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Self-consistent pseutiopotential calculation of the electronic structure of Nbf
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The electronic structure of Nb is calculated using a self-consistent pseudopotential method. The calculated
band structure and density of states are in good agreement vvith augmented-plane-wave calculations and with
photoemission measurements. The total electronic charge density and partial charge densities for specific
energy regions are presented and discussed.

INTRODUCTION

We present a self-consistent calculation of the
electronic structure of bulk Nb using the pseudo-
potential method. Non-self-consistent band-struc-
tuxe calculations have been done for Nb using the
modified orthogonalized-plane-wave method, ' the
augmented-plane-wave method (APW), ' the em-
pirical-pseudopotential method (EPM)' and the
plane-wave-Gaussian method. ' All these calcula-
tions are generally in good agreement with each
other and with Fermi-surface experiments. ' Using
a Slater-Koster parametrization of the APW band

structure, Pickett and Allen" have recently cal-
culRted R joint density of states fox' Nb which

agrees reasonably well with the imaginary part of
of the dielectric function e,(&u) obtained from ex-
perimental ref lectivity data. ' A self-consistent
APW calculation by Anderson et gl. ' gives results
differing significantly from other calculations par-
ticularly at the II point in the Brillouin zone.

A similar approach to the self-consistent method
used here has been applied to localized configura-
tions. ' In particular, this method has recently
been applied to calculations of surface and inter-
face properties of semiconductors and simple
metals, '0 where self-consistency is important.
Self-consistency is also very important for transi-
tion-metal surfaces as has been shown in previous
cRlculati on 8i

In the following, we will first give an outline of
our method of calculation and then present results
for the Nb band structure and density of states.
%6 obtained results consistent with experimental
measurements'" and previous non-self-consistent
calculations. ' ' %6 will also present charge dis-
tributions for the total valence electrons and also
for states in particular energy ranges.

METHOD OF CALCULATION

The electronic band structure of Nb was calcu-
lated from a pseudopotential Hamiltonian

8 =P'/2m+Vp, +Ve+V,

where P&s is a weak yseudopotential taken to be a
superposition of Nb" ionic pseudopotentials

V„(r) =Z Vp'"(r-R„)

Rnd

V'ps" = Q Vq P)

where I', is the projection operator acting on the
1th angular momentum component of the wave func-
tion. The nonlocal Nb ' pseudopotential takes into
account the differences in the repulsive potentials
that each angular momentum component sees as R

result of core orthogonalization.
V„V~, V„are chosen to reproduce both the ex-

perimental ionic levels (obtained from the spectra
of Nb", " i.e., the Nb" core plus one electron
system) and the positions of the peaks of the 4d

and 5e atomic wave functions {compared to Her-
man-Skillman values" ). A comparison of our re-
sults with those from expex iment and Herman and
Skillman is given in Table I. Figure 1 is a plot of
our V„P&, and V„ ionic pseudopotentials. It can
be seen that the d electrons feel a much weaker
cole orthogonallzation repulsion than the 8 Rnd p
electrons.

The ionic pseudopotential is screened by adding
a Hartree potential PH and a local exchange po-
tential V„obtained from the charge density p by

(4)

In the present calculation, the value of the ex-
change parameter e was chosen to be 0.8, however
the results are not very sensitive to this value.
Shifts of d states of -0.1 6V occur for a change of
0.1 in ~.

The iteration procedure is started by apyroxi-
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Level
Calculated
energy (Ry)

Expt.
energy (Ry)

4d
Gs

Gp

Gd

6s

-3.657
-2.953
-2.448
—i.725
—i.635

—3.63
-2.95
-2.45
-i.7i
i.56

TABLE I. (a) Comparison of the calculated ionic en-
ergy levels with experimental data {Ref. i3). (b) Self-
consistent Nb atom: energy levels and peaks of atomic
wave functions. A comparison of our results with those
of Herman and Skillman.

2Z Zwr, B(E~ -E„(k,)) = g (6)

-80 plane waves (corresponding to a. maximum en-
ergy of 10.2 Ry), a further 80 waves were included
by second-order perturbation up to an energy of
16.0 Ry. Convergence tests showed that s andP
levels and separations between d levels converged
to &0.01 eV while d levels may shift relative to s
and P levels by as much as 0.2 eV with the inclusion
of more plane waves in the basis set.

In the iteration towards self-consistency, ener-
gy eigenvalues were calculated for a grid of eight
special points" in the irreducible bcc Brillouin
zone. The Fermi levelE~ is then determined by

4d
Gs

0.354
0.340

0.45
0.40

Self-consistent Nb atom energies (Hy)
Present Herman and

calculation Skillman
where z is the number of electrons per primitive
cell (five in the case of bulk Nb). W„ is the weight
for each special point k&,

'5 and 8 is the Heaviside
step function.

The valence charge density is calculated from
Positions of maximum of rR(r) (a.u. )

Present Herman and
calculation Skillman

i.48+ 0.02
3.00 + 0.05

i.4i
3.12

mating the V„+V~+V„ term in the Hamiltonian by
a pseudopotential constructed from a superposition
of atomic pseudopotentials. Kith this Hamiltonian,
the valence charge distribution is calculated and
from it the screening potentials V~ and V„are ob-
tained. V~ and V„are then put back into the Ham-
iltonian. The procedure is repeated until self-con-
sistency is reached, i.e., until the input and out-
put screening potentials V~+ V„agree with each
other.

