
Lawrence Berkeley National Laboratory
LBL Publications

Title
ELECTRONIC BAND STRUCTURES AND CHARGE DENSITIES OF NbC AND NbN

Permalink
https://escholarship.org/uc/item/2t66j4pn

Authors
Chadi, D.J.
Cohen, Marvin L.

Publication Date
1973-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2t66j4pn
https://escholarship.org
http://www.cdlib.org/


I , 

Submitted to Physical Review 

ELECTRONIC BAND STRUCTURES'AND 
CHARGE DENSITIES OF NbC AND NbN 

D. J. Chadi and Marvin L. Cohen 

LBL-2557 
Preprint "'-d--

FEB 12 1974 
December 1973 ~ .. far~R': A~D 

~~t'ICUMI~NI"S Si£C"•10N 

Prepared for the U. S. Atoinic Energy Cor.."lllJ.issior-... 
under Contract W -7405 -ENG-48 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



-1- LBL- 2557 

Electronic Band Structures and Charge Densities of NbC and NbN* 

D. J. Chadi and Marvin L. Cohen 
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and 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 

Berkeley, California 94 720 

Abstract 

We present non-local pseudo potential calculations 

of the electronic band structures and charge densities of 

NbC and NbN. The major contribution to the charge density 
the Fermi energy 

of the bands near 11 comes from C or N 2p- state.s. 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 

rrransition metal compounds have been the object of much research 

for some time because of their unusual physkal properties. Some of these 

compounds are hi.gh temperature superconductors with superconducting 

transition temperatures that vary appreciably with composition. 1 Despite 

the great practical and theoretical interest in these compounds, the electronic 

structure of many transition metal compounds have not been studied in 

detail as yet. 
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In this paper we apply the empirical pseudo potential method 

(EPM) to the study of two transition metal compounds: NbC and NbN. 

The band structure and density of states of NbN have been recently 

calculated by the APV.J
3

' 4 and the EPM 5 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 density of states has been presented 

previously (calculated using the APW method6). 

UsuaL EPM calculations are based on experimental 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 information is lacking 

for NbN and some other transition metal compounds. The EPM band 

structure calculation 5 for NbN was therefore fitted to a self-consistent 4 

APW calculation and the results indicated that the non-local EPM method 

could be used to obtain accurate band structures for transition metal 

compounds of interest. Our calculations on NbC are an extension of 

the EPM ca.lculation5 on NbN. We find the band structures of NbC 

and NbN to be very similar. The imp,Jrtant difference between the 

tvvo compounds appears to be the position of the Fermi energy which 

determines the occupancy 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 Section II in more detail. 
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The pseudopotentials used in the NbC calculation were obtained 

from previous EPM calculations on NbN 5 and C. 
7 

The non-local 

d-pseudopotential of the NbN calculation5 was used in NbC to treat the 

Nb 4d-states. The non-local p-pseudopotential needed for the C 2p-states 

\vas obtained from a previous EPM calculation on C 
7 

and adjusted for 

the latti.ce constant change. All the relevant pseudopotential parameters· 

for NbC are listed in Table I and their significance is discussed in Ref. 5 

which also .includes the NbN pseudopotentials. 

The energy band structure of NbC was calculated on a grid of 

46 points in 1/ 48 of the irreducible part of the Brillouin zone. To obtain 

sufficient convergence for the charge density calculation the wavefunctions 

for NbC and NbN were expanded in a basis set of about 150 plane waves. 

The band structure, charge density and Fermi surface results are discupsed 

in the next Section. 

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 compounds 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 r to X. 

The lowest valence band in NbC arising from C 2s-states is riot 

shown in Fig. 1. This band is separated by a large energy difference 
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from the higher bands and does not mix with them. This is consistent 

with other APW
3

' 4 calculations on NbN; however the precise energy of 

thi~-3 band relative to the higher bands does not seem to be well established. 

High energy photoemission experiments would be very useful in determining 

the position of this band. The next three higher bands with r 
15 

symmetry 

at k = 0 arise mainly from C or N 2p-states together 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 r to X in the Brillouin zone. 

