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Local-density description of antiferromagnetic Cr
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Self-consistent local-spin-density-approximation (LSDA) —based calculations of magnetic and

structural properties of bcc Cr are reported. Relatively poor agreement with experimental data is

obtained. Either the calculated structural properties are significantly dift'erent from experiment or
the magnetic moments are incorrect. Calculations using the von Barth —Hedin and Vosko

exchange-correlation potentials yield magnetic moments in reasonable agreement with experiment

but with poor structural properties. On the other hand, calculations performed using an Xa poten-

tial yield better agreement with experimental structural data but with very poor magnetic moments.

It is concluded that the LSDA provides an inadequate description of Cr.

I. INTRODUCTION

Chromium metal, surfaces, and overlayers are known
to display a number of interesting physical properties.
Bulk Cr displays a long-wavelength spin-density wave
with a short-range antiferromagnetic ordering and local
moments of about 0.59@it. The Cr(001) surface which
unlike its 4d and 5d analogues, Mo(001) and W(001), is
not known to reconstruct, ' is believed to order ferromag-
netically with strongly enhanced magnetic moments.
Since it seems plausible that the strongly enhanced
magnetism on the Cr(001) surface may be related to the
instability against reconstruction of the Mo(001) and
W(001) surfaces, we felt that it would be desirable to per-
form a total-energy study of the relationship between
bonding and magnetism on this surface. This would
necessarily involve calculating the dependence of the
magnetic moments and total energies on the atomic posi-
tions. In order to assess the reliability of local-spin-
density-approximation (LSDA) based calculations in this
context we have used the general-potential linear-
augmented-plane-wave LAPW method to perform calcu-
lations of the equilibrium structural and magnetic prop-
erties of bulk bcc Cr using three different exchange-
correlation potentials, specifically, the von
Barth —Hedin, Vosko, and the Xa (a=2/3) froms. It
was found that as in the case of ferromagnetic bcc Fe,
relatively poor agreement with experiment is obtained in-
dicating that LSDA-based calculations for Cr surfaces
may be unreliable.

II. METHODS

Since the general-potential LAPW method' ' " has
been described in detail elsewhere the computational
technique is only discussed briefly. In the calculations re-
ported here both the core and valence states were calcu-
lated self-consistently, the core states fully relativistically
in an atomiclike approximation and the valence states in

a scalar-relativistic approximation. Antiferromagnetic
Cr was represented using a CsC1 structure unit cell con-
taining two Cr atoms. While this unit cell does not allow

calculations to be performed for the experimentally ob-
served' spin-density-wave magnetic structure, it does
permit calculations for a commensal. -ate antiferromagnet-
ically ordered state. In view of the large differences be-
tween the results of our calculations reported below and
experiment it seems extremely unlikely that our con-
clusions would be altered if calculations were performed
for a spin-density-wave structure. The calculations re-
ported here were performed using a Cr muffin-tin sphere
radius of 2.0 a.u. (these spheres are used to partition
space only —no shape approximations to the potentials
or charge densities are made in the general potential
LAPW method). Well-converged results were obtained
using basis sets consisting of about 200 LAPW's with a
set of 56 special k points' being used for the Brillouin-
zone averages.

In order to verify that the antiferromagnetic state is
the true LSDA ground state, calculations were also car-
ried out for the paramagnetic state and searched for a fer-
romagnetic state. It was found that the commensurate
antiferromagnetic state is about 0.01 eV per atom lower
in energy than the paramagnetic state using von
Barth —Hedin potential. No stable ferromagnetic solu-
tion was found.

III. RESULTS AND DISCUSSION

Our principle results for antiferromagnetic Cr are
shown in Figs. 1 and 2, where the calculated total ener-
gies and magnetic moments as a function of the volume
of the unit cell are shown for the three exchange-
correlation potentials. The solid curves in Fig. 1 are fits
of the Murnaghan equation of state' to the calculated to-
tal energies. The rms errors in the fits were less than 150
pRy in all cases. The fitted bulk moduli and lattice pa-
rameters as well as the calculated magnetic moments at
the experimental lattice parameter are given in Table I
along with the experimental values' ' and the results of
previous calculations. ' Our results are in good
agreement with most of the earlier calculations. It may
be noted that the results obtained using the von
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FIG. 1. Calculated total energies as a function of the volume

V of the unit ce11. The experimental cell volume is denoted

V,„~,. The solid circles, open circles, and asterisks denote calcu-
lations performed using the von Barth-Hedin, Vosko, and Xa
potentials, respectively. The curves have been shifted so that
the total energy at the experimental equilibrium volume is zero.
The solid lines are fits to Murnaghan's equation of state.

