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Pseudopotential Calculation of the Electronic Structurc

of a Tra.nsition Metal--Niobium*

P
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and | |
Marvin L. Cohen
Department of Physics, University of California
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-Abstract.
: The electronic band structure and density of states
is calculated for niobium using the Empirical Pseudopotentié.l
Method with a non-local d-potential. The results are in good

) v
agreement with APW calculations for states near and below E

F
“ indicat'mg that the niobium pseudopotential derived here can now

be used for pseudopotential éalculations of niobium compounds.
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In this letter we report the first application of théE.mpirical PséudobotenE

tial Method (EPM)

(with_‘a nonlocal 'p\oftential) to a cal‘c'u_lation of the electronic
structure of a transition metal. We believe that th.isi é>§tensio_n of the EPM is
im_portantv not oﬁly because this simple method can now:'be épplied to this
interestincj cié_ss of metals, but also beca.ﬁse of the calculations which are now

possible for transition rheta,l compounds.._ The pseudopotential method is par-

ticularly suited_-to—-ca-lcu-lations for compoundsz once the pseudo’pdtentials for

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

here indica.t_es».that similar ca.l.c'ulationvs'caln be done 'for‘ compo-unds of Nb like
NbN which is a high temperature superconductor and ‘lafyer compound‘super- :
_conductors liké NbSe2.
Foilowing the calculation for the noble meta,ls1 ’_3 fhe nonlocal part of thé_
pseudopo'tential is chosen to determiné the mé.in features of _the d-bands, while
the local part is used for the s a.nd'p states and f}or‘th__e.'s'-d int_eractiqn. Since
the electrﬂonic_‘:vcbnfiguration of Nb is‘_similar to Ag, 3_we expect these potentials
to be similar. For Ag accufate Wavelength modulatvion spectra are available 3
while this .is not the case for Nb; hence the Ag poten.t'iaﬂl“provides a good St_art-
ing point for >thé Nb, calculation. The lack ofvdata for Nb forces us to refer to .,
“other band céléulavtionsll’ .5,for the principle enerqgy é,plittings to fix the Nb
potential. quefully, accurate optical data will bec;ofne available and our

calculations can "be refined further. ‘

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

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

- potential Hamiltonidn hasthe form
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H = - —g_nT v VL(?) + Vg () (1)

where VL(?) and VNLG:) are the local and nonlocal parts of the pseudopotential.

The local potential is expanded in the reciprocal lattice
v.@ = = v(GpeCT | (2)
& _

where G is a reciprocai lattice vector and V( I_G 1) ié ﬁhe local pseudopotential
form factor. We have truncated V( |E§ |) for |F; |2 > 8; this gives the same
number of _forrh factors for the Nb(bcc) case as for the Cu(fcc) case.

The form for the nonlocal part of the pseudopotential is g‘iven in reference 1.
To assure .con.vergence to within 0.1 eV fof the important energy gaps at the

I', H, and N points of the Brillouin zone, we chdose a cutoff energy for our

matrix, E1 = 14,1, in units of ‘(21T/a)2'. The size of the matrix is of the order
of 110 x 110. Recause of the large number of plane Waves, we don't use the
Léwdin 2 perturbation scheme,

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

V(200) =-0.0200 Ry, V(211) =-0.0090 Ry, V(220)=0.070 Ry, A, = -3.8840 Ry,

2
o _
R_=1.136 A, a =0.206 and k = 1.668 (2n/a). The value of RS _is-smaller than
the APW sphere radius which is 1.43 & used by Mattheiss.* I Fig. 1, we
plot the resulting band structure along the important symmetry lines. A

| 1
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of the Brillouin wone is shown in Fig. 2. The comparison between the impor-

density of states curve reSulting from setting a mesh of 91 points in—zth

tant enerqgy gaps obtained from the APW method and the present calculations
is shown in Table IA. We remark hore that the APW results are considered

to be quite good. In particular, selected areas of the Fermi surface are
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‘within 10% of the measured results. 4
" The 'maXimum discrepa.n_cy for bands not far from the Fermi energy

is at. Logr ™ 1“‘]'2 for which our calculated value is lower than Mattheiss's

result by 0.32 eV. The Shapes of the band struoture for the two calculations

agree very well for energies below the T, bands One can see this in Table IB

25'

where a comparlson of the p051t10ns for the peaks in the den31ty of states between
the two dlfferent calculatlons is glven Two main dlfferences occur for the bands

with energles hlgher than First, the A, band commg from I, in the APW

Tog 1 12

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

present results clearly show an s-d hybrldlzatlon between the two A] bands.

