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Electronic Band Structures and Charge Densities of NbC and NoN*-

- D. J. .Chad_i.and Marvin L. Cohen | | |
'. Department of Physics, University of California_, Berkeley, California 94720 '
Inorgamc Materlals .Research D1v1S1on Lawrence Berkeley Laboratory

Berkeley, Callforma 94'720

‘Abstract
We present non- local pseudopotential calculations
 of the electronic band structures and charge densities of
NbC and NbN. The major contrlbutlon to the charge den51ty
' the Fermi energy '
of the bands near 4 comes from C or N 2p- states The _'

charge density for the first partially filled Nb 4d.—band arid.

the "shape of the Fermi surface for this band are also'discusse_d...

L Introduction

Trah ltLOﬂ metal compounds have heen the ob]ect of much research
for some time because of their unusual physical properties. Some of .th_ese»
, compounds are high temperature supercond_uctors with supercohducting :
transition temperatur es that vary apprec1ably with composxtlon 1 '.Despite
the great prac‘tlcal ahd theoretlcal interest in these compounds the etectromc
structure of many trans1tlon metal compounds have not been studled in

detail as yet.



In this paper we apply the empirical pseudopotential 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

Q
calculated by the APW™’ 4

and the EPM5 methods. The band structure |
and density of states of NbN presented in this paper are thé same as |
those of Ref. 5. For NbC only the density of states hés been presénte_d

- previously (calculated using the APW methodG) . |

Usual EPM calculations are based on expeflmenta.l d‘a.ta Such

- as 6ptica.fl reflectivity sbeétra, which provide informaﬁion 6n critical .
point energy gaps, and on photoemission davté, which give lnﬁormat_:ion " v-
oh the density of states. Such experimental information is 1acking '

for NbN and some other transition metal compounds. The EPMF band
structure calculation5 for NbN was therefore fitted to a sel’f~consisterit4
APW calculation and the results indicated that the noh- local EPM methodﬁv

| could be used to obtain accurate band structures for transitioinr metal |
compounds of interest. Our calculations on NbC are an exténéibn of
the EPM ca.lculatlon5 on NbN. We find the band structures of NbC-
and NbN to be very similar. The important difference betwéén tvhe. '
two compounds appears to be the position of the Fermi e’nergsr wh.ich
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 Sect'ion II in more detail.



The pseudopotentials used in the NbC calculation were obtained

from previous EPM calculations on NbN5. and C.7 -The non-local

d—pseu.dopotent_ial of the NbN calculation5 was used in NbC to treat the

42}

Nb 4d- states. The non-local p- pseudopotential'needed for the C 2p-state
u(as tha.ined.'from a previous EPM calculation on C7 and.v adjusted for . -
the .'l.etti.ce consfa,nt change. All the relevant pseudopote'nf.ial' parameters_ :
| for Nb(C are listed.-i_n Table I and their sig‘nificance is discussed_ in Ref. 5
which also includ_es the NbN pseudopotentials. |
The energy band structure ef NbC was calcula'ted en a grld of o
| 46 points in 1/-4-8 ef the’i‘rreducib‘le\ part of the Brillouin zone. To obtain ‘
suff1c1ent convergence for the chq,rge denS1ty calculatlon the wavefunctlons
'for NbC and NbN were expanded in a bas1s set of about 150 plane waves. |

‘ The band Structure, charge denslty and Fermi surface results are dlscussed

in the next Section.

II Result.s-'

- The bé'nd structures and densities of state of NbC elndf NbN are “.’
shown in F'igs.. 1-4. In discussing the band structures and charge den81t1es
of these compounds we will number the bands ac-cord.ing to their energies.
| This can cause a band (such as ban’d._B in NbC _a'nd. NbN) to be mdstly" p—llvi:ke

" in some part of the Brillouin zone and d—like vivn another part of the zone,'. " B
as can be seen by following band 3 from I' to X.
The lowest valence band in NbC arising from C 2s-states is ot ;_

shown in Fig. 1. This band is separated by a large energy difference -



. ’4— .
from the higher bands and does not mix w ith them; This is consistent
with other APWS’ 4 calculations on NbN; however the preCLSe enerqy of
this band relative to the higher Lands does not seem to be well ebtaobshed
- High energy photoemission experiments would. be very usef_ul in d.etlermmmg _
the position of this band. The next three hlgher bands w1th I“1r SYmmetry
at k = 0 arise mainly from C or N Zp-states toget_her _Wth some Nb 5p'—s.tates.
In addition, there is a srﬁall overlap and mixing bétweéﬁ thés_e bands and
Nb 4(5.- states as can b}e.seeri in going from I to X in th'é Briiloui.ri Zohe.
This type of bverlap is also present in the self-consiste.n't APW Calcuiatibn

