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The effects of various approximations used in performing augmented-plane-wave calculations
were studied for elements of the fifth and sixth columns of the Periodic Table, namely V, Nb, Ta,
Cr, Mo, and W. Two kinds of approximations have been checked: (i) variation of the number of k
points used to iterate to self-consistency, and (ii) approximations for the treatment of the core states.
In addition a comparison between relativistic and nonrelativistic calculations is made, and an ap-
proximate method of calculating the spin-orbit splitting is given.

I. INTRODUCTION

Calculations using the augmented-plane-wave'? (APW)
method have been performed throughout the years with
certain approximations. The effects of these approxima-
tions are more or less qualitatively known, but no sys-
tematic study of their differences has been done. In this
work we have investigated these approximations for the
elements of the fifth and sixth columns of the Periodic
Table, i.e., for V, Nb, Ta, Cr, Mo, and W, and drawn con-

clusions about their sufficiency and other aspects of their

results. The approximations we have studied are the fol-
lowing: (1) the inclusion of relativistic effects without the
spin-orbit interaction, (2) the effect of the spin-orbit in-
teraction, (3) the effect on self-consistency of using dif-
ferent k-point meshes, (4) the “soft-core” approximation
versus the “frozen-core” approximation, and (5) the effect
of treating the so-called “semi-core” states as bands.

II. METHOD OF CALCULATION
AND APPROXIMATIONS

The above-mentioned elements crystallize in the bcc
structure. The lattice constants were taken from Wyck-
off.3 All the calculations were performed in the muffin-
tin approximation, self-consistently, using a standard
symmetrized APW code without linearization. For a gen-
eral k point, 50 plane waves were used, which corresponds
to a level of convergence that is better than 10~* Ry. The
crystal potential was calculated on a doubling linear mesh
of 218 values inside the muffin-tin sphere. The exchange
potential was calculated using the local-density theory of

Hedin and Lundqvist* (HL), and for comparison one cal- -

culation was made by the Xa method. The Fermi ener-
gies and the densities of states were calculated by the
tetrahedral method,> using as input the energies of a 55-
k-point mesh in a s th section of the first Brillouin zone.
Recently, a possible misapplication of the tetrahedron
method has been pointed out® which leads to wrong
weighting of certain symmetry points. Our calculations
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do not suffer from this problem.

First we studied the relativistic effects by performing
both nonrelativistic calculations, i.e., solving the
Schrodinger equation, and relativistic calculations, i.e.,
solving the Dirac equation in the crystal neglecting spin-
orbit coupling. All the other comparisons in this work
were made using the results of relativistic calculations.
Three kinds of approximations were used in performing
the self-consistent calculations: the ‘soft-core,” the
“frozen-core,” and the “semicore” approximations as
described below.

The radial charge density o(r) was found from the ex-

pression

core
alr)=73 PX(r) + > ok (F)=0core+0yal » (1)
n,l

nk

and was used to solve the Poisson’s equation in each itera-
tion to determine the Coulomb potential, and in the
Hedin-Lundqyvist formula to find the exchange-correlation
potential.* In Eq. (1), 0o is the charge density of the
core electrons as given by an atomic calculation. In the
soft-core approximation, o.,,. was recalculated in each
iteration, while in the frozen-core approximation it was
kept constant. In both cases the core was determined by
the configuration of the nearest lower noble element. In
the semicore approximation the core was reduced to the
nearest fully occupied level, labeled by principal quantum
number n. For example, in Nb the levels 4s and 4p are
treated as bands in the semicore approximation. On the
other hand, o, [in Eq. (1)] was formed from the contri-
butions of the occupied bands above the core; o, was re-
calculated in each iteration by the APW program.

In the soft-core approximation, o, was computed from
the wave functions of a set of points in th of the first
Brillouin zone, properly weighted in order to take into ac-
count the symmetry within the zone. Three different sets
were used of 5 k points, 14 k points, and 55 k points.

For the calculation of the density of states (DOS), the
14-k-point self-consistent crystal potential was used to
generate energies for 55 k points, and an interpolation
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TABLE 1. Comparison between iterating with 14 k points
and 55 k points for niobium.

