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Abstract 

The electronic band structure and density of states 

is calculated for niobium using the Empirical Pseudopotential 

Method with a non-local d-potential. The results are in good 
i 

agreement-with APW calculations for states near and below E . F 

indicating that the niobium pseudo potential derived here can now 

be used for pseudopotential calculations of niobium compounds. 

/ 
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In this letter we report the first application of the Empirical Pseudopoten

tial Method (EPM) 1 (with a nonlocal 'po~tential) to a ca.lcl-llation of the electronic 

structure of a transition metal. We believe that this extension of the EPM is 

important not only because this simple method can now be applied to this 

interesting class of metals; but also because of the calculations which are now 

possible for transition metal compounds. The pseudopotential method is par

ticularly suited lo-calculations for compounds2 once the pseudopotentials for 

the constituent atoms are known. In particular, the results of the work presented 

here indicates that similar calculations can be done for compounds of Nb like 

NbN which is a high temperature superconductor and layer compound super- , 

,conductors like NbSe2. 

Follow ing the calculation for the noble metals] ,3 the nonlocal part of the 

pseudopotential is chosen to determine the main features of the d-bands, while 

the local part is used for the s andp states and for thes-d interaction. Since 

the electronic configuration of Nb is similar to Ag, 3 we expect these potentials 

to be similar. For Ag accurate wavelength modulation spectraare available 3 

while this is not the case for Nb; hence the Ag potential provides a good st_art

ing point for the Nb calculation. The lack of data [or Nb forces us to refer to 

other band calculations4 , 5for the principle energy splittings to fix the Nb 

potential. Hopefully, accurate optical data will become ~vailable and our 

calculat ions can be refined further. 
\ 

The crystal structure of Nb is bcc with a lattice constant a :--= 3. 30A. 6 

We choose the origin of our coordinate system at a Nb atom. The pseudo-

, -
• 
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(1) 

-+ -+ 

where V L(r) and V NL(r) are the local and nonlocal parts of the pseudopotential. 

Tre local potential is expanded in the reciprocal lattice 

-+ -+ 

= f V (j G D e iG . r 
G 

(2) 

where G is a reciprocal lattice vector and V( IG I) is the local pseudopotential 

form factor. We have truncated V( Ie I) for Ie 12 ~ 8; this gives the same 

number of form factors for the Nb(bcc) case as for the CU(fcc) case. 

The form for the nonlocal part of the pseudo potential is given in reference 1. 

To assure convergence to within O. 1 eV for the important energy gaps at the 

r, H, and N points of the Brillouin zone, we choose a cutoff energy for our 

matrix, E1 = 14.1, in units of (2rr/a)2. The size of the matrix is of the order 

of 110 x 110. Eecause of the large number of plane waves, we don't use the 

LBwdin 7,2 perturbation scheme. 

The numerical values for the parameters are: V(110) = -0.0410 Ry, 

V(200) =-0.0200 Ry, V(211) =-0.0090 By, V(220)=0. 070 Ry, A2 = -3.8840 Ry, 
o 

R = 1. 136 A, a = 0.206 and K = 1.668 (2rr/a). The value of R is smaller than s s 

the APW sphere radius which is 1. 43 .it used by ~attheiss. 4 In Fig. 1, we 

plot the resulting band structure along the important symmetry lines. A 

density of states curve resulting from setting a mesh of 91 points in 18th 

of tIlL' ErilluujJj zone' i:...; :ilJown in Fig. 2. The comparison between the impor-

tant energy gap:-:; obtained from the .A.PW method and the present calculations 

is shown in Table IA. We remark here that the APW results are considered 

to be quiU~ good. In pa rlicular, selected areas of the Fermi surbcc :J. 1'e 
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within 10% of the measured results. 4 

The maximum discrepancy for bands not far from the Fermi energy 

is at r
25

, .... r
12 

for which our calculated value is lower than Mattheiss's 

result by 0.32 eV. The shapes of the band struCture for the two calculations 

agree very well for energies below the r
25

, bands. One can see this in Table IE 

where a comparison of the positions for the peaks in the density of states between 

the two different calculations is given. Two main differences occur for the bands 

with energies higher than r
25

,: ,First, the 6
1 

band coming from r
12 

in the APW 

results has the shape of a free electron band, but as shown in Fig. 1, the 

present results clearly show an s-d hybridization between the two 6
1 

bands. 

