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Abstract

The electronic band structure, density of states, andvéz(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.



I. Introduction

We have recently developed a scheme!

, which is a simple godification of

the usuél form of the empirical pseudopotential methodib(EPM) for simple metals
and semiconduétérs,,to_calculate the electronic properties of noble metals® and

a transitiqn metal—niobium“. The advantage of this scheme is_its simplicity

and its flexibiiit}. In the cases of the noble metals and the transition metal,
this empirical scheme involves less (8) parameters than previous pséqdopotential~
tight binding schemes. It is also unnecessary to know é priofi the region'in
»the Brillouin zone.(BZ) where the hybridization between the s and d electrons

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

symmetry points ifrside the BZ aﬁd-the width of the d-bands. The energies ahd

the width of the d-bands can be determined by optical measurements’*’ and photo=

emission experiments6 respectively; Fufthgrmore, the atomic pseudopotential
extracted from one'éa1cu1ation can be used at least as a starting potential for
other compounds with the same atom as a constituent’. If'is this flexiﬁility
which enables us to éalculate the electronic properties of a series of compouﬁdé.
In this report we concentrate on a transition metal:compodnd. This class
of compounds is extremely interesting. Some of these coﬁpounds are high temp¥
erature superconductors, and others exhibit interesting metal-insulator
transitions. It is felt that a vast amount of basic knowledge aboﬁt'soljds can
be obtained through studies of these kinds of crystals, aﬁd it is, therefore,
necessary to have an effective method to study the electronic propeytigs of
these compounds. We have anticipated in Ref; 1 that the -EPM can be used for
fhis purpose."Hefe, we report the first energy band structupe of a transition‘
metal compound (niobium nitride) obtained by using ﬁhe EPM. We would like-go
make a féw comments about the significance of the present calculakion:
A. Despite the faét that the band struéture presented ié,fitted to first

principles calculations (due to the lack of experimental-informatjun) thy

‘\.



. 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. NbNiis a high‘température superconductqr with T = 15.7°K.7
We_anticipatg that the pseudopotential derived here for NbN,pcan-Be used in

the future to study;the originuof the high supefconﬂﬁcting trénsition temperature
for this compodnd;» Eurthermore, if more optical and photbémission data relaﬁing
to the transition metal compounds afe‘available, one can.ﬁ§evﬁhe fesults‘of the
EPM to predict the superconducting transition temperature. C. .Experimental
studiés_on'NbN, up to present, éfé’restricted to méchahidal,_gléctricél ahd'
supérconductiﬁg pféberties. If dptical data were availabievﬁe.could refine.éﬁr
calculation. For tﬁe_present, ﬁe give a calculétion of the'imaginary part of
the dielectric function as?rough prediction. of the opticai spectrum. D. Earlier

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

similar compounds) using the APW method and by Schwarzg 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.Schwafé's calculatioﬁs

better than.Mattheiss' results. This paper will be presented in four sections.
In sectionvII, we discuss the metﬁod of calculationf The results are given in
section III; Finally;bsection v presentsbthe suﬁmary énd éonciusions of this

study,

II. Method of the Calculation

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

H=-%VZ+VL(¥)'+VI(¥) . W

NL

where VL(¥) is the local pseudopotential and VNL(?) is the nonlocal pseudo—
potential. The potential VL(?) is expanded in the reciprocal lattice

s > a > - :
v @) =z V(B 7T o A (2)
_ G ’ '



where E is a reciprqéal lattice vector in units of (2n/a), a is the lattice
constant.and is equal to 4.39 .7 V(|E|) is the‘pseudopotential‘form factor.
: > the

We truncate the series at IGI2 = 12. NbN has/rocksalt structure; the origin
of the coordinate System is‘taken.at the Nb atom‘and the.position of N atom
is at-%(l,l,l). The truncatlon, then, 1eaves two antlsy@metr1c form factors,k
VA, atIEF = 3 and 11 and tﬁree symmetric form factors, ; at|Gf 4,8 and 121

NL(r) contains two separate parts: A. A d-wave non-local potential to
account for the part of.tﬁe potential for the d¥electron$_of the Nb atom wﬁich