14 k points 55 k points
E (Ry) Agr (mRy) E (Ry)

ry —0.47041 0.3 —0.47013
Hiy, —0.32429 0.1 —0.324 16
N, —0.31066 0.2 —0.31050
N, —0.15003 0.1 —0.14996
P, —0.11192 0.1 —0.111 80
s 0.00000 0.0 0.00000
Nj 0.13113 0.3 0.13139
| NP 0.18945 0.0 0.18945.
N,y 0.20297 0.0 0.20295

with the tetrahedral method was then performed. We also
investigate the effect on the DOS when a 285-k-point
mesh was generated by the APW calculation.

ITII. RESULTS AND DISCUSSION

Tables I—VI show the energies at the high-symmetry k&
points I', N, P, and H for the elements we studied. For
common comparison the zero has been put at the energy
of the I'y5 state. In each table, the element and the ap-
proximation made is clearly shown. For each element,
three columns of numbers are displayed (except in Table
II, where there are five columns). The left column for
each element shows the energies, in rydbergs, from the rel-
ativistic soft-core approximation, with 14 k points. In the
third (fifth for Table II) column for each element, the en-
ergies of another approximation are shown, and to the left
of this column the differences (in mRy) between the
relevant approximation and the soft-core approximation
are displayed. Tables III—V also show the s-d separation
(Hy—T'y and T'j—T%s), the d-band width H35s—H,,
and the s-p bandwidth N] —TI'; for each case. The Fermi
energies, calculated by the tetrahedral method, are also
shown, along with the occupied bandwidths (E; —I"; and
Er—T';) and the density of states at the Fermi level. In
all the calculations described below, we used the HL
prescription for exchange and correlation. For Mo, we
performed one extra calculation using the Xa coefficient
for the exchange.® A comparison between this calculation
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and the HL one showed a maximum deviation of 2.3 mRy
for the H5s state and much smaller differences for the
other states. We have therefore concluded that the Xa
method for treating exchange and correlation is nearly
equivalent to that of HL.

A. Comparison between the various k-point meshes

We compared self-consistent calculations in which the
iterations were carried out for three different k-point
meshes, i.e., the uniform grids of 5, 14, and 55 k points.
This comparison was performed for Nb and Ta, shown in
Tables I and II. As we can see from these tables, iterating
with 55 k points introduces changes of 0.2—1.3 mRy
from the energies found in the calculations with the 14
k-point mesh, whereas in going from 5 k points to 14 k
points the differences are 1—10 mRy. The most affected
states are the s-like I'; state and the p-like N state for
both Nb and Ta, and generally for Nb the differences are
smaller than for Ta. Since the differences between the
14-k- and the 55-k-point meshes are within the accuracy
of the APW method, we conclude that the 14-k-point
mesh is certainly adequate for a well-converged calcula-
tion. However, neither the 14- nor the 55-k-point meshes
are sufficient input to the tetrahedral method for the
evaluation of the DOS. We found that in order to obtain
the DOS with high accuracy, one needs the first-
principles energies on a mesh of 285 k points in the ir-
reducible zone.

B. Relativistic effects

We compared self-consistent (SC) calculations which
included the mass-velocity and Darwin relativistic correc-
tions to nonrelativistic SC calculations. Because Ta and
W are heavy atoms and the nonrelativistic results for
them are expected to be inaccurate, we performed this
comparison only for V, Nb, Cr, and Mo. The relativistic
effects introduce differences which are, on the average,
1—30 mRy for the lighter elements V and Cr, and 3—80
mRy for the heavier Nb and Mo. In Table III, as an ex-
ample, we summarize our results for Cr and Mo. The
main difference between nonrelativistic and relativistic
calculations (RC’s) is that in the RC’s the bands become

- wider and deeper in energy. This can be seen from Fig. 1,

where the energy bands of Mo are shown from the relativ-
istic (a) and the nonrelativistic (b) calculations. The s-d

TABLE II. Comparison between iterating with 14 k points, 5 k points, and 55 k points for tan-

talum.

14 k points 55 k points 5 k points

E (Ry) Agp (mRy) E (Ry) Ag (mRy) E (Ry)

r, —0.63518 1.3 —0.63392 —11.6 —0.64676
N, —0.38222 0.8 —0.38142 —7.5 —0.38975
Hy, —0.35752 0.7 —0.35684 —6.5 —0.36403
N, —0.16744 0.3 —0.16715 —2.8 —0.17019
P, —0.14905 0.6 —0.14846 —53 —0.15436
I's 0.00000 0.0 0.00000 0.0 0.00000
Ny 0.05229 1.2 0.05347 —10.6 0.04167
ry 0.209 26 —0.1 0.209 15 1.0 0.21027
N, 0.213 63 —-0.2 0.21348 1.5 021511




TABLE III. Comparison between relativistic and nonrelativistic calculations, iterating
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points, for chromium and molybdenum.

with 14 &

Chromium Molybdenum

Relat. Nonrelat. Relat. Nonrelat.

