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We present nonlocal-pseudopotential calculations of the electronic band structures and charge densities
of NbC and NbN. The major contribution to the charge density of the bands near the Fermi energy
comes from C or N 2p states. The charge density for the first partially filled Nb 4d band and the
shape of the Fermi surface for this band are also discussed.

I. INTRODUCTION

Transition-metal compounds have been the object
of much research for some time because of their
unusual physical properties. Some of these com-
pounds are high-temperature superconductors with
superconducting transition temperatures that vary
appreciably with composition.! Despite the great
practical and theoretical interest in these com-
pounds, the electronic structure of many transition-
metal compounds have not been studied in detail as
yet.

In this paper we apply the empirical-pseudopo-
tential method? (EPM) to the study of two transition-
metal compounds: NbC and NbN. The band struc-
ture and density of states of NbN have been recent-
ly calculated by the augmented-plane-wave (APW)%*
and the EPM® methods. The band structure and
density of states of NbN presented in this paper are
the same as those of Ref. 5. For NbC only the den-
sity of states has been previously calculated using
the APW method.®

Usual EPM calculations are based on experimen-
tal data such as optical reflectivity spectra, which
provide information on critical-point energy gaps,
and on photoemission data which give information
on the density of states. Such experimental infor-
mation is lacking for NbN and some other transi-
tion-metal compounds. The EPM band-structure
calculation® for NbN was therefore fitted to a self-
consistent! APW calculation. The results indicated
that the nonlocal EPM method could be used for
band-structure calculations of other transition-
metal compounds of interest. In this paper we have
extended the NbN calculation to NbC. Because of
the lack of data this calculation is based on the use
of Nb and C potentials derived from earlier EPM
calculations. The lattice-constant change for C was
large and the pseudopotential may not be accurate.
The inaccuracy in the position of the lowest band in
both NbC and NbN is also an indication that im-
provements are needed. This band is lower by al-
most 2 Ry compared to APW calculations.®* With
these statements serving as a caveat, we have used
the band-structure calculations to obtain the charge-
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density distributions of the higher bands for both
compounds. We find the band structures of NbC
and NbN to be very similar to each other and, ex-
cept for the lowest band, similar to Schwarz’s cal-
culation® for NoN. The important difference be-
tween the two compounds appears to be the position
of the Fermi energy which determines the occu-
pancy and electronic charge distribution in the
partially filled Nb 4d bands. The band structures,
charge-density distributions, and Fermi surfaces
of NbC and NbN are discussed in the Sec. II in
more detail.

The pseudopotentials used in the NbC calculation
were obtained from previous EPM calculations on
NbN® and C.”7 The nonlocal d pseudopotential of the
NbN calculation® was used in NbC to treat the Nb
4d states. The nonlocal p pseudopotential
needed for the C 2p states was obtained from a
previous EPM calculation on C7 and adjusted for
the lattice-constant change. All the relevant pseu-
dopotential parameters for NbC are listed in Table
I and their significance is discussed in Ref. 5 which
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TABLE 1.

Pseudopotential parameters for NbC. Nonlocal d and p pseudopo-

tentials were used in addition to the local pseudopotentials in calculating the band

structure of NbC,

Parameters for non-

Parameters for non-

Local local d pseudopotential local p pseudopotential
pseudopotentials (see Ref. 5) (see Ref. 7)
V4(G*=3) =0.444 Ry V.- {Az, r=R, v JAre Ty = Ry
21710, »>R, nl 7o, r >Ry
V4(11) =0. 06 Ry Ry=1.18 A R,=0.20 A
VS(4)=—0.14 Ry A,=—4,65 Ry A=-0.19 Ry/A
V8(8)=—0.11 Ry @=0,118 @=1,10 A

V8 (12) =—0. 066 Ry
a=4.47 A

k=1,74 2n/a)

also includes the NbN pseudopotentials.

The energy band structure of NbC was calculated
on a grid of 46 points 1n 1/48 of the irreducible
part of the Brillouin zone. To obtain sufficient con-
vergence for the charge-density calculation the
wave functions for NbC and NbN were expanded in
a basis set of about 150 plane waves. The band
structure, charge density, and Fermi-surface re-
sults are discussed in Sec. II.