The wave function was expanded in a basis set of

&(r) =2 + (7)
Xesz

E (%)—E~

A total of 370 plane waves were used in expanding
the charge density corresponding to a cutoff ener-
gy of 30.0 Ry.

%'ith the self-consistent potential, the energy
eigenvalues were calculated at 285 k points in the
irreducible Brillouin zone. For bulk Nb, this
gives the band structure, the density of states,
the valence charge distribution, and the charge
distributions for states under the various peaks in
the density of states.

RESULTS

The band structure E„(k) is plotted along sym-
metry directions of the bcc Brillouin zone in Fig.
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FIG. 1. Nb ionic pseudopotentials V, , V&, and V~
plotted as a function of r.

FIG. 2. Electronic band structure of niobium. . The
zero of energy is at the Fermi energy Ez.
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TABLE II. Comparison of important energy levels for Nb between the present results and
previous calculations (in eV, E~=0).

Z."2p Hgp

Predominant
character

Present calc.

APVr (Ref. 2)

EPM (Ref. 3)

Self-consistent (Ref. 8)
APW

6.06

-5.30

-5.20

-5.24

0.15

0.41

0.51

2.80

2.59

3.25

3+22

-3.81

-3.70

-4.24

5.83

5.17

5.68

5.97

2.32

2.33

2.18

2. This result is in good agreement with the re-
sults of previous band calculations. ' ' Table II
compares the principal energy levels of the pres-
ent band structure with those of previous calcula-
tions. The main differences are the lowest I',
level for the present calculation is ™0.8 eV lower
than previous results and the 1»-I"».gap is -0.8
eV larger.

The histogram density of states for the present
calculation is shown in Fig. 3(a). It is in good
agreement with Mattheiss's APW calculation'
[Fig. 3(b)] and the photoemission data of Eastman. "

Bulk Nb
I I I I I I

Ic3I Present calculation

E 1—
0

I
a

Table III gives the positions of the peaks in the
density of states of the present calculation and
comparison with previous results and experiment.
The value of N(Ez) obtained in the present calcula-
tion is 1.1 states/(eVatom) as compared with the
empirical value 0.91 states/(eV atom) obtained by
Mc Millan. '6

The distribution of the valence electrons in the
(110) and (100) planes are shown in Fig. 4. The
positions of the Nb atoms are indicated by black
dots. The charge density is zero at the atom be-
cause of the highly repulsive core. It then rises
up sharply to form lobes around the atoms showing
distinct d-like character. The position of the peaks
in the d-electron charge density is approximately
the same as the position of the peak of the d-elec-
trons in the isolated Nb atom. In addition to the
lobes, there is a uniform charge background in the
space between the atoms.

Plotting the charge distributions for states under
the various peaks in the density of states reveal
that they have different characteristics. The total
charge distribution for states under the lowest
peaked, with energies from -6.0 to -2.0 eV is
shown in Fig. 5(a). The charge distribution is
mainly s-like with a. bit of d„2 „2 character. The

0 0
4-

o

C
Q 3—

I I

Mattheiss

(APW)

I I I

I I I I TABLE ZZI. Energy values for principal peak positions
in the density of states are compared with peaks in photo-
emission data (Ref. 12) and APW (Ref. 2) and EPM (Hef.
3) results (in electron volts).

Experiment
(Photoemission)

(Ref. 12)

Theory
AP% EPM Present

(Ref. 2) (Ref. 3) calculation

E~

0 I

-8 -6 —4 —2 0 2 4
Energy (eV)

I

6 8

FIG. 3. Density of states of (a) present calculation (b)
APW calculation by Mattheiss (Ref. 2).
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Nb

0) pia

FIG. 4. Contour plots of total valence charge distri-
bution of Nb in the (110) and (100) planes. The charge is
normalized to one electron per unit cell.

charge distributions for peak B (-2.0 to -0.75 eV)
and peak C (-0.75 to 0.60 eV), shown in. Figs. 5(b)
and 5(c), look alike with the charge concentrated
mainly in bonding d-like lobes along the line join-
ing two neighboring atoms. The charge for the
highest and unoccupied peak D (0.60 to 5.85 eV) has
distinct d„2 ~2 and dg2 ~2 character around each
atomic site.

In our calculation, we have not adjusted our Fer-
mi surface to fit experiments. The calculated
Fermi surface is in satisfactory agreement with
previous calculations"" with one exception. In
contrast to APW calculations' and de Haas-van
Alphen experiments, ' the Fermi surface in the
present calculation does not cut across the Z sym-
metry line (1" N). This c-an be seen from the band
structure in Fig. 2; the third band along the Z di-
rection, just misses cutting the Fermi by -O. l eV.
We did not make this minor adjustment in the pres-
ent calculation, but it should be considered if cal-
culations of Fermi surface structure are done.

CONCLUSION

FIG. 5. Partial charge densities for states in the en-
ergy ranges (a) —6.0 to —2.0 eV, (b) —2.0 to —0.75 eV,
(c) —0.75 to 0.60 eV, and (d) 0.60 to 5.85 eV. The
charges are normalized to one electron per unit cell.

In summary we have presented a calculation of
the band structure of Nb using the self-consistent
pseudopotential method and obtained results con-
sistent with Mattheiss's APW calculation' and ex-
periments. '" This demonstrates the applicability
of the present pseudopotential method which can be
used as a base for calculating the surface proper-
ties of Nb and other applications like band-struc-

ture calculations of compounds w'ith Nb as a con-
stituent atom.
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