E (Ry) Ag (mRy) E (Ry) E (Ry) Ag (mRy) E (Ry)
I —0.51260 28.9 —0.48370 —0.44376 74.1 —0.36971
Ty 0.13265 —2.0 0.13065 0.19891 -3.1 0.19580
s 0.00000 0.0 0.00000 0.00000 0.0 0.00000
N, —0.25743 9.9 —0.24751 —0.30261 21.6 —0.28104
Ni 0.13059 17.2 0.14779 0.204 63 39.2 0.243 80
N, 0.108 74 2.1 —0.106 66 —0.15090 35 —0.147 41
N, 0.26026 ‘—4.6 0.255 66 0.440 16 —10.1 0.43009
N, 0.15970 —2.8 0.156 87 0.25442 —5.5 0.248 95
P, 0.80509 93.0 0.898 13
Py 0.163 89 —2.9 0.16098 0.263 44 —59 0.257 56
P, 0.10378 5.4 —0.098 39 —0.09823 12.5 —0.08574
H,, 0.25518 5.0 —0.25017 —0.32376 7.7 —0.31605
His 0.23185 —4.1 0.227 80 0.38277 —8.4 0.374 39
Hs 0.82223 18.0 0.84021 0.768 77 38.0 0.806 80
H)s—T, 0.744 45 —329 0.71150 0.82653 —82.4 0.744 10
H)s—Hj, 0.48703 —9.1 0.47797 0.706 53 —16.1 0.69044
Ni—-T, 0.643 19 —11.7 0.63149 0.648 39 —34.9 0.613 51
Er 0.06349 0.4 0.063 88 0.09506 6.1 0.10121
Er—H,; 0.31867 —4.6 0.31405 0.418 82 —1.6 0.41726
Epr—T, 0.576 09 —28.5 0.547 58 0.538 82 —67.9 0.47092

DOS at Er (states/Rycell)
9.782 89 10.38943 7.99608 9.19308

TABLE IV. Comparison between the frozen-core and the soft-core approximations for chromium, molybdenum,

Iterations with 14 k points. Relativistic calculation.
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and tungsten.

Vanadium Niobium Tantalum
Soft core Frozen core Soft core Frozen core Soft core Frozen core

E (Ry) Ag (mRy) E (Ry) E (Ry) Ag (mRy) E (Ry) E (Ry) Ag (mRy) E (Ry)
I Y —0.51057 —6.3 —0.516 89 —0.469 62 —-3.0 —0.472 65 —0.669 57 —6.0 —0.6755
Ty 0.13008 0.8 0.13092 0.18942 0.3 0.18973 0.209 25 0.8 0.2100
s 0.00000 0.0 0.00000 0.00000 0.0 0.00000 0.00000 0.0 0.00000
N, } —0.26181 —3.5 —0.26532 —0.31023 —1.9 —0.31208 —0.393 68 —4.3 —0.3980
Ni 0.081 88 —5.9 0.076 00 0.13191 —2.7 0.12921 0.05792 —4.7 0.0532
N, —0.109 14 —1.2 —0.11030 —0.149 87 —0.7 —0.15059 —0.167 39 —1.7 —0.1691
N, 0.259 34 2.1 0.26147 0.43317 1.6 0.43478 0.504 48 4.6 0.5090
N, 0.158 86 1.3 0.16018 0.249 06 0.8 0.249 89 0.28427 2.3 0.2865
N, 0.80397 —34 0.80058 . 0.78555 —6.8 0.7787
P, 0.82476 —-5.2 0.81958 0.673 34 —-2.2 0.67117 0.427 68 —34 0.4242
P, 0.163 30 1.4 0.164 67 0.258 70 0.9 0.259 65 0.296 70 2.6 0.2992
P, —0.11094 —2.4 —0.11332 —0.11160 —12 —0.11283 —0.14707 —2.6 —0.1496
Hi, —0.25710 -3.0 —0.26007 —0.32394 —1.7 —0.325 66 —0.35740 —4.0 —0.3613
His 0.23067 1.9 0.232 54 0.37528 1.3 0.376 60 0.43276 3.6 0.4363
Hs '0.71170 —5.6 0.706 06 0.64705 —2.6 0.644 48 0.59071 —44 0.5863
Hys—T 0.741 24 8.2 0.74943 0.84490 4.4 0.84925 1.10233 9.6 1.1119
H)s—Hy, 0.48777 4.8 0.492 61 0.699 22 3.0 0.70226 0.79016 7.6 0.7977
N} ——'1"1 0.59245 0.4 0.592 89 0.601 53 0.3 0.601 86 0.72749 1.3 0.7287
Er —0.03165 —1.3 —0.03294 —0.03244 4.3 —0.02811 —0.05917 —-2.0 —0.0611
Er—H,, 0.22545 1.7 0.22713 0.291 50 6.0 0.29755 0.29823 2.0 0.3002
Er—T 0.47892 5.0 0.48395 0.43718 74 0.444 54 0.61040 4.0 0.6143

