gap) when calculated within LSDA, but we show that
GGA makes the relevant bands more localized and splits
them such that these compounds become insulators or
develop at least a band structure with a direct gap and a
small indirect band overlap. Thus we demonstrate that
GGA not only affects and improves the total energy, but
can alter the energy band structure significantly.

II. METHOD

We use the full-potential LAPW method as embodied
in the WIEN93 code!® in a scalar relativistic version
without spin-orbit coupling. In LSDA the exchange-
correlation energy (E, ) is just a functional of the local
electron spin densities n; and n |
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EiEDA[nT’nl 1= fnsxc(nhnl )dr ’
while in GGA it is a functional of these densities and
their gradients

EchA[npnl]:ff(nt,nl,an,an)d"‘r .

We have implemented this formalism for E,_ and the cor-
responding exchange-correlation potential ¥, (which in-
volves higher derivatives) into our LAPW code using the
PW-II form.? Since in the WIEN93 code the potential and
charge density is described without any shape approxima-
tions,'® we can compute all required gradients; inside the
atomic spheres we obtain radial gradients (based on a
spline interpolation on a dense » mesh) as well as angular
gradients (analytically) of the charge density, and include
both in the calculation of V. and E, ; in the interstitial
region the density is fitted with a second-order polynomi-
al from which the gradients are obtained analytically.

We use a well-converged basis of about 500 (800) plane
waves for the TM oxides (fluorides) corresponding to
R, K ., =8.0 (with atomic sphere radii R,,, of 2.0 and
1.75 a.u. for the TM and nonmetal atoms, respectively)
and include local orbitals!® for TM 3s,3p and O 2s orbit-
als. The charge density and potentials are expanded into
lattice harmonics up to L =6 inside the spheres and into
a Fourier series of about 600 (900) K stars for the TM-
oxides (fluorides) in the interstitial region. The
Brillouin-zone integration was done with a modified
tetrahedron method using 60 special k points.

III. TM OXIDES

The TM oxides mentioned above crystallize in the sodi-
um chloride structure, and some show small distortions
which we neglect. They are insulators with an antiferro-
magnetic type II structure (Fig. 1), where the spin align-
ment is parallel in the (111) plane. This AF-II structure
can be described with a doubled, rhombohedral unit cell

FIG. 1. Antiferromagnetic AF-II structure of CoO.
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leading to space group R3m. In Fig. 2 we show for CoO
(at the experimental volume) the band structure around
the Fermi energy (E) and some partial densities of states
(DOS) computed with GGA or LSDA. For details of
LSDA results the reader is referred to the paper by
Terakura et al.,* whose results agree well with our
present LSDA calculation. In the LSDA band structure
(dotted lines) there is no indication of a gap, whereas us-
ing GGA the bands at E; change drastically and split
into subbands (full lines) producing a direct gap of almost
1 eV at, for example, I" or Z, while a small indirect over-
lap of bands between different k regions remains. In the
cubic case the d levels split into e, and t,g States, whereas
in the trigonal AF-II structure* of CoO the “f,,” bands
are further split into bands corresponding to a twofold e,
(denoted below as e, ) and an a;, symmetry (Fig. 2). The
LSDA-DOS shows a strong mixing between e, and a,,
symmetry indicating that the crystal-field interactions,
where t is still a good description, dominates. In the
GGA-DOS, however, the bands with a,, symmetry have
been raised (lowered) in energy for the spin-down (spin-
up) states, and are separated from e; due to angular
correlations as will be shown below.

