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Abstract 

The electronic band structure, density of states, and {2(W), the imaginary 

part of the dielectric constant, are calculated for niobium nitride using the 

empirical pseudopotential method. The results are compared with non-self­

consistent and with the self-consistent APW calculations. A discussion of the 

Fermi surface is included. 



2 

I. Introduction 

We have recently developed a ~chem~l, which is a simple modification of 

the usual form of the empirical pseudopotential method 2 (EPM) for simple metals '. -
and semiconductors, to calculate the electronic propertie~ of noble metals 3 and 

• .1 

a transition metal-niobium'+. The advantage of this scheme is its siniplicity i 

and its flexibility. In the cases of the noble metals and the transition metal, 

this empirical scheme involves less (8) parameters than previous pseudopotential-

tight binding schemes. It is also unnecessary to know a priori the region'in 

tile Brillouin zone (8Z) where the hybridization between the sand d electrons 

is strongest for these crystals.' All one needs are the energies at a few high 

symmetry points, itrs"i"de the BZ 'and ·the wiClt'h' of the d-bands. The energies and 

the width of the d-bands can be determined by opticalmeasurements 3
,5 and ph~t:~:'" 

"' • 6 i 1 em1SS1on exper1ments respect ve y. Furth~rmore, the atomic pseudopotential 

extracted from one calculation can be used at least as a starting potential for 

other compounds with the same atom as a constituent 2
• It is this flexibility 

which enables us to calculate the electronic properties of a' 'se'ries of compounds. 

In this report we concentrate on a transition metal compound. This class 

of compounds is extremely interesting. Some of these compounds are high temp-

erature superconductors, and others exhibit interesting metal-insulator 

transitions. It is felt that a vast amount of basic knowledge aboutsoUds can 

be obtained through studies of these kinds of crystals, and it is, therefore, 

necessary to have an effective method to study the electronic properties of 
, , ' 

these compounds. We have antiCipated in Ref. I that the EPM can be used for 

this purpose. Here, we report the first energy band structure of a transition 

metal compound (niobium nitride) obtained by using the EPM. We would like to 

make a few comments about the significance of the present calculation: 

A. Despite the fact that the band structure pres~nted is, fitted to first 

principles calculations (due to the lack of experimental informat on) th, 
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with even more accuracy 
results indicate that it is now possible to determine/the energy band structure 

of interesting transition metal compounds if optical and photoemission data are 

available. B. NbN. is a high temperature superconductor with T = lS.7oK. 7 

We anticipate that the pseudopotential derived here for NbN, can be used in 

the future to study the origin of the high superconducting transition temperature 

for this compound. Furthermore, if more optical and photoemission data relating 

to the transition metal compounds are available, one can use the results of the 

EPM to predict the superconducting transition temperature. C. Experimental 

studies on NbN, up to present, are restricted to mechanical, electrical and 

superconducting properties. If optical data were available we could refine our 

calculation. For the present, we give a calculation of the imaginary part of 

a 
the dielectric function as/rough prediction. of the optical spectrum. D. Earlier 

theoretical studies were done by Mattheiss8 (who also summarized results for 

similC)r compounds) using the APW method and by Schwarz9 who used the self-

consistent APW method. There exists large discrepancies between the two APW 

results. As we will show the results of the EPM fits Schwarz's calculations 

better than Mattheiss' results. This paper will be presented in four sections. 

In section II, we discuss the method of calculation. The results are given in 

section III. Finally, section IV presents the summary and conclusions of this 

study. 

II. Method of the Calculation 

The general form of the pseudopotential Hamiltonian has the following form: 

(1) 

~ ~. 

where VL(r) is the local pseudopotential and VNL(r) is the nonlocal pseudo-

potential. 
~ 

The potential VL(r) is expanded in the reCiprocal lattice 

~ ~ 

iGor 
e (2) 
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-+ 
where G is a reciprocal lattice vector in unit~ of (2TI/a), a is the lattice 

constant and is equal to 4.39 A. 7 is the pseudopotentia1 fonn factor. 
the 

We truncate the series at Icl 2 = 12. NbN has/rocksalt structure; the origin 

of the coordinate system is taken at the Nb atom and the position of N atom 

a 
is at 2"(1,1,1). The truncation, then, leaves two'antisymmetric fonn factors, 

at fer = 3 and 11 and three symmetric form factors, VS, atlGr = 4,8 and 12'. 