DOS at Ep (states/Ry cell)
29.78702 29.05999 23.699 86 20.91345 20.754 21 20.4688
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FIG. 1. Band structure and density of states of molybdenum. (a) Relativistic calculation, (b) nonrelativistic calculation.

separation (H55 —1I'() is affected the most by the relativis-
tic effects, the differences being 2—3 times larger than
those of the s-p separation (N7 —T';). Hj3s—T; increases
by 17.3 mRy and N} —TI'; by 3.9 mRy for V. For the
other elements these separations are, respectively, 33.9 and
7.5 mRy for Nb, 32.9 and 11.7 mRy for Cr, and 82.4 and
34.9 mRy for Mo. The d-band width H5s —H,, is most
affected for Nb and Mo (it increases by 30.9 and 16.1
mRy, respectively) and less for V and Cr (increasing by
5.0 and 9.1 mRy, respectively). The energies which are
most affected by the relativistic effects are at the symme-

try points I'y, Nj, N4, P, and H;s. Thus, the d states
are affected the least.

C. Comparison between the frozen-core
and soft-core approximations

The differences between the energy calculated using the
frozen-core and that using the soft-core approximations
have an average deviation of 3.1, 1.7, and 3.7 mRy for V,
Nb, and Ta, respectively. We note from Table IV that the
s states are affected the most, and that the d states are af-
fected the least.
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TABLE V. Comparison between the semicore and the soft-core approximations for vanadium, niobium, and tantalum. Iterations

with 14 k points. Relativistic calculation.

Vanadium Niobium Tantalum
Soft core Semicore Soft core Semicore Soft core Semicore

E (Ry) Ag (mRy) E (Ry) ~E (Ry) Ar (mRy) E (Ry) E (Ry) Ag (mRy) E (Ry)
I, —0.51057 —54 "—0.51593 —0.469 62 0.8 —0.46877 —0.66957 0.9 —0.668 68
Ty 0.13008 0.0 0.13005 0.18942 0.1 0.18953 0.20925 —0.1 0.20920
Iy 0.00000 0.0 0.00000 0.00000 0.0 0.00000 0.00000 0.0 0.00000
N, —0.26181 —1.1 —0.26289 —0.31023 0.6 —0.30966 —0.393 68 0.7 —0.39297
Ni 0.081 88 0.6 0.082 48 0.13191 0.9 0.132 80 0.05792 0.5 0.05842
N, —0.109 14 0.1 —0.10905 —0.14987 0.2 —0.14967 —0.16739 0.3 —0.16709
N, 0.259 34 —0.1 0.25919 0.43317 —0.2 0.43300 0.504 48 —0.7 0.503 74
N, 0.158 86 —0.1 0.15877 0.249 06 —0.1 0.24896 0.28427 —0.3 0.28394
N 0.80397 1.2 0.80519 0.78555 1.2 0.78674
P, 0.82476 —64 0.81839 0.673 34 0.1 0.673 44 0.427 68 0.5 0.428 16
P, 0.16330 —0.1 0.163 19 0.258 70 —0.1 0.258 59 0.296 70 —0.4 0.296 30
P, —0.11094 0.2 —0.11071 —0.11160 0.4 —0.11119 —0.14707 0.3 —0.14672
H,, —0.25710 0.3 —0.25682 —0.32394 0.7 —0.32327 —0.35740 0.8 —0.356 64
Hs 0.230 67 —0.1 0.23055 0.37528 —0.2 0.37511 0.43276 —0.6 0.43214
H,s 0.71170 0.6 0.71232 0.64705 0.5 0.64759 0.59071 0.4 0.59109
Hys—Ty 0.74124 5.2 0.746 48 0.844 90 —1.0 0.843 88 1.10233 —1.5 1.10082
H)s—H,, 0.48777 —04 0.48737 0.699 22 —0.8 0.698 38 0.79016 —1.4 0.78878
Ni—-T, 0.59245 6.0 0.598 41 0.60153 0.0 0.60157 0.727 49 —0.4 0.72710
Ep —0.03165 0.2 —0.03148 —0.03244 0.1 —0.03236 —0.05917 0.5 —0.058 66
Er—Hy, 0.22545 —0.1 0.22534 0.29150 —0.6 0.29091 0.298 23 —0.2 0.29798
Er—T 0.47892 5.5 0.484 45 0.437 18 —0.8 0.43641 0.61040 —04 0.61002

