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FIG. 4. Magnetic moment of commensurate antiferromag-
netic Cr as a function of lattice parameter for the PW GGA-II
(Ref. 37), LM GGA (Ref. 8), and the LSDA. The calculated
moment is the difference between the majority and minority
spin densities integrated over an LAPW sphere (radius 2.07 a.u.)
The dashed vertical line is at the experimental lattice parameter.

lations converged to either the P state or the AF state
with spin moments of 0.8815. Thus we were unable to
find any lower moment solution and conclude that our
AF solution corresponds to the lowest moment AF state
(it may well be the only AF solution). We find, as in the
LSDA study of Moruzzi and Marcus, that the P state is
predicted to be metastable with the GGA’s, since the
solutions invariably converged to the paramagnetic state
for small induced moments. This was the case even for
the PW GGA-II which, as discussed below, favors the
AF state to much greater extent than the LSDA and the
LM GGA.

We are not aware of any experimental studies of the
pressure dependence of the magnetic moments in Cr with
which to compare our results. It is notable, however,
that calculated pressure dependencies shown in Fig. 4 are
quite strong, suggesting that this would be an interesting
experiment.

Moruzzi and Marcus®® have suggested that the reason
for the incorrect LSDA prediction of the ground state of
Cr may be that the incommensurate spin-density-wave
state (SDW), which is the experimental ground state, has
not been considered in calculations. We note, however,
that the SDW in Cr is quite fragile and is readily convert-
ed into a commensurate AF state (for example, by low
impurity concentrations®®), and this is a strong indication
that the total energy versus volume curve for the SDW
state of Cr is similar to that of the commensurate AF
state.
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Both the LSDA and LM GGA predict that at lattice
parameters larger than the experimental lattice parame-
ter the AF state has the lowest energy. For the LSDA,
the AF and nonmagnetic curves cross near the experi-
mental lattice parameter with the energy difference be-
tween the two states equal to zero to the precision of the
present calculations at the experimental lattice parame-
ter. For the LM GGA the crossing occurs at a smaller
lattice parameter and the energy difference at the experi-
mental lattice parameter is 0.4 mRy/atom.

As mentioned, the predictions of the PW GGA-II for
Cr are quite different from the LSDA and LM GGA.
First of all, the ground state is predicted to be AF with
an equilibrium lattice parameter somewhat larger than
experiment. Secondly, the energy difference between the
nonmagnetic and AF states is predicted to be much
larger with this GGA (4.8 mRy/atom at the experimental
lattice parameter). This makes a conventional explana-
tion of the SDW difficult, since neutron-scattering experi-
ments show that in the SDW state some of the atoms
have substantially lowered moments,?® and it is difficult
to understand how gapping near the Fermi surface could
provide enough energy to accomplish this if the magnetic
energy were as large as the PW GGA-II predicts.
Specifically, at low temperatures the SDW has a period of
approximately 21 lattice spacings, and so the different
gapping which favors the SDW over the commensurate
AF state is over 5% or less of the cubic Brillouin zone, in
a conventional picture. Thus requiring the SDW to be
the ground state for the PW GGA-II requires gapping in-
volving a quite small fraction of the electrons to over-
come a substantial magnetic energy. Moreover, the pre-
dicted moment for the PW GGA-II is 1.4up, which is
much larger than experiment. Again, as for the LM
GGA, we searched for a solution with a lower but
nonzero magnetic moment, but did not find one (in fact,
starting with the LSDA moment of 0.5u; our calcula-
tions converged to the non-spin-polarized solution). Thus
we conclude that although the PW GGA-II correctly
predicts an AF ground state, it does not provide an
overall improvement over the LSDA in describing AF
Cr.

CONCLUSIONS

General potential calculations aimed at assessing the
PW GGA-II and LM GGA’s for V, Pd, and Cr have
been carried out. The GGA’s, and in particular the PW
GGA-II provide definite improvements over the LSDA
for V where both the static structural properties (lattice
parameter and bulk modulus) and the spin susceptibility
are in better agreement with experiment. For Pd, as with
most 4d materials, the LDA lattice parameter is quite
close to the experimental value. The GGA’s, however,
increase the lattice parameter of Pd by approximately the
same amount as for V and as a result in Pd the PW
GGA-II degrades the lattice parameter and thus the PW
GGA-II does not represent an improvement of the LDS
in this case. However, both GGA’s correctly predict that
Pd is stable against ferromagnetism. In the case of Cr,
the LM GGA does improve the lattice parameter some-
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what and is closer to predicting an AF ground state than
the LSDA, but does so at the expense of degrading the
LSDA prediction of the magnetic moment. The more so-
phisticated construction of the PW GGA-II does lead to
a prediction of an AF ground state in Cr. The PW
GGA-II, however, also predicts a magnetic moment
which is much too large as well as a large magnetic ener-
gy which appears to be incompatible with the observed
SDW in Cr.

Certain trends emerge from this work, which are con-
sistent with previous studies. These are (1) GGA’s lead
to larger predicted lattice parameters than the LSDA
even in cases where the LSDA lattice parameters are in
good agreement with experiment and (2) GGA’s lead to
an increased tendency towards magnetism and in particu-
lar larger magnetic energies for magnetic materials and
larger susceptibilities for nonmagnetic materials.

The implication of our results, and the main conclusion
of this study, is that GGA’s do not form the basis of a re-
liable predictive tool with greater precision than the
LSDA for studying transition metals and especially not
for studying magnetic materials. Slamet and Sahni*
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have discussed limitations of GGA approximations for
exchange energies, but it is unclear whether these limita-
tions are sufficiently important in solids to prevent the
construction of a GGA which consistently improves
upon the LSDA. We note that there are considerable
differences between the predictions of the LM GGA and
PW GGA-II and this variability supports the possibility
that a GGA for treating magnetic materials which more
consistently improves on the LSDA may be developed.
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