-+ 
V

NL 
(r) contains two separate parts: A. A d-wave non-local potential to 

account for the part of the potential for the d-,e1ectrons of the Nb atom which 

-+ -+ 
is over-cancelled in VL(r). The form of this d-like VNL(r), centered at the Nb 

atom, is the same as given in Ref. 1 and has the following form: 

£=2 -+ t -+ -+ 
VNL (r) = r P2 V2 (Ir-R.I) P 

j J 2 

where'R
j 

is the lattice vector. P; and P2 are projection operators. They 

project out the £=2 component of the wavefunctions when the matrix elements of 

£=2 -+ 
the VNL (r) are calculated over a convenient basis. 

for I;-'R.I $ R 
J 2 

(4) 

o otherwise 

where A2 and R2 are treated as disposable parameters. Since we want to obtain 

good convergence for the energy of the d-band using a plane wave basis, we 

introduce a damping factor of the fonn(as in Ref. 1): 

where a and K are treated as' parameters and ky is taken as the Fenni'm6mehtum 

of Nb. 

B. A p-wave non-local potential since the core states of the N-atom is 

(ls)2 and there is no p-1ike cqre states. 2 3 ' The valence states (2s) (2p) have 

both s an p character. Similar to the'case ofBN 10 we introduce a non10cal 

.. -
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pseudopotential for the p-electrons. This p-like nonlocal pseudopotential takes 

the following form 

(6) 

t where Pi and Pi are projection operators similar to P 2 but they project out the 

tel component only. 
,-+ 
R. is the same lattice vector defined above. 

J 
-+ 

so thatVl(r) is centered around the N-atom in each unit cell. 

A re- Br 
I 

o otherwise 

-+ a 
T = 2(1,1,1) 

(7) 

where Ai and B are treated as parameters. The value of Rl is set equal to the 

ionic radius 0.25 All of N+, it is not varied during the fitting process. 

'The pseudopotential Hamiltonian, then, is diagonalized dver plane wave 

basis states. In order to obtain convergence for the energies at r, X and L 

to within 0.1 eV, we use El = 20.1 and E2 = 40~1 in units of (2n/a)2, the size 

of the matrix is of the order 9f 100 x 100 and there are about 175 plane waves 

contributing to the Lowdin-Brust perturbation11
• 

III-Results 

Because of the 'lack of optical and photoemission data for NbN, we decided 

to use the APW results to obtain values for the parameters in our theory. We 

started by extracting the N potential from BN. We then scaled both the extracted 

N potential and the Nb potential to the lattice constant of NbN. These scaled 
are 

potentials/then adjusted to fit the energies obtained by the first principles 

band calculations~ We first tried to fit the results obtained by Mattheiss as 

we had done forNb with the hope that a consistent Nb pscudopotentiaJ usable 

fur both materiaJs might be obtained. Howevcr, we obtallH'u .:1 revers.:JI in tIll' 

order of the L3 and Ll states for the valence bands. It was impossihle to reverse 



6 

this ordering wit.hout giving up the agreement obtained for the 

energy gaps at rand X. We found that further variation gave results similar 

to the self-consistent APW results by Schwarz 9 and we then used this calcula-

tion to obtain our parameters. The ordering of the L3 .and Ll states was still 
.. 

the main difficulty. We finally managed to obtain the same ordering as in Ref. 

9, by sacrificing the agreement of the position of the Xl band derived from 

-+ 
r l 2.' The resulting form factors and the parameters relating to the VNL(r) are 

listed in Table L We do not compare these values of the pseudopotential to 

the scaled onesfo~ two reasons: A. We obtained the Nb results using 

Mattheiss,e results for pure Nb. In this calculation we use the results of 

Ref. 9, and the results between Refs. 8 and 9 are quite different. Therefore, 

we do not expect that the Nb potential from the present calculation will be 

consistent with the one obtained in Ref. 4 and without optical data we cannot 

decide which one is more accurate. B. The scaled N potential from BN was not 

expected to be accurate, because only one piece of experimental information is 

used to determine the potential. 

The band structure along various symmetry directions is given in Fig. 1. 