DOS at Ep (states/Ry cell)
29.78702 29.72257 23.699 86 23.928 83 20.754 21 20.73642

D. Comparison between the semicore
and soft-core approximations

As seen from Table V, the differences between the re-
sults using the semicore approximation and those using
the soft-core are even smaller than those found in the
frozen-semicore comparison. The average deviations are
1.2, 0.4, and 1.2 mRy for V, Nb, and Ta, respectively.
The s states are again affected the most and the d states
are affected the least. It should be mentioned here that in
the relativistic calculations the core levels are calculated
including the spin-orbit coupling, whereas in the valence
bands and the semi-core states the spin-orbit interaction is
omitted. This is important for heavier elements but not
for lighter elements. On the other hand, the crystal-field
splittings incorporated by treating the levels as bands are
equally important for all elements. Thus, the semicore
approximation is probably better than the soft-core for
light elements where the spin-orbit interaction is weak.
However, the soft-core approximation, which includes the
spin-orbit interaction, in the core levels, might be better
than the semicore for heavier elements.

E. Spin-orbit coupling corrections
The spin-orbit Hamiltonian has the form

Hso=§l's .

We calculated the spin-orbit parameter £ as a function of
the k point and its energy for each k point which is split.
In an obvious generalization of the atomic expression, we
used, to first order in perturbation theory, the formula

2 R
g,:% fo %%—rKRlzrzdr s

where [ is the angular momentum which contributes to
the k point by an amount Q;. Qj is the electronic charge
inside the APW sphere and a is the fine-structure con-
stant. V(r) is the crystal potential and R;(7) is the I/th ra-
dial wave function for the particular k point. V(r) and
R,(r) were extrapolated outside the muffin-tin sphere out
to a point R so that the potential at the radius R would
have the same value as the constant interstitial potential
employed in the muffin-tin approximation. We decided
on this prescription for the extrapolation because we used
it to calculate the Darwin correction and the mass-
velocity correction to nonrelativistic APW calculations,
again by first-order perturbation theory. The results agree
to within 1 mRy with the relativistic energies (excluding
spin-orbit coupling) that we find when we solve Dirac’s
equation.

The results for the elements we studied are shown in
Tables VI and VII. These tables show the k points with
their degeneracies and their energies (in Ry) with respect
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TABLE VI. Spin-orbit splitting parameter £; and fractional charge Q; for vanadium, niobium, and