This type of overlap is also present in the self-consistent APW calculation 

of Schwarz 4 for NbN but is absent in the APW calculation of Mattheiss. 3 
- - - - - - - - . 8 9 

Some measurements of NbC valence band X-ray_e111b;.;;;ion spectra ' indicate 

that the Nb 4d- states overlap with the C 2p-states more than our calculation10 

indicates. To 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. 1-2 are seen to be very similar in the region below the Fermi 

energy EF. The partially filled bands at EF come from a mixture of Nb 

4d- states and C or N 2p- states. The Nb 5s state is high in energy and 

li.es above the Fermi energy in both NbC and NbN. The electronic charge 

in this state has been transferred to the Nb 4d-levels 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. 1-2). This tends to make the dispersion of the bands above EF 

somewhat different in NbC and NbN because of interactions between the 

bands. Other calculations on NbN 3'4 and TiCLl, 
12

also reveal the transition 

metal s-state; to be above the Fermi energy. 

The densities of states, N(E), of NbC and NbN (Figs. 3-4) are 

c:..lso seen to be very similar. The Fermi energy, Ev, measured relative 
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to the energy of r 
25

, state, is higher in NbN than in NbC because of 

the extra electron in NbN. In both crystals EF lies in a dip of N(E) 

and NbN has a larger density of states at EF than NbC.· This could, perhaps, 

be related to the higher superconducting 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 CorN 2s-states are not shown in. 

Figs. 3-4. 

'I,he charge densities for several bands in NbC and NbN are shown 

for the (100) and (110) planes in Figs. 5-13. The charge densities for 

the lowest ban~s are strongly concentrated on the non-metal ions and are ' 

not shown in these Figures. The charge densities 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 

FirJs. 5 we show the charge density in the ( 100) plane for one of these 

bands in NbC. The charge density is p-lil<::e 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 densities in semiconductors 13 ' 14 although 

the shape of the contours depends on crystal symmetry. The d- states of 

Nb cont.ri.bute to the small charge density around Nb. The outermost closed 

contour around C contains approximately 609[- of the total charge in band 3 

while the eorresponding contour around Nb contains only about 159[ of the 

total eharge. The remaining 25% of the eharge is spread out almost 

uniformly in the rest of the unit eell. 
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The higher bands in NbC and NbN are each only partially filled. 

'l'he first partially filled band (i.e. band 5 with symmetry r 
25

, at k = 0) 

contains nearly all the remaining electron in NbC and over 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 direction .. The magnitude of the charge in the maxima is strongly 

dependent on the number of electrons per unit cell and is twice as large 

in NbN (with 10 electrons) than in NbC (with 9 electrons). These maxima 

arise from the Nb 4d-states and have d symmetry about the Nb atoms. 
xy . . 

The charge density of band 5 is not purely d.-like. There is a large mixture 

of C 2p- states in the wavefunction which gives the p-like charge distribution 

around C. 

The sum of the charge densities of all occupied states in NbC and 

NbN are shown in Figs. 10-13. The strongconcentration of charge on 

C or N evident in these Figures arises from the first s-like valence bands 

in NbC and NbN. The C or N 2s-bands could be too low in energy in o\lr 

calculation and this would tend to make the charge localization on C or N 

stronger than it should be. Since the Nb 5s-state lies above the Fermi 

enerqy 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 . 

combination of s, p-contours around C or N. Figures 10-13 show the charge 

distribution of NbC and NbN to be strongly ionic in character. A spread 
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out metallic-like charge distribution outside the closed contours around the 

ions can also be seen in these Figures. This seems to indicate that 

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 

non-metal nearest neighbor distances are too large for the formation of 

localized covalent bonds as in the case of the diamond or zincblende 

crystals where the bonding is characterized by a peak in the magnitude 

of the char~Je den:::;ity on the line joining the nearest neighbor atoms. 

The overlap between the bonding orbitals 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 .. 

metallic-like. The bonding configuration for NbC and NbN (and probably 

in other transition metal compounds as well) can be described as having 

ionic, covalent and metallic components. 

A very interesting property of NbC, NbN and some other transition-

metal carbides is the occurrence of anomalies in the phonon dispersion 

curves of those compounds and the association of these with a high 

stlperconducting15 ' :W transition temperature, T c. These phonon 

anomaUes have been interpreted by Weber, Eilz and Schr~der 17 
as 

-resulting from resonances in the q- 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 xy 
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,~:.;:,nsity of band 5 in NbC and NbN (Figs. 6-9) which we have obtained. 

I= :_::c:ause of the extra electron in NbN compared to NbC the magnitude of 

th2 charge in the dxy peak is larger in NbN than in NbC. The coupling 

tetvv een the Nb atoms is therefore 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 NbC0 7
r::) the magnitude of the charge in the d peak 

. o . . . xy 

becomes nearly zero. It is interesting to note that no phonon anomalies· 

. 15 
are observed m Nbc0 . 