> . e
is over-cancelled in VL(r). The form of this d—like~VNL(;), centered at the Nb

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

2—2 > T > > :
() =ZP, VvV, (Jr-R. ) P, (3)
] 2
3
where Rj is the latgice vector. P, and P, are projection operators. They

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

the VEL (;) are calculated over a convenient basis.
> > > > .
V2(|;-Rj|) =A,, for Ir-le < 82 (4)
=0 , 6therwise
where A, and Rz 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 form (as in Ref. 1):

- = B — 2
<-12+3'V9“ 2(?)]1243') v e a{ kF[|k-i<;| Kl}(k‘i‘GlVQ 22 )|k+G> ~a{z— kF[|k-t<; |- K]}
NL - . (5)
. where o and K are treated as parameters and kF‘is takeﬁ as' the Fermi momentum
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-like core states. The valence states (23)2(2p)3 have

both s an p character. Similar to the case of BN'? we introduce a nonlocal
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pseudopotential for the p-electrons. This p-like nonlocal’ pseudopotential takes

the foliowing form

=1 > + > > > .
Vo (0 =IP v, ([r-Rj—r]) P, y - (6)
-1
where P, and_P1 are projection operators similar to lebut they project out the

£=1 component only. Rj is the same lattice vector defined above. - T =-%(l,l,l)

B > . :
so that Vl(r) is cgntered around the N-atom in each unit cell.

Vl(!;|) A]re—Br , for- I;I <R - (7

=0 otherwise

where A, and B are treated as parameters. The value of R, is set equal to the
+, it is not varied during the fitting process.

HTﬁe pseuddpotenfial Hamiltonian, then, is diagonaiized over plane wave

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

to within 0.1 eV, we use E, = 20.1 and E, = 40.1 in units of'(2ﬂ/a)?,.the size

of the matrix is of therorder’ovaOO x 100 andvtheré are about 175 plane waves

contributing to the Lowdin-Brust perturbationlz,

III. Results
Because of the lack of optical and photoemisSion_datalfor 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 principleé

band calcdlations; We first tried to fit the results obtained by Mattheiss as

~we had done for Nb with the hope that a consistent Nb pseudopotehtial usable

for both materials m1ght be obtalned. However, we obtalned a reversal in the

order of the L, and L, states for the valence bands. 1t was impossible to reverse



this ordering without givihg up the . - agreemént obtained for the

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

9

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

tion to obtain our parameters. The ordering of the L, and L, states was still

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

9, by sacrificing thé agreement dfvthe position c‘)fvthe‘XI bénd derivéd‘from‘
Flz. )The resulfing form factofs and the parameters relétiﬁgAto the VNL(;j ére
iisted iﬁ Tableif,‘ We db not compare these values of tﬁe pseudopotential to
the scaled ones for two v reasons: A. We obtained the Nb results using
Mattheiss'® resulté.fof'pure Nb. In this calculation we use the results of |
Ref. 9, and thenresﬁlts betweeﬁ‘Refs. 8 and 9 are quite'different. Therefére,
we do not expectfﬁﬁafvthe Nb potential from the present Cafgulation will Bé>-
consistent with the oﬁe 6btgined in kef. 4 aﬁd without optical data Wevcanﬁof
decide which one is more-accura£e. B. The scaled N poteﬁtial from BN was nét
expected to be accuraté, becaﬁse only one piéce of experiméntal information is
used to determineuﬁhe'potgntial. |
The band stfgéture along various symmetfy directionsié‘given in Fig. 1.
The bestiggreemeht Bet&een this calculation and the onesvin Ref. 9 is for the
r point of the BZ; A comparison of.a few important energy géps between the ..
preéent resuits and Refs. 8 and 9 isbgivén in Table II. The density of states
‘derived from the band structure is plotted in Fig. 2. fhevFermi energy is at
3.3 eV above rls.,-The peak in the.density of states for ;he‘lower bands 1is
about 0.8 eV ldwér than thé corresponding one in Ref. 9 .méasured with respect
to ') . This shows that our bands near K are lower in ehergy than the