tantalum.
Degen. E (Ry) £, (mRy) o &4 (mRy) Qq
Vanadium
I'35(000) 3 0.00000 0.0 0.00 2.0 0.96
P,(444) 3 —0.11082 14.5 0.13 1.7 0.68
P,(444) 3 0.707 60 15.2 0.26 34 0.43
H5(800) 3 0.230 60 0.0 0.00 2.7 0.99
H 5(800) 3 0.71221 15.2 0.58 0.0 0.00
A5(200) 2 —0.00124 14.4 0.01 2.0 0.93
A5(200) 2 1.48471 17.8 0.06 2.7 0.21
A5(400) 2 0.03127 14.4 0.04 2.1 0.88
A5(400) 2 1.23946 16.8 0.36 3.0 0.31
As(600) 2 0.13683 14.5 0.05 2.4 0.88
As(600) 2 0.896 10 15.7 0.49 33 0.16
A5(222) 2 —0.08301 14.5 0.02 1.8 0.86
A3(222) 2 0.13495 14.5 0.00 2.4 0.96
A5(222) 2 1.11695 16.4 0.18 3.1 0.31
Niobium
I'35(000) 3 0.00000 0.0 0.00 5.8 0.92
P,(444) 3 —0.11162 64.8 0.16 5.0 0.60
P,(444) 3 0.83138 62.4 0.20 12.0 0.41
H5(800) 3 0.37527 0.0 0.00 8.8 0.97
H 5(800) 3 0.64704 61.8 0.50 0.0 0.00
As(200) 2 —0.00343 63.7 0.02 5.8 0.87
A5(200) 2 1.156 39 64.7 0.00 13.0 0.07
As(400 2 0.042 82 63.3 0.06 6.1 0.79
A5(400) 2 1.31151 66.2 0.24 13.0 0.33
As(600) 2 0.19707 62.3 0.09 7.3 0.75
A5(600) 2 0.929 14 63.0 0.39 12.4 0.25
A3(222) 2 —0.11210 64.8 0.03 5.0 0.79
A5(222) 2 0.20033 62.3 0.00 7.3 0.91
A3(222) 2 1.078 70 64.0 0.13 12.8 0.25
Tantalum
I'55(000) 3 0.00000 0.0 0.00 21.3 0.91
P,(444) 3 —0.14709 251.1 0.17 17.8 0.56
P,(444) 3 0.864 53 261.9 0.19 45.7 0.44
H5(800) 3 0.43274 0.0 0.00 33.9 0.96
H5(800) 3 0.59070 253.0 0.51 0.0 0.00
A5(200) 2 —0.006 61 248.6 0.02 21.1 0.85
A5(200) 2 1.17517 276.5 0.00 50.1 0.06
A5(400) 2 0.03798 248.1 0.07 22.3 0.75
As(400) 2 1.356 59 287.2 0.27 50.8 0.34
As(600 2 0.20309 247.6 0.12 26.9 0.68
As(600) 2 0.93290 264.7 0.38 47.0 0.30
A;(222) 2 —0.13038 250.7 0.04 18.1 0.76
A3(222) 2 0.22497 247.7 0.00 27.5 0.89
A3(222) 2 1.10745 273.0 0.14 49.4 0.25

to I'js. The &;’s are also shown in mRy together with the
Qy’s inside the muffin-tin spheres.

As can be seen and expected from the tables, the spin-
orbit parameter £ increases with the mass of the element.
£ varies to within a factor of 2 for different energies and
k points. The largest for each element is for H s, general-
ly an order of magnitude larger than the others.
Mattheiss and Hamann,” using a tight-binding fit to their

APW results for W, estimated average values for £55 =26
mRy and £, =126 mRy. Our first-order perturbation-
theory results yield the values £s5 =33 mRy and §¢, =290
mRy. The estimated splittings are generally a factor of 2
larger than in the free atoms.® The free-atom splittings
for Cr 3d, Mo 4d, and W 5d are 1.4, 3.7, and 13.7 mRy,
respectively, which, as in the solid, increase with the mass
of the element.