The best agreement between this calculation and the ones in Ref. 9 is for the 

r point of the BZ. A comparison of a few important energy gaps between the 

present results and Refs. 8 and 9 is given in Table II. The density of states 

derived from the band structure is plotted in Fig. 2. The Fermi energy is at 

3.3 eV above TIS' The peak in the density of states for the lower bands is 

about 0.8 eV lower than the corresponding one in Ref. 9 measured with respect 

to r 1S ' This shows that our bands near K are lower in energy than tfie 

APW re~ults. The peak of the density of states for the higher bands is at ~:9 

eV above r 1 s. The APW results show a peak at 4.4 eV . The general. sha~e and the 

relative magnitude of the peaks for both results agree quite well. The Fermi 

surface for bands S, 6, 7 and 8 are given in Fig. 3. Band 9 is omitted because 

iii 

.! 
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the Fermi surface for this band isa very small pocket centered around r (from 

the f12 level). Except for band 6, the shape of the bands are very similar 

•• to the ones in Ref. 9. For band .6, the bending of Xl gives a small pocket near 

X. One plausible reason for the bending of Xl is due to the hybridization. As 

. , 
we mentioned in Ref. 4, the pseudopotential results for Nb showed stronger 

hybridization than the APW results. Here, the hybridization is evident for the 

two ~l bands, and it causes a lowering in energy of the band Xl. In order to 

provide some ·information about the optical properties of NbN and to stimulate 

experimental work, we give the joint density of states and E
2

, the imaginary 

part of dielectric constant due to interband transitions only, ~ith dipole 

matrix e~ements calculated by using pseudowavefunctions in Figs. 3 and 4. 

The peak at 0.1 eV in both the joint density of states and E2 (W) is due to 

6 -+ 7 transitions. However, the structure in E2 at 0.6 eV is from 5 -+ 6 tran-

sit ions. This structure is caused by the matrix elements calculated in the 

pseudowavefunctions approximation. 

IV. Conclusion 

We have presented preliminary results for NbN using the empirical pseudo-

potential method. The energies were fitted to a self-consistent APW result by 

Schwarz 9
• The general agreement can be considered to be consistent to within 

appro:lCimately 0.5 eV. The main purpose of this calculation is to show that the 

empirical pseudopotential method can now be applied to transition metal compounds. 

In the future, when optical data becomes available, systematic studies on these 

compounds can become feasible, and we expect that one can improve on the results 

presented here for NbN. 
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Table Captions 

Table 1. Parameters for the pseudopotential for NbN. 

Table II. Comparison of important energy gaps obtained from EPM and APW 

calculations. 

Figure Captions 

Figure l. Energy band structure of NbN. 

Figure 2. Density of states of NbN. 

Figure 3a. The shape of the Fermi surface for band 5. 

Figure 3b. The shape of the Fermi surface for band 6. 

Figure 3c. The shape of the Fermi surfac~ for band 7. 

Figure 3d. The shape of the Fermi surface for band 8. 

Figure 4a. The joint density of states of NbN. (This is the same as the 

imaginary part of the dielectric function with constant matrix 

elements.) 

Figure 4b. The imaginary part of the dielectric function, £2(W), of NbN with 
•• J' 

dipole matrix elements calculated from pseudowilVe functions. 
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Table I 

Parameters for Parameters _for Parameters for 
Local pseudopotential N-onlocal d pseudopotential Nonlocal p-pseudopotentia1 

--

~(IGI2 3 (21T) 
2 

1.18 A vNL -en 
= ) = 0.4442 Ry R = = Al re r < R a s p P 

~(ll) 0.0600 0.118 
0 

= ex = R = 0.25 A p 

V
S (4) -0.1812 (~) 0- 1 = K = 1. 73 ex = 1.15 A _, a 

V
S(8) 

0 

= -0.1411 A2 = ;';4.8624 Ry. Al = -0.67 -Ry./A 

V
S (12) 

0 

= -0.0661 a ='4.39 A 

Table II 

.-------~----------.-----~--~--------------.---~------~~--~--~-----~---------. 
K. Schwarz L. F; Mattheiss 

(APW self~consistent) (APW) 

fl -+ r lS (s-p) 6.54 eV. 9.67 eV. 

X ' -+ r lS (p~p) 2.39 1.2 
4 

Xs ' -+ r lS (p-p) 0.6 0.38 

r 15 -+ r 2 5' (p-d) 1.14 5; 24 

f lS -+ r 12 
3.11 7.08 

Ll -+ r lS 5.67 3.58 

L3 -+ r 1 5 3.51 2.22 

X
J 

+ r 15 2.01 -2.27 

[' 1 5 ~X I 6.94 10.09 

---- ---------_._- ------------ ----.,----._---- ---- -- ------~.--

Iii 

,., .. 

Fong - Cohen 
(EPM) 

6.52 eV. 

2.25 

0.9 

1.14 

3.14 

4.84 

4.21 

J. 74 

'l..6H 

-~ - --.- - .. -. - .-

. -~-
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