After having described the effect we now analyze the
calculations in order to find the physical origin of these
shifts. For that purpose we compare the spin-up densities
ny of CoO between LSDA [Fig. 3(a)] and GGA [Fig.
3(b)]. We show a section of the (010) plane, where the
two types of Co atoms, Co(1) and Co(2), are displayed
with an O atom in between (corresponds to edge in Fig.
1). The spin-up density n is the majority spin for Co(1),
but the minority for Co(2). Both Co(1) and O [in Fig. 3(a)
and 3(b)] have an almost spherically symmetric n; while
at Co(2) an anisotropy with t,, symmetry appears. Since
the 1,, states split into e, and a,, subbands according to
the trigonal symmetry of the AF-II structure, the density
around a Co site does not need to have fourfold symme-
try, but in LSDA this fourfold character remains, to a
large extent (with maxima at 5.2 and 4.8 ¢ A™>), con-
sistent with the fact that the partially filled 7,, bands are
hardly split into subbands (Fig. 2). In GGA, however,
this anisotropy around Co(2) is enhanced (with maxima
at 5.8 and 4.1 ¢ A™?), since only the e, subbands are oc-
cupied, while the a;, band remains almost empty [Fig.
3(b)]. The lobe with the smaller (larger) peak points to-
wards a Co with the same (opposite) spin orientation (Fig.
1.

We try to find the origin of these changes in the densi-
ties by investigating the exchange correlation potential
V,. and thus plot the difference AV, =V SGA — pLSDA
for the spin-up electrons [Fig. 3(c)]. At the Co(1) and the
O site the corresponding densities are almost spherically
symmetric and thus in AV, only radial density gradients
show up with in-out correlation, which causes the wave
functions to become more localized, as has been discussed
by Langreth and Mehl.” At the Co(2) position, however,
the density is no longer spherically symmetric so that an-
gular correlations (gradients) become effective. AV,
shows a strong attractive potential of —180 mRy point-
ing along 45° towards Co(1) with the opposite spin (see
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Fig. 1) in contrast to the perpendicular component to-
wards Co(2) with the same spin. Therefore, angular gra-
dients in GGA enhance the asphericities and lower V,,
for the eé symmetry, while V', remains about the same as
in LSDA for the a,, symmetry. This attractive potential
(which is only partly compensated by the Coulomb po-
tential) lowers the corresponding bands with respect to
the others, so that the latter split off and become unoccu-
pied. Thus GGA yields an effect similar to Norman’s ad
hoc orbital polarization corrections,!” but from first prin-
ciples. It should be mentioned that the asphericity in V,_
has been seen before, but for example in the work on iron
by Singh, Pickett, and Krakauer!' it did not play a cru-
cial role in describing the stabilization of the magnetic
state (bcc versus fcc).

Co(2)

D L

” (b)
/

FIG. 3. Spin-up electron density n; of (a) LSDA and (b)
GGA calculation with contour values from 0.07 to 4.48 ¢ A~
(in multiples of 2); (c) spin-up AV, =V SCA — pLSDA. pepative
contours (dashed), zero (dotted) and positive contours (full line)
with contour lines at 0, 100, £150, and £200 mRy.

As mentioned in the Introduction, Leung, Chan, and
Harmon'? did not find any effect on the energy bands of
TM oxides in contrast to the present work. This calls for
an explanation. We have repeated our calculations using
the same PW-I version® of GGA as in their work, but still
obtain substantial changes of the energy bands and al-
most the same results as with the more recent GGA
form. On the other hand, when we perform a GGA cal-
culation omitting all angular gradients inside the atomic
sphere but keeping just the radial gradients, we obtain
very similar energy bands as with LSDA. This might ex-
plain why Leung, Chan, and Harmon'? did not find an
improvement of GGA over LSDA and these test calcula-
tions illustrate the importance of angular gradients.

It has been demonstrated in several papers in the litera-
ture that GGA affects the total energy and thus cohesive
properties. Figure 4 shows the total energy as a function
of the lattice parameter for LSDA and GGA. The
LSDA equilibrium lattice constant is about 3% too small
(as in many other systems), while GGA leads to almost
perfect agreement between theory and experiment. The
bulk modulus obtained within LSDA is 260 GPa and
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FIG. 4. Relative total energies (circles) adjusted at the
minimum and band overlap (gap) AE =Es(K)—E ((Z) (dia-
monds) of CoO as a function of lattice constant for LSDA (open
symbols) and GGA (closed symbols).
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drastically decreases to 180 GPa within GGA, very close
to the experimental value® of 190 GPa. We have repeat-
ed the calculation with GGA omitting all angular gra-
dients. Although in this case the energy bands differ
from the full GGA bands and are very similar to the
LSDA bands as emphasized above, the equilibrium lattice
constant is almost the same (0.5% smaller) as that of the
full GGA. This demonstrates that radial gradients affect
mainly the total energy, while angular gradients can
modify the energy bands.

