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is allowed to be nonmonotonic (e.g., a spike at the
origin followed by a low amplitude). Such a pseudo-
wave-function would, however, require a more
extended basis set for its expansion in electronic-
structure calculations. A central point in the DF
pseudopotential approach is that one can generate
continuously "softer" pseudopotentials by the
choice of {C~'„',}, compromising thereby with (i)
the range ~ (between a cutoff point R, and infini-
ty) at which X„,(r) is equal to the "true" wave func-
tion and (ii) the energy dependence of the pseudo-
potentials. Although there exist a parameter range
where a reasonable compromise can be achieved
between softness and accuracy (see Sec. IIC), we
usually prefer the well-defined limit of hard po-

tentialss.

Having established a set of physically motivated
conditions on e„, and )t„,(r), we apply a constrained
variational treatment to the pseudopotential total-
energy expression "and solve for V, (r) in terms
of (e„",", g„",", and C„"„'.}. We refer to this as the
density functional Pseudopotential to emphasize
that it is constructed from the DF orbital space
alone. The closed-form result (Paper I) has a
physically transparent form interpretable in terms
of an analytical Pauli repulsive term replacing the
orthogonality constraint, a screened core poten-
tial, an exchange-correlation nonlinearity term, ,

as well as a Coulomb and exchange-correlation
orthogonality hole potentials. In I, w'e have cal-
culated V, (r) for 68 atoms and demonstrated quan-
titatively that the desired similarity to the all-
electron results (i.e., in the ground-state and
excited-state wave functions, orbital energies,
and total energy differences) is achieved to within
a very good accuracy. Similarly, the low pseudo-
potential energy dependence and the close simula-
tion of chemical trends across the periodic table
are demonstrated. Applications to diatomic mole-
cules, transition metals, and their cohesive prop-
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3. Analy ticaIly continued orbita1 approach

In this approach one abandons the simple physi-
cal description of the pseudo-wave-functions as a
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TABLE I. Comparison of the Si-band eigenvalues (in eV) of the present pseudopotential ex-
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FIG. 7. Symmetrized pseudocharge density in the (110)
plane of Si at the X point in the zone, as obtained by the
present exchange and correlation first-principles (non-
local) pseudopotential. Full dots indicate the
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TABLE III. Calculated Fourier coefficients of the
self-consistent Coulomb screening [Vc,„&(G)t, ex-
change screening fV„(G)t, and correlation screening
fV (G)] for Si. Hesul. ts are in rydberg per unit cell
volume. p(0) is normalized to 8.0 electrons and h, k, l
denote the index of plane waves representative of the
corresponding stars.

Vcoul (G) V„(G) V (G)

111
211
221
222
220
311
332
331
422
421
411
431
443
442

—0.1 50.64
-0.001 54

0.00813
0.008 05
0.006 25
0.001 24

—0.001 76
-0.001 24
-0.000 92
—0.000 55
—0.000 31
-0.000 08

0.000 21
—0.000 09

0.050 76
0.00742
0.007 26
0.002 99
0.006 92
0.002 79
0.003 47
0.002 36
0.001 89
0.002 12
0.000 13
0.000 24
0.001 23
0.000 60

0.003 76
0.000 79
0.000 44
0.000 03
0.000 43
0.000 18
0.000 25
0.000 17
0.000 14
0.000 18
0.000 11
0.000 01
0.000 12
0.000 07

density (computed from the lowest 880 scattering
factors) and the experimentally synthesized densi-
ty" (obtained by inverting
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bond anisotropy factor L,/L, decreases from the
value of 1.3 in Si to 1.1, indicating an increased
tendency to form a metallic bond. A local (self-
consistent) semiempirical Ge pseudopotential pro-
duces a consistently lower bond anisotropy (L,/L,
= I.O).

E. Applications to transition metals

As a further test to the quality and generality of
the first-principles pseudopotentials we have ap-
plied them to study the electronic structure of two
transition metals —molybdenum and, tungsten. The
detailed description of the molybdenum results will
be presented elsewhere, "and we concentrate here
on the tungsten results.

The application of pseudopotential formalism to
the study of the electronic structure of transition
metals is difficult. This is mainly due to the inef-
fectiveness of simple plane-wave expansion tech-
niques to describe localized d states, the pro-
nounced nonlocality of transition-metal pseudo-
potentials" and the lack of sufficient experimental
data to parametrize either the single valence-elec-
tron-ionic term values or the low-energy interband
spectra. The present approach circumvents these
difficulties by using a flexible mixed-basis repre-
sentation capable of treating nonlocal potentials
and accurately describing both the localized fea-
tures of the d states and the extended character of
the s-p states. Further, no use is made of experi-
mental fitting techniques in the present first-prin-
ciples approach.