II. RESULTS

The band structures and densities of state of NbC
and NbN are shown in Figs. 1-4. In discussing the
band structures and charge densities of these com-
pounds we will number the bands according to their
energies. This can cause a band (such as band 3 in
NbC and NbN) to be mostly p-like in some part of
the Brillouin zone and d-like in another part of the
zone, as can be seen by following band 3 from T to
X. (Since the first band of NbC is not shown, band
3 in NbC refers to the second band shown in Fig. 1.)

The lowest band in NbC, as in NbN, is separated
by a large energy difference from the higher bands.
A nonlocal s-type pseudopotential is required to
bring this band into better agreement with APW
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FIG. 2, Electronic energy band structure of NbN.
This band structure was obtained from Ref. 5. The zero
of energy is at the I'y5 level.

calculations.®*® The three bands with I';; symme-
try at k=0 arise mainly from C or N 2p states to-
gether with some Nb 5p states. In addition, there
is a small overlap and mixing between these bands
and Nb 4d states as can be seen in going from I to
X in the Brillouin zone. This type of overlap is
also present in the self-consistent APW calcula-
tion of Schwarz* for NbN but is absent in the APW
calculation of Mattheiss.® Some measurements of
NbC valence-band x-ray emission spectra®® indi-
cate that the Nb 4d states overlap with the C 2p
states more than our calculation!® indicates. To
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FIG. 3. Density of states of NbC (lowest band not

shown) and number of valence electrons per primitive
cell volume up to energy E. The number of electrons
should be multiplied by 2 for the two possible spin states.
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FIG. 4. Density of states of NbN (lowest band not
shown) and number of valence electrons per primitive
cell volume up to energy E. The number of electrons
should be multiplied by 2 for the two possible spin states.

obtain better agreement with these experimental
results the C 2p states would have to be moved
closer to the Fermi energy.

The band structures and band orderings for NbC
and NbN shown in Figs. 1 and 2 are seen to be very
similar in the region below the Fermi energy Ey.
The partially filled bands at Ey come from a mix-
ture of Nb 4d states and C or N 2p states. The Nb
5s state is high in energy and lies above the Fermi
energy in both NbC and NbN. The electronic charge
in this state has been transferred to the Nb 4d lev-
els while some Nb 4d-electrons have dropped into
the C 2p states. The position of the Nb 5s level
relative to the 5d levels is seen to be lower in NbC
than in NbN (Figs. 1 and 2). Cther calculations on
NbN %4 and TiC *'!2 also reveal the transition metal
s states to be above the Fermi energy.

The densities of states N(E) of NbC and NbN
(Figs. 3 and 4) are also seen to be very similar.
The Fermi energy Ey measured relative to the en-
ergy of I'y;. state, is higher in NbN than in NbC be-
cause of the extra electron in NbN. In both crys-
tals E lies in a dip of N(E) and NbN has a larger
density of states at Ey than NbC. This could, per-
haps, be related to the higher superconducting
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FIG. 5. Electronic charge density of band 3 in the
(100) plane of NbC. The charge density arises mainly
from C 2p states with the Nb 4d state making a small con-
tribution. Charge density is normalized to 2¢/Q, where
Q is the primitive cell volume.

transition temperature found in NbN. The large
peak on the low-energy side of N(E) comes mainly
from C or N 2p states. The lowest lying C or N
2s states are not shown in Figs. 3 and 4.

The charge densities for several bands in NbC
and NbN are shown for the (100) and (110) planes in
Figs. 5-10. The chargedensities for the p-like bands
(i.e., bands 2, 3, and 4) are very similar in NbC and
NbN. The charge densities of the three bands are also
very similar to one another. In Fig. 5 we show
the charge density in the (100) plane for one of
thesebands inNbC. The charge density is p-like

FIG. 6. Charge density of the first partially filled band
in NbC for the (100) plane.
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FIG. 7. Charge density of the first partially filled band
in NbC for a (110) plane. The “empty “region in the
middle with no contours has a nearly uniform charge den-
sity of about 0.7 (e/Q).

around C; it rises to a maximum as we go away
from C and then gradually decreases. This is
similar to the behavior of the p-like charge densi-
ties in semiconductors®®'!* although the shape of
the contours depends on crystal symmetry. The d
states of Nb contribute to the small charge density
around Nb. The outermost closed contour around
C contains approximately 60% of the total charge in
band 3 while the corresponding contour around Nb
contains only about 15% of the total charge. The re-
maining 25% of the charge is spread out almost
uniformly in the rest of the unit cell.