The main emphasis of the present paper is on the ener-
gy bands in connection with the metal-insulator behavior.
We can take the energy difference AE between band 15 at
K and band 16 at Z (marked by circles in the GGA band
structure in Fig. 2) to define a good measure for the in-
direct band overlap (or gap). In the LSDA calculations
AE is about 40 mRy, positive (overlap), and shows only a
small volume dependence. For GGA, however, AE de-
creases strongly with volume reaching a negative value
(gap) at a lattice parameter about 2% larger than equilib-
rium, where one even obtains an insulating ground state.
We did not perform any calculations with the small
tetragonal distortion observed experimentally
(¢ /a=0.988),2! which could lead to an insulator within
GGA, but probably not in LSDA.

If the band splitting of the #,, manifold in FeO were
qualitatively similar to CoO a metallic state would occur,
since FeO has one valence electron less than CoO and
this would lower the Fermi energy into the e, subband
which can accommodate two electrons. In order to make
FeO an insulator within a band picture the ordering of
the onefold and twofold subbands must be reversed with
respect to CoO, so that the spin-up a,, subband is the
lower (fully occupied) of the ?,, complex, while the
higher lying e, subband remains unoccupied. In both
LSDA and GGA this is not the case, but with GGA con-
vergence is poor, indicating that the metallic and the in-
sulating configurations are almost degenerate. In fact, we
can stabilize the a;, band below the ¢, by artificially add-
ing and subtracting S mRy to the V,, term of the poten-
tial for the two spin directions, respectively.6 A shift of
20 mRy already opens a gap, while within LSDA shifts of
50 and 100 mRy would be needed to obtain similar
effects. Better GGA versions with more emphasis on an-
gular correlations (or Hund’s second rule) might solve
this in future. The present version goes in the right direc-
tion, but is not sufficient to yield the correct ground state.

LSDA calculations for MnO and NiO yield an insulat-
ing ground state, but the gap (Table I) and the spin-
magnetic moments (Table II) are smaller than the experi-
mental data. Using GGA the magnetic moments are
slightly enlarged, approaching experimental, SIC,'>!6
and OPC’ results. Note that the choice of atomic sphere
radii (although it is not crucial in our full-potential calcu-
lation) determines the attribution of the spin density to a
particular atom and thus the respective magnetic mo-
ment depends on R,,, e.g., for MnO a calculation with
Ry, =2.0(2.3) a.u. yields a moment of 3.72up (4.28up).

Within density functional theory it is well known that
the energy bands (Kohn-Sham eigenvalues) do not
represent excitation energies (gaps) but nevertheless they
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TABLE 1. Energy gap [eV] according to our LSDA and
GGA calculations and comparison to literature.

LSDA GGA SIC(OPC) Exp.
MnO 1.0 (0.8%) 1.4 3.98* 3.6-3.8°
NiO 0.4 (0.2%) 1.2 2.54% (1.4°) 3.04,4.3¢
MnF, 2 24
FeF, 0 0.4
COF2 0 0.6
NiF, 08 1.4

#Reference 15.
YReference 26.
‘Reference 17.
dReference 23.
‘Reference 22.

are often used for that purpose as a first approximation.
Using GGA the band gaps increase, e.g., in NiO from 0.4
to 1.2 eV, which is close to the results of Norman'’ and
thus is no longer a small fraction of the experimental gap
of 3.0-4.3 eV.222* The nature of the gap is widely dis-
cussed: SIC calculations find the occupied M 3d states
below the O 2p states,!> 16 while we find them above the
O-2p bands and near E in both LSDA and GGA. The
experimental results are ambiguous but we want to stress
that d-d transitions are dipole forbidden and can only be
seen at small excitation energies.