of ‘%chwarz4 for NbN but is absent in the APW calculatlon of Matthelss 3

md icate

Some mea%urements of Nb(C vcllence band X-rdy umwlon spectra !
hat the Nb 4d—states overlap with the C dp—states more than our calculatlonlo

indicates. To obtain better agreement Wlth these expemmental results'the-

C Zp-states WOLﬂd have to be moved closer to the Fermfehergy’.v‘

The band structures and band orderings for NbC‘ and NbN sﬁowri
in Figs. 1-2 are seen to be very similar in the region bélow the Férmi
energy EF The partially filled bands at EF com’e"_from a lnllixtitvire of Nb
| 4d-states and C or N 2p-states. The Nb 5s'vs'tate is high_ in énefg& and. .
lies above the Fermi energy in both NbC and. NbN. The electronic '.vch_'arg.e'
in this state has been transferred to the Nb 4d-levels while some Nb 4:d_-'_ N
eleétrons' have dropped into the C 2p— stat_es. - The position of the Nb SSV

level relative to the 5d ~1evels is seen to be lower in NbC than in NbI\T

(Figs. 1-2). This tends to make the dispersion of the bands above E

o

F
k)umewhat dlt‘ferent in NbC and NDbN because of mteractlons betw een the

1, L ' '
bands. Other calculations on NbN3 % ang TlC‘L lzalso reveal the transition
metal s-states b be above the Fermi energy.

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

21s0 seen to be very similar. The Fermi energy, E_. measured relative



to the energy of I ' 5 state, is higher in NbN than in NbC because of -

2

 the extra 'elecfron in NbN. In both crystals E_ lies in a dip of N(E)

F
.'.and NbN has a larger dens1ty of states at EF than NbC. - This could., perhaps,
be’ re‘é.ated.‘to the higher s_uperconducting transition tefnpera_tdre found in
| NbN. The large peak on. the low energy side of N(E) comes_ mainly .frem “
~CorN 2p~sfat T_he iowest lying C or N 2s-states are hot‘ shewn in ‘
_ Figs; 3-4. | |

The charge densities for several bands in NbC and NbN are shewn
for the (1()6) and (11(_)) planes' in Figs. 5-13. The chargé d.en_sities for |
.v'thl'e' loWest bands are strongly cont:entrated oh the. non—‘fnetal'bio:ns and are '
not showq in these Fiqures 'I’he charge densules for the pe like bands
.'( bands 2 3, and 4) are very almllar in NbC and NbN The charge .
- dengsities of the three bah,d,s are also very slmllar to one another._ _ Inﬁ A'
Figs. 5 we show the charge density m the (100) plane :for." 'one .of t‘hese'. |
Abands in NbC. The charge density is p— 1il<:e'.around‘C" it rises t.o 2 maximum
aswe go away from C and then gradually decreases This 1s similar td

13, 14 although

the behavior of the p—]lke charge densities in semlconductors
the shape of the contours depends on crystal symmetry. The d_‘—‘ states_of_
Nb contribute to the ‘sniélll charge density around Nb. The ou_termos.t closed
conh\ur around C cont J.].flo apprommately 6O of the'total'chavrgein band 3
vvv hlle the cor respondmg contour around Nb contams only about 15% of the

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

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

‘Tne first partially filled band (i.e. band 5 wi‘th symmetry T, ., at k =0)

25 ,
contains nearly all the remaining electron in NbC and over 80% of the tw_b '
rernaining electrons in NDN. ‘T e charge density of thisvba;nd. m the (100)
v anu (110) planes are shown in‘ Figs. 6-9. The iﬁterest‘ing feat_dfe of thése'- |
figures are the local maxima in the charge dénsity occurriﬁg élohg thé
Nb-Nb direction. . The magnitqd.e'of the charge in the r#laxima is .strongiy.
dependent on the number of electrons per unit cell and is Ewice as lafgg |
in NbN (with 10 electrons) than in NbC (with 9kelevctrons)". Thése r'naxima,. v :
'arise-.fro.m the Nb 4d-states and have dxy symmetry abéut ?:he Nb atorhs;
The charge density of band 5 is not purely d-like.: Théreb is a large mlxtlii‘e
of C Zp-states in the wavefunction which 'givve‘s the p-— like Chafge dlstriblit_ion |
around C‘ o | -
The éuln of the charge densities of all occupied sfatés in NbC and

- INbN are shown in Figs. 10-13. vlThe strong'_concentréfioh of ’charge on

C or N evident in these Figures arises from th.e' first s- liké va_lehc_e béﬁnds: |
in NbC and NbN The C or N ZS-baﬁds could be too lov'x} in ehergy in our _ :
calculation and this would tend to make the charge loc'_.avliizv.a.tion on C or N
stronger than it should be‘. Since the Nb 5s- sta,te lies above the Fermi
_enérgy there is no charge loc‘alization on Nb; the charge cont'ours around
Nb coming from the Nb 4d and bp states have much lower values than the o