32 VARIOUS APPROXIMATIONS MADE IN AUGMENTED-PLANE- . .. 4855
TABLE VII. Spin-orbit splitting parameter &; and fractional charge Q; for chromium, molybdenum,
and tungsten.
Degen. E (Ry) £, (mRy) [N &4 (mRy) Qq
Chromium
I'35(000) 3 0.00000 0.0 0.00 2.7 0.96
P,(444) 3 —0.10376 16.1 0.12 2.3 0.71
P,(444) 3 0.78145 174 0.28 4.3 0.40
H 5(800) 3 0.23185 0.0 0.00 3.5 0.99
H 5(800) 3 0.82223 17.5 0.58 0.0 0.00
As(200) 2 0.00013 16.1 0.01 2.7 0.93
As(200) 2 1.67134 21.0 0.07 3.2 0.23
As(400) 2 0.03536 16.2 0.03 2.8 0.89
A5(400) 2 1.376 72 19.6 0.36 3.6 0.30
As(600) 2 0.14245 16.2 0.04 3.2 0.90
As(600) 2 1.009 35 18.1 0.50 4.1 0.15
A5(222) 2 —0.08028 16.1 0.02 2.4 0.87
A5(222) 2 0.13690 16.2 0.00 3.2 0.96
A3(222) 2 1.24845 19.0 0.18 3.8 0.31
Molybdenum
T'55(000) 3 0.00000 0.0 0.00 7.1 0.93
P,(444) 3 —0.098 22 66.7 0.14 6.3 0.64
P,(444) 3 0.92608 66.8 0.22 14.5 0.39
H’5(800) 3 0.38277 0.0 0.00 10.7 0.97
H 5(800) 3 0.76879 65.8 0.50 0.0 0.00
A5(200) 2 —0.00016 66.0 0.01 7.1 0.88
A5(200) 2 1.324 38 70.6 0.00 14.9 0.07
A5(400) 2 0.05292 65.7 0.05 7.6 0.81
A5(400) 2 1.45843 72.3 0.25 14.7 0.31
A5(600) 2 0.21497 65.0 0.07 9.1 0.79
A5(600) 2 1.048 55 67.8 0.40 - 14.8 0.22
A;3(222) 2 —0.10775 66.8 0.03 6.2 0.81
A3(222) 2 0.208 20 65.0 0.00 9.0 0.92
A5(222) 2 1.216 18 69.4 0.13 15.0 0.24
Tungsten
I'35(000) 3 0.000 00 0.0 0.00 25.5 0.92
P,(444) 3 —0.13151 289.7 0.16 22.1 0.59
P,(444) 3 0.968 34 298.7 0.20 54.0 0.41
H5(800) 3 0.45671 0.0 0.00 39.7 0.96
H,5(800) 3 0.709 84 290.5 0.50 0.0 0.00
A5(200) 2 —0.00328 286.8 0.02 25.4 0.86
A5(200) 2 1.31914 314.9 0.00 58.3 0.06
As(400) 2 0.05077 286.0 0.06 27.0 0.77
As5(400) 2 1.51512 326.3 0.26 58.8 0.32
A5(600) 2 0.23174 284.6 0.10 324 0.72
As5(600) 2 1.057 67 302.2 0.39 55.6 0.27
A3(222) 2 —0.12894 289.6 0.03 22.1 0.78
A3(222) 2 0.24051 284.6 0.00 32.7 0.90
A3(222) 2 1.24231 310.8 0.14 57.8 .0.24
IV. APPLICATION TO THE ELECTRON- TABLE VIII. Electron-phonon interaction parameter 7.
PHONON INTERACTION 22
n (eV/A°)
Soft core Frozen core
In order to check the effect of the approximation dis- v 8.67 8.61
cussed in the present work on a quantity with physical Nb 277 10.92
.. . Ta 9.74 9.82
significance, we calculated the electron-phonon interac-
) . ) 9 X Cr 3.99 4.00
tion 7, using the theory of Gaspari and Gyorffy.” In this M
. . . o 5.33 5.32
theory, 7 is evaluated in terms of the partial DOS at Ep W 5.01 5.16

and the scattering phase shifts found from the APW po-
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tentials. Our results, which correspond to DOS generated
from 55 first-principles k points, are summarized in Table
VIIL. It is clear that the difference in 1 for the various
approximations examined here is not significant.

V. SUMMARY AND CONCLUSIONS

We studied the relativistic effects, the soft-core approx-
imation, the frozen-core approximation, and the semicore
approximation for the band structures of the elements V,
Nb, Ta, Cr, Mo, and W, as well as the convergence with
different k-point meshes. The relativistic effects increase
with the mass of the atom, and they are more pronounced
for s and p states. This holds also for the spin-orbit cou-
pling which was studied separately. The frozen-core ap-

N. C. BACALIS et al. 32

proximation introduces an average deviation of approxi-
mately 3 mRy from the soft-core approach. The semicore
approximation introduces a smaller change but it raises
the point that for the heavy elements, due to the inclusion
of the spin-orbit coupling in the core states, the soft-core
approach may be more appropriate. Concerning the num-
ber of k points in the meshes, 14 k points are practically
enough for satisfactory accuracy in the determination of
the self-consistent potential. However, it is certainly
inadequate for the calculation of the density of states for
which even 55 k points do not produce -a well-converged
DOS. We found that it is necessary to use a 285-k-point
mesh in the calculation of the density of states to achieve
satisfactory accuracy. Finally, we pointed out that first-
order perturbation theory seems to give a good account of
the spin-orbit splitting at high-symmetry points.
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