IV. TM DIFLUORIDES

Other compounds where the metal-insulator problem
occurs are the AF TM difluorides, which crystallize in
the rutile structure. Some of them, namely MnF, and
NiF,, have recently been investigated using LSDA calcu-
lations and an insulating ground state in agreement with
experiment was obtained.”* For FeF, (Fig. 5) and CoF,,
however, LSDA leads to metals, where E lies in the
middle of the #,, manifold (in the rutile structure the TM
atoms are coordinated by F atoms forming a slightly dis-
torted octahedron®). These ty, states form three sub-
bands with d,,, d,,,,,, and d,,_,, symmetry.”> The
GGA band structure of FeF, (Fig. 5) and the correspond-

TABLE II. Spin-magnetic moments [uz] according to our
LSDA and GGA calculations and comparison to literature.

LSDA GGA OPC SIC Expt.
MnO  3.72 (4.45°)  4.15 449°  4.58,4.79°
FeO  3.33(3.43") 338  357° 3.54° 3329
CoO 236 (2.35°) 242  252° 253° 3.3573.8¢
NiO 1.21 (1.09%)  1.38  1.43° 1.53®  1.6481.9°
MnF, 443 4.47
FeF, 347 3.51 3.75h
CoF, 254 2.62
NiF, 156 1.64 1.6l

fReference 29.
EReference 30.
bReference 31.
iReference 32.

2Reference 4.

bReference 15.
“Reference 27.
dReference 28.
“Reference 17.
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ing DOS show that for spin-down electrons one band
from the ¢,, complex, namely, that with d,, symmetry, is
lowered and splits off opening up a gap of about 0.5 eV.
(Note that for spin-up electrons the corresponding band
moves up about 1 eV mixing into the two e, bands.) For
CoF, (not shown here) the GGA lowers two of the ,,

su

bbands (with d,, and d,, , ,, symmetry) below E lead-

ing to a gap of about 0.5 eV. An analysis of V,_ (similar

to
Sp

that of CoO) shows that again angular gradients are re-
onsible for this effect.
Similar to the TM-oxide (MnO and NiO) results,

LSDA calculations for MnF, and NiF, yield an insulat-
ing ground state, but the gap is very small (Table I). Us-
ing GGA the gap is increased and the spin-magnetic mo-
ments are in agreement with the few experimental data
available (Table II).

V. DISCUSSION AND CONCLUSIONS

We found that GGA yields a significant improvement

over LSDA calculations for the metal-insulator problem
when angular gradients are taken into account, while the
radial gradients alone are insufficient. We applied these
gradient corrections self-consistently, so that V,  can
shift some relevant energy subbands leading to more lo-
calized bands and opening a (direct) gap. For example,
we find FeF, and CoF, to be insulating, whereas a stan-
dard LSDA calculation fails (making them metallic); for
MnO and NiO the gap is enlarged, while for CoO a direct
gap opens but a small indirect overlap remains. Note
that in connection with magnetic instabilities Singh and
Pickett® applied GGA to CaCuO, and found that it
moves the system towards an AF solution but the correc-
tions are too small to produce the AF ground state.

p

2

We conclude that radial gradients (in-out correlations)
affect mainly the total energy and thus are important, for
example, for cohesion or thermochemical properties,
while the angular gradients (angular correlations) can
shift and localize energy subbands selectively according
to the magnetic quantum number m obeying Hund’s
second rule. Thus the important orbital polarizations,
which Norman!” has introduced on an ad hoc basis, come
out naturally (but still too weak) in GGA. In LSDA
there is a tendency to reduce charge asphericities, since
the electron-electron Coulomb repulsion often dominates
over exchange-correlation contributions, while GGA in-
cludes nonlocal effects that can enhance such aspherici-
ties. Therefore, GGA must be used within the self-
consistency cycle rather than as a perturbation correction
at the end of a calculation. Already the present version
of GGA yields for certain systems substantially better re-
sults, but further work is needed to improve the specific
form of GGA. The present results suggest trying further
improvements by satisfying additional constraints mainly
on V,_ rather than on the related E,_ as often done in the
literature. GGA does not solve all difficulties occurring
in LSDA, but can already lead to better results in solid-
state and molecular calculations.
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FIG. 1. Antiferromagnetic AF-II structure of CoO.