2.0

Barth —Hedin and Vosko potentials are similar, as might
be expected from the similarity of the two potentials.
The magnetic moments obtained using these exchange-
correlation potentials are about 18% larger than the ex-
perimental value. We consider this level of agreement to
be quite satisfactory, particularly in view of the fact that
our calculations were performed for a commensurate an-
tiferromagnetic structure. The calculated bulk moduli,
however, are about 40% larger than experiment and the
lattice parameters about 3% too small. These relatively

large discrepancies indicate that these exchange-
correlation potentials do not provide an adequate
description of Cr. The Xu potential, on the other hand,
was found to yield significantly better structural proper-
ties for Cr. The calculated bulk modulus using this po-
tential is within 21% of experiment and the lattice pa-
rameter within 0.2%. Unfortunately, while the calculat-
ed structural properties are improved when the Xo. po-
tential is used, the predicted magnetic moment of 1.5p&
is far too large, indicating that as in the case of the other
two exchange-correlation potentials tested, the Xa form
does not properly describe Cr.

Wang et al. have performed LSDA-based calculations
of the structural and magnetic properties of ferrom. agnet-
ic bcc Fe using the Vosko exchange-correlation potential,
obtaining a result similar to that obtained in the present
study for Cr, i.e., a significantly smaller lattice parameter
and larger bulk modulus than experimentally observed
and concluding that LSDA does not adequately describe
the magnetic interaction in the 3d transition metals. We
believe that the failure of the LSDA to adequately de-
scribe Cr may be related to the large errors in Fe and that
the present results support the view of Wang et al. that
the LSDA is unreliable for magnetic 3d transition metals.
In any case, the present results suggest that in order to
reliably treat Cr and quite likely Cr surfaces it may be
necessary to go beyond the LSDA.

IV. CONCLUSIONS

Structural and magnetic properties of antiferromagnet-
ic Cr have been calculated within the LSDA using three

TABLE I. Lattice parameter a, bulk modulus B, and magnet-
ic magnetic moment M of Cr. The last two calculations are for
the magnetic moments of central layer atoms in slab calcula-
tions. The exchange-correlation potentials are denoted as von
Barth —Hedin (vBH) and Hedin-Lundqvist (HL).

a (A) B (Mbar) M (pq )

1.5'

).0'

0.5

0.0

This study: vBH
Vosko
Xa (a=-, )

Wigner (paramagnetic)'
HL (paramagnetic)
vBH (LASW method)'
vBH (LMTO method)
vBH (LMTO method)'
Xa, a=0.7 (LCAO DVM)
vBH (slab LAPW method)g

Experiment (Refs. 15—17)

2.798
2.792
2.875

2.806
2.805
2.855

2.879

2.65
2.86
1.50

2.77
2.70
2.13
2.36

1.90

0.70
0.67
1.39

0.59
0.29
0.60
0.64
0.89

0.59
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FIG. 2. Calculated magnetic moments as a function of the
cell volume. The solid circles, open circles, and asterisks denote
calculations performed using the von Barth —Hedin, Vosko, and
Xa potentials, respectively.

'Reference 18.
Reference 19.

'Reference 20, with the linear-augmented-spherical-wave
method.
Reference 21, with the linear-muffin-tin-orbital method.

'Reference 22.
"Reference 23, with the linear combination of atomic
orbitals —discrete variational method.
Reference 6.



12 836 JING CHEN, DAVID SINGH, AND HENRY KRAKAUER 38

different exchange-correlation potentials, none of which
adequately describes this material. Either the calculated
structural properties are significantly different from ex-
periment or the magnetic moments are in error. %'e in-
terpret this failure as an indication that the LSDA does
not adequately describe Cr and that it may be necessary
to go beyond the local approximation to perform reliable
calculations of structural and magnetic properties of bulk
Cr and its surfaces and interfaces.
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