The higher bands in NbC and NbN are each only
partially filled. The first partially filled band
(i.e., band 5 with symmetry T,s at k=0) contains
nearly all the remaining electrons in NbC and over

FIG. 8. Charge density of the first partially filled band
in NbN for a (100) plane.
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FIG. 9. Charge density of the first partially filled band
in NbN for a (110) plane.

80% of the two remaining electrons in NbN. The
charge density of this band in the (100) and (110)
planes are shown in Figs. 6-9. The interesting
feature of these figures are the local maxima in
the charge density occurring along the Nb-Nb di-
rection. The magnitude of the charge in the maxi-
ma is strongly dependent on the number of elec-
trons per unit cell and is twice as large in NbN
(with ten electrons) than in NbC (with nine elec-
trons). These maxima arise from the Nb 4d states
and have d,, symmetry about the Nb atoms. The
charge density of band 5 is not purely d-like;
there is a large mixture of C 2p states in the wave
function which gives the p-like charge distribution
around C.

Since the Nb 5s state lies above the Fermi energy

NbC BAND 5 FERMI SURFACE

' (0,2,0) I'(2,2,0)

I'(0,0,0) X (1,0,0) I'(2,0,0)
FIG., 10. Cross section of the Fermi surface for the

first partially filled band in NbC.
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there is no charge localization on Nb; the charge
contours around Nb coming from the Nb 4d and 5p
states have much lower values than the combina-
tion of s, p contours around C or N. A spreadout
metalliclike charge distribution outside the closed
contours around the ions can also be seen in Figs.
5-9. These figures suggest that the bonding in
NbC and NbN results mainly from a combination of
ionic- and metallic-charge distributions. The C-C,
N-N, and Nb-Nb metal and nonmetal nearest-neigh-
bor distances are too large for the formation of
localized covalent bonds as in the case of the dia-
mond or zinc-blende crystals where the bonding is
characterized by a peak in the magnitude of the
charge density on the line joining the nearest-neigh-
bor atoms. The overlap between the bonding orbit-
als on the ions in NbC and NbN are small and do
not produce a maximum in the charge density. The
overlap results, instead, in a region, centered
halfway between like-atom nearest neighbors, with
a slowly varying charge distribution which appears
metalliclike. The bonding configuration for NbC
and NbN (and probably in other transition-metal
compounds as well) can be described as having
ionic and covalent-metallic components.

A very interesting property of NbC, NbN, and
some other transition-metal carbides is the occur-
rence of anomalies in the phonon-dispersion curves
of those compounds and the association of these with
a high superconducting!®'!® transition temperature,
T.. These phonon anomalies have been interpreted
by Weber, Bilz, and Schréder!” as resulting from
resonances in the d-dependent polarizability of the
metal ions. They attribute the coupling between
the metal ions as arising from a charge density
with d,, symmetry. This is consistent with the
charge density of band 5 in NbC and NbN (Figs. 6-
9) which we have obtained. Because of the extra
electron in NbN compared to NbC the magnitude of
the charge in the d,, peak is larger in NbN than in
NbC. The coupling between the Nb atoms is there-
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fore expected to be larger in NbN than in NbC. If
the number of valence electrons is reduced from

9 to 8 (as in going from NbC to NbC,q5) the magni-
tude of the charge in the d,, peak becomes nearly
zero. Itis interesting to note that no phonon
anomalies are observed in'® NbCg_,s. If the phonon
anomalies and high values of T, are related to
resonances in the q-dependent polarizability of the
metal ions then it appears that it is band 5 which
is most important in determining the superconduct-
ing properties of NbC, NbN, and other transition-
metal carbides.

A cross section of the Fermi surface of NbC for
band 5 is shown in Fig. 10. The Fermi surface of
NbN for various bands at the Fermi energy is given
in Ref. 5. An interesting feature of the NbC Fermi
surface is the magnitude of wave vectors separating
the occupied and empty states. The wave vectors
AD and BC (Fig. 10) with d = (27/a)(, 0, 0) and the
wave vector GH with d =(27/a)(0.5, 0.5, 0) are in
good agreement with the q values at which the
anomalies in the phonon-dispersion curves have
been observed.® It is possible that the shape of the
Fermi surface in NbC and NbN can lead to an en-
hancement of the observed phonon anomalies in
these compounds. It should be noted, however,
that experimentally the phonon anomalies disappear
without any shift in their position when the number
of valence electrons is diminished.!® We expect
the shape of the Fermi surface and the wave vec-
tors at which resonance behavior may occur to
change with the number of valence electrons.
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