The lower one being the 6
1 

band derived from r
1 

which has strong s-like 

character near r, but because of the hybridization flattens and turns down 

haLfway to H. Second, the s-like higher bands, like P
1

' have lower energies 

in the EP]JI calculation than the corresponding ones in Ref. 4. We believethis 

results from our truncation of the V( /G /)' s which also causes the local pseudo

potential form factor, V(220), to be quite large. This results from the fact that 
~ . 

the differences in the lengths of the G-vectors are small around IG/ 2 = 8; it is 

likely that the large V(220) is compen!?ating for the lack of higher vUe D's, i. e. 

the sharp cutoff. We can adjust this with a more gentle (and more realistiC) 
. , 

cutoff. We have not done. this at this time in order to limit the set of parameters 

to the smallest possible set until optical or other measurements becom e available 

to fit more parameters. 

. In summary we have presented a calculation of the band structure of:Nb 

using the EPM and we have shown that the results are consistent with the APIiv' 

;' 
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results for energies near and below E
F

• The resulting pseudopotential for Nb 

should then be a good approximation for this atom and it can be used as a sta.rting 

point to calculate the band structure of the compounds with Nb as a constituent 

atom. 

J 
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Figure Captions 

Figure l' Band structure of Niobium. The Fermi level was chosen to 

Figure 2 

Table IA 

Table IE 

\ 

coincide with the Fermi level of refer~nce4. 

The Niobium density of states derived from the band structure. 

The Fermi level was chosen to COincide with the Fermi level of 

reference 4. 

Table Captions 

Comparison of important energy gaps between the present results 

and APW calculations. 

Comparison of the positions ·of the prominent peaks in the 

density of states N(E) of Nb between the present results and 

APW calculations. Energy is measured relative to the r 1 

state which is the lowest band at r. 

, , . 
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Table IA 

Symmetry APW4 
presentcalculaUon 

\~ 
r

1 
-+ r

25
, 5.89 (eV) 5.71 (eV) 

'" '';;' 
r

25
, -+ r

12 2.4 2.08 

r1 -+ H12 1.5 1. 72 

H12 -+ H25, 9.19 9.38 

r1 ... N1 1. 84 1. 99 

r
1 

-+ N
1

, 7.63 7.38 (s -+ p) 

N1 -+ N2 2.06 1. 87 

r -+ P 
1 4 4.35 4.31 

Table IS 

peak label APW4 present calc ulation 

a 2.76 (eV) 2.75 (eV) 

b 3.86 3.95 

c 5.19 5.05 

d 8.6 7.95 

" 



-8~ 

LL N 
W '""' 
&ri 

:x: 
0 

'""' 
(1\8)3 

. 
o 

z 

L.. 

% . 
0 

. 
. !' 
LL 

t..-.: / 

\ 

., 
,,' 



~. 

.,; 

..... t~, 

1<1 --)I-
L.. 
LL --)pIP

W 

-9-

- --- ----- ------ -- - ---
u _____ --,r 

~ ---~)F~. .~------------------------------------------~ 

... »-z 
N )lor .-

::x:: .a 
Z 

II 

o 
'P" 

0 N 
'P" . 

~ 
I&. 

.. 

-> • iii' 

• 

N 

o 



,i 

r------------------LEGALNOTICE--------------------~ 

This report was prepared as an accoun t of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
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. 



-.... "t l 

TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

;~ 