APW results. The peak of the density of states for the higher bands is at 4.9

eV above I'; ;. The APW results show a peak at 4.4 eV. The general shape'and the

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

supfaée for banas 5, 6, 7 and 8 are given in Fig.'3. ’Bahd 9 is omitted because

. il .
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the Fefmi surfacé'fOr this band is'a.very small_pockgt centeted afound ' (from
the F;z level); Except fof band 6; the shabe of ﬁhe bahds'aré very similar

to the onesin Ref¢ 9. For béhd;6, the bending of X, gives a small pocket near -
X. One plausible reason for the bending of X, is due to the hybridization. As
we mentioned iﬁ Ref. 4, the pseudOpotential results for,Nb showed stronger
hybridigation thaﬁrﬁhe APW results. Here, the hfbridization is evident for the
two Al bands,Aahd~it‘causes a lowering in energy of the bgnd X,. In ordér to
provide some information about the optigai properties of.NbN and to stimulate
experiméhtal work, we give the joint densitybof states and €,, the imaginary
part of dielectric ;onstant‘due to interband transitions only, with di@olg'
matrix e%ements qélculated by using pseudowavefunctions‘ in Figs. 3 and 4.

The peak at 0.1 eV in both the joint density of statesvépd_éz(w).is due to

6 + 7 transitioﬁsf lHowever, the structure in €, at 0.6 eV‘is'from 5S> 6 tran¥
sitions. This sfrugture is caused by the matrix elements galculated in the

pseudowavefunctions = approximation.

IV. Conclusion
We have présented preliminary results for NbN using the empirical pseudo-
potential method. The energies were fitted to a sglf—consiStent APW result by

Schwarz?. The general agreement can be considered to be consistent to within

approximately 0.5 eV. The main purpose of this calculatioh is to show that the

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

In thénfuture, ﬁheh_optical Aata becomes availabie, systemafic studies on these
céﬁpounds can becomé feasible, and'we expect that one can improve on the resﬁlts
presented here fdrvaN. |
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Table I.

‘Table II.

Figure 1.

Figure 2.

' Figure 3a.
- Figure 3b.

Figure.3c{

Figure 3d.

Figure 4a.

Figure 4b.
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Table Captions

Parametefs for the pseudopotential for NbN.
Comparison of important energy gaps obtained frdﬁ EPM and APW

calculations.
Figure Captions

Energy Eand structure of NbN.

Density of statesbof NbN.

Thé shape of the Fermi surface for band 5.

The sﬁape of the Fermi surface for band 6.

Thg.shape of the Fermi surface for band 7.

The shapé ofbthe Ferﬁi surface for band 8.

The joint density of states of NbN. (This is tﬁe same as the
imaginafy part of the dielectficifunction with constant matrix
elements.)

Theiiﬁaginary part of the dielectric function, €;(w), of NbN'with‘

dipole métrix elementé calculated from pseudowave functions.
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" Table I

Parameters for .
Local pseudopotential

~ Parameters for -
Nonlocal d pseudopotential

.- Parameters for

' _Nonlocal p-pseudopotential

2 .
A (8)” - 3(%?) ) = 0.4442 Ry

VA1) = 0.0600

vS(4)

-0.1812

vS(8) -0.1411

vS(12) = -0.0661

‘R =1.18 &
s ,
o =-0.118
L1 9 (2T,
k=173 G

A, = =4.8624 Ry.

>
]

. o
, = =0.67 Ry: /A

Table II

En . "t L
el‘gy gaps 60219 :

Symmetry

K.

| apw se1

Schwarz
f-consistent) .

L. F: Mattﬁéisé

(EPM)

Fong - Cohen

Fl -+ Flsv(s—p)
X, Tys (p-p)
Xs' +,F;5 (p-p)

Fie = r_és. (p-d)

6

2.

0.

554 eV.

a4 s

67 s,
s N 2.

01 -2

94 o

39 . S R

6 . o.

.11 v 1_' - 1 -7,

9.67ev. | 6

9

38

:24
08
Y
2

.09

.52 ev.
2.25
0.9
1,14
3.14
4.84
4.21
1.74

- 2.68
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