The establishment of the self-consistency of the
crystal potential poses special problems in metals.
Whereas in semiconductors and insulators one can
approximate the variational crystal charge density

by sampling the square of the symmetrized wave
functions at few representative points k, in the
Brillouin zone
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The self-consistent nonlocal (l =0, 1, 2) pseudo-
potential band structure of tungsten is shown
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FIG. 10. Density of states of tungsten, obtained from
the first-principles pseudopotential calculation.

eV, e~ —3.4 eV, and e~ —1.6 eV. These peaks ap-
pear at approximately -4.6, -3.3, and -1.8 eV in
the -calculation of Mattheiss" and -4.3, -3.1, and
-1.V eV in the calculation of Petroff and
Viswanathan, "the differences prIobably reflecting
the more extensive BZ sampling used by the latter
authors than genuine differences in the band
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one encounters a P state. The unoccupied portion
of the conduction band is made predominanatly from
nonbonding d, 2 states (I"», P„N, ) with x'- y'
components slightly admixed. The basic bonding
mechanism in tungsten arises from the overlapping
bond-directed xy+yz+zx "$„"-like d states which
prevail throughout the zone while s and p bonding
have somewhat lower contributions and are concen-
trated predominantly at the lower and upper parts
of the occupied band, respectively. The total val-
ence charge density (Fig. 12) is indicative of such
a combination of localized bond directed d'-states
with a more diffused background contributed by s-
p bonding. No accurate experimental x-ray scat-
tering factors are available for this material for
comparison with the present calculation.

We
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TABLE VII. Fourier components (with respect to individual
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rows for the purpose of studying their low-energy
valence spectra. Clearly, any physically signifi-
cant pseudopotential structural parameter should
not depend on the arbitrary assignment of N, and

p/„. We find that the screened potential V'„','(r) is,
however, invariant under the redefinition of
the core-valence subspaces (for fixed outer val-
ence states). The reduction
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electron: T c„=9.131 a.u. , 7« =V.813 a.u. , and &A„

=8.1VI a.u. It would seem that many of the varia-
tions in the properties of the monovalent Cu, Ag,
and Au compounds are better rationalized in terms
of the underlying differences in the properties of
the outer metal d electrons rather than the s and p
electrons (e.g. , the optical and photoemission
properties of CuC1, AgC1, and AuC1 showing the
interchange of the order of the metal derived d val-
ence subband with the halogen-derived p-valence
subband and the rapid decrease in the metal-d-
nonmetal s, p hybridization along this series). The
failure of the Simons-Bloch scheme to adequately
reflect the variations
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ics this behavior by a constant line r'V„" '(r) =B,
while the modification of
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places them as a nearly separated group at high 8
values. (ii) The empirical R„coordinate shows
only a very small separation of the sulphides,
selenides a.nd tellurides of Sr, Cd, Zn, Mg, and

Be, and the (extrapolated) R, values do not separ-
ate the bromides from the iodides of I i, Na, K,
Rb, A g, and Cu. 7his can be viewed from Fig.
18(a) where the corresponding R„coordinates are
plotted for these series. In general, the slopes of
the corresponding curves and their separation is
distinctly higher with the present radii, indicating
larger structural sensitivity. Similarly, the em-
pirica. l radii place the silver and copper halides
between the alkali halides on the A scale, while
in the present scale they are more logically placed
as a separated group. Both these 8, curves and

similar g curves indicate that the empirical pa-
,rameters of Cu and Ag compounds are nearly de-
generate. A plot of r~-r, vs r~+r, for these ele-
ments shows approximate linear dependence. To a
lesser extent a similar effect characterizes the
Cd-Zn pair. (iii) The empirical R„coordinate
places the Mg chalcogenides [Fig. 18(b)] which are
mostly rocksalt, below





20 FIRST--PRINCIPLES. . . . II. . . . 4107

J.F. Janak, and A. R. Williams (Plenum, New York,
1971), p. 512.

~~A. Zunger and A. J.Freeman, Phys. Rev. B 15, 4716
{1evv).
D. E. Ellis and G. S. Painter, Phys. Rev. B 2, 7887
(1970); H. Sambe and R. H. Felton, J. Chem. Phys.
62, 41 (19V5).

~9A. Zunger and M. Ratner, Chem. Phys. 30, 423 (1978).
A. Zunger, S. Topiol, and M. Ratner, Chem, Phys.
38, 75 (1979).

2~A. Zunger, G. Kerker, and M. L. Cohen, Phys. Rev.
8 20, 581 (1979).
S. G. Louie, K. M. Ho and M. L. Cohen, Phys. Rev. B
19, 1774 {1979);R. N. Euwema, Phys. Rev. B 4, 4332
(1971); A. B.Kunz, Phys. Lett. A 27, 401 (1968).

3P. O. L'owdin, J. Chem.