1 band derived from I‘l which has strong s-like

character near T, but becau’se of thevhybridi.vzation flattens and turns down.

 The lower one being the A

halfway to H. Second, the S- llke hlgher bands, llke b, ha.ve lower energies

1’
in the EPM calculation than the corresponding ones in Ref. 4. We believe this
result.s from our truncation of the V( ]6 l)"s whichal:so c}ause.s the local pseudo-
potential form factor, V(220); to be 'quite_‘large.‘ This results from the‘.fact t_ha.t

the differences'in the lengths of the G-vectors are s.malliaround_ |E;|2 =8; it is

likely that the 1a,rge V(220) is Compensating for the lack of higher'V(;[—é I)'v'.s, i.e

the sharp cutoff. We can adjust this'with a more g’entle.(and more 'rea.listic) ~-
cutoff. We have not done thls at th1s tlme in order to 'limit the set. of parameters t
‘to the smallest possmle set untll optlcal or other measurements become avallable (\f
to fit more pa,r_ameters.r N

~ In summary we have presented a calvc‘ulation' of the band structure of Nb

using the EPM and we have shown that the results are consistent with the APW
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results for energies near and below E The resulting pseudopotential for Nb

F.
should then be a good approximation for this atom a.nd it can be used as a starting

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

atom.

v

Acknowledqements

One of us (CYF) would like to thank Professor C. vKittel and Professor
M. L. Cohenvfor their hospitality during his stay at Rerkeley in the summer
of 1971. Part of this work was done under the auspices of the United States
Atomic Energy Commission.

| References
1. C. Y. Fong and M. L. Cohen, Phys.. Rev. Letters 24, 306 (1970).
2. M. L. Cohen and V. Heine, Solid state physics_z_g‘ (Academic Press., Inc.,
 New York, N. Y., 1970), p. 37. | |

3. J. Stokes, Y. R. Shen, C. Y. ‘Fong and M. I.. Cohen (to be

published). | |
4. L. F. Mattheiss, Phys. Rev. B1, 373 (1970).

5. R. A. Deegan and W. D. Twose, Phys. Rev. 164, 993 (1967).

6. R. W. G. Wyckoff, Crystal structures, 2nd edition, vol. 1, p. 16,
John Wiley and Sons, Inc., New York (1963).

7. P. LYwdin, J. Chem. Phys. 19, 1396 (1951).



Figure 1°

Figure 2

Ta‘ble ]LA -

Table [B

g

Figqure Captions

Band structure of Niobium. The Fermi l"ev"él_was. chosen to

b'co‘in_cide with the Fermi level of reference 4,
" The Niobium density of states derived from the band s_truétur_'e,.

“The Fermi level wés"c_ih_bsen t_d coincide with the Fermi l'eve.l of

reference 4.

-Table Céptions

Compafison of importar‘ll‘t ehergy gaps _beﬁween the present res;ilts
and APW . calc ulat ions.‘ | '.
| Comparison of the pdsitiéns of the profn’meht_ peaks in the _
density of states N(E) of Nb betW_een the ‘p'resent results and -
APW calculations. Energy is meésured relative to the T, |

1
state which is the lowest band at T.

-



Table IA
Symmetry apw? present calculation
I‘1 - _1“25. 5.89 (eV) 5.71 (eV)
g~ g 24 2.08
I‘]-’H12 1.5 1.72 -
le-fH25, 9.19 9.38
I“l—’Nl : 1.84 1.99
r,~N, 763 7.38 (s~ p)
N] -* N2 2.06 1.87
r-P, 435 | 4.31
Table IB
peak label APW4 present calculation
a 2.'76 (eV) 2.75 (eV) |
b 3.86 3.95
c 5,19 5.05

d 8.6 7.95
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