75
. I£ the phonon anomalies and high values of 

T are related to resonances i.n q -dependent polarizability of the metal c 

ions than it appears that it is band 5 which is most important in determining 

the superconducting 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. 14. 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 wavevectors separating the occupied and empty states. 

r:Lhe wavevectors AD and EC (Fig. 14) with q ~ ~TT (~ ,0,0) and the wavevector 

CH ~:vith q ~ 2TT (0. 5, 0. 5, O) are in good agreement with the q values at 
a 

v:hich the anomalies in the phonon dispersion curves have been observed. 15 

The shape of the Fermi surface in NbC (and NbN) can lead to resonances 

·in the wavevector dependent dielectric function E(q) for wavevectors in 

the vicinity of which the phonon anomalies occur. Experimentally it is 

observed that the phonon anomalies disappear without any shift in their 
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. . 

;::: -~~ti'Jil ·vvhen the number of valence electrons is diminished. 15 The 

::~·-:::;:>e of the Fermi surface and the VJavevectors at which resonance 
. . . . . ' . . 

. . 

·:: -:-:·_::_,_;ior rna.yoccur can change with the numberof valence electrons. 

-:::·.-=:cefQre, there may not be a direct relation between the phonon anomalies·· 
. . 

:· , , . ·h .. · f rh ~· . . . .. £ . : ::.:1::. cne s .. ape o ~ e .t' erm1 sur ace. 

. . 
. . 
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Table Caption 
. . . 

· 'I' able I. Pseudo potential parameters for l\TbC. Non-local d an.d p-

pseudo potentials were used in addition to thelocal pseudopotentials 

in calculating the band structure of NbC. . !~. ·-
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Lbcal 
Pseudopotentia1s 

. . . . . . . . 

VA(G 2 = 3) = 0. 444 

. v~ ( 11) =:: o. o () 

V 8
( 4) = ~·0. 14 · ·. 

· Vs(8) = -0. 11 
. . ' 

. c ' ·.•·· .. 

V
0

(1~) = -0.066 
. •:. ' 0 •. 

·. a= 4.47 A ·· · 
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Table I· 

' . 

Parameters for non­
local d- pseudo potential 
(See Ref. 5) 

. . . . {A2 r ~ R
8 

VNL= 0 r > R
8 

R = L 18 A s 

. A
2 

= -4~ 65 Ry 

Cl = 0. 118 

K = 1. 74 

' 

:· . .-.- . 

Parameters for non­
local p- pseudo potential 
(See Ref. 7) 

· -ur · · · · · 
· Are . r ~ R ·· · · •·· 
v . ·{ ' . ' ' ,· s ' 

NL = 0 .• · . r > R 
.. ·· ' . s 

R = 0.20 A . s . ' 

A= -0.19 Ry 

. ' -1 
a = 1. 10 .A .... · .. :' 

,:·· 

' ~· 
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Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

~'ig. 8. 

Fig. 9. 
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Fiqure Captions 

Electronic energy band structure of NbC along principal symmetry 

directions. The lowest C 2s-band is not shown. The zero of 

energy is at the r 
25

, level. 

Electronic energy band structure of NbN. This band structure 

was obtained from Ref. 5. The zero of energy is at the r 15 level. 

Density of states of NbC. The density of states of the lowest 

band is not shown. 

Density of states of NbN. The density of states of the lowest 

band is not shown. 

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 contribution. Charge density is normaHzed 

to 2e/ n where n = primitive cell volume. 

Charge density of the first partially filled band in NbC for the 

( 100) plane. 

Charge density of the first partially filled band inNbC for a 

(110) plane. The "empty'' region in the middle with no contours 

has a nearly uniform charge density of about 0. 7 (e/ D). 

Charge density of the first partially filled band in NbN for a 

(100) plane. 

Charge density of the first partially filled band in NbN for a 

(110) plane. 
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.·Fig. 10. Total charge density of occupied states in NbC for a (100) plane. 

Fig. 11. Total charge density in NbC plotted fora (110) plane. 

Fig. 12. Total charge density of NbN for a (100) plan~. 

Fig. 13. ·Total charge density of NbN for a(110) plane. 
. . . . -

Fig. 14. A cross sectionof the Fermi surface for the first partially filled .· .. · · 

band in NbC. 
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NbC BAND 5 FERMI SURFACE 
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Figure 14 . 
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