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



out metallic-like cha,rge__distributio‘nvoutside the closed contours arou.nd the
ions can also be seen in these Figures. This seems to indicate that |

bonding in NbC and NbN results mainly frorna combination of ionic: and
metav.tlic charge' distributions. The C-Cy N—N and Nb-Nb rnetal and

| non—:rnetalnearest neighbo:r distances are to.o,large for the forrnation o.f :
'localized covalent bond.s as in the ease of the d.iamond. or z.incblende
crystals where the bonding is characterized. by a peak in the magnitude

~ of the charge density on the l‘me joining the neares'tv neighbor vatoms.v

The overlap between the bondmg orbitals on the ions in NbC‘ and NbN are : vv
small and do not produce a maximum in the charge denSLty The overlap |

'.results instead, in a region, centered halfway between like atom nearest.
neighbors, with a stow ly varying Charge distribution which appears
metallic-like. The bonding conflguratlon for NbC and NbN (and probably

in ether transition metal compounds as well) can be d.escrlbed. as havmg
ionic ,l covalent and metallic cornponent's.

'»A. v‘ery interesting property of NbC, NbN and some other tra‘_nsition—v
metal carbides is the .o'ccu.rrence of anomalies in the phonon Gispersio'n
curves of those compounds and the association of these with a (high.'
f;tlpercon(j.ttet'ing15’ 18 transition'temperat‘nre, Tc‘ These phonon |
'va_no'malies have been interpreted by Weber, Rilz and chhrdderlx? as
resulting from resonances m the g:dependent polariZability of the metal
ions. They attribute the coupling between the metal ions as arlslng from

a charge density with dxy symmetry This is con81stent with the charge |



censity of band 5 in NbC and NbN (Figs. 6-9) which we have obtained.
Zzcause of the extfa electron in NbN compared to NbC the __magn-itude.of
the charge in the de peak is larger in NbN than in NbC. The coupling
cetween the Nb atoms is therefore expected to be la;rger, in 1\1bN than in
NpC. If the number of valence electrons is reduced frer‘n 9 ‘to 8 (as in
going from NbL to NbC‘O 7r) the magnitude of the(clha%g.e ..in’tv_he dXy peé.k L
becomes nearly zero. It is interesting to note that noi phenon anomalies.: |
re observed inlb NbCO 75 If the phonon anomaliee end. h"t.gh values of -
T, are related to resonances in g -dependent polar'iz.abivlity‘of tﬁe"metavl'
ions than it appears that it is band 5 which is }most_impOrvtan‘tv in d.ete.rmi._ning |
the supercohducting properties of NbC, NDbN and othe.r_' ltré;vnsit.ien-’metal.*'
carbides. | o | , .. R
A cfoss-section of the Fermi surface of NbC for:»ban'd.f)_isj shown

in I"ig. 14. The Fermi surface of NbN fof various bénds-at_ the Fermi ‘ |
enerqgy is given in Ref. 5. An interesting feature ef’the. Nbé Fermi suff_ace B

is the magnitude of wavevectors separating the oceupie_d and empty states.
ATr <Z
G

(0.5,0.5,0) are in good agreement Wlth the q' values at

T he wavevectors AD and BC (Fig. 14) with q =

e T 2T
GH withq =2—
a

O ,0) an'd. the Waveve'ctor

which the anomalies in the phonon dlspersmn curves have been observed.
he hape of the Fermi surface in NbC (and NbN) can lead to reeonances

'm the wavevector dependent dielectric function e(q) for Wavevec_tors _m

the vicinity of which the phonon anomalies occur. EXperimentally it iS" |

cbserved that the phonon anomalies disappear without any shift in their =~



when the number of valence electrons is dlmlnlshed:.' _ The_j-* :

i)

the F@I‘Hll SUl”IaCG and the W VGVECLO.CS at Wthh reeonance

1

n2vidr m

ay OC"ur can change Wltn the numbf‘r of va lence electrono

refore, t_l_lere 'may_not- bea dir_ect re_-latiOn betwee__n fthe' pho.non anomalieé‘

‘the shape of the Fermi surface.
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~Table I. -

-pseudcpotentials w ere used in addition to 'the,,'locall pseudb'pdiér_;tiaié_;

C-1-

- Table Captiori:

Pseudopotential parameters for NbC. Nori—.ldc'ai dand p-

in Ca,lculatinq the band_structuré of NbC. . ]



v (G*=3) -

- ?';'-ffvf’(S)._:y.-o 1

I'I'Lacal

g -’_-P%eudopotenha Is
' (See Ref. 5) o

| ,'-"'VA(H) —"O.'O(s'

.8

 vw-e04

oy (15) =-o Obb

| "..'-.a~4 47A

| ZF:R_, =1 18A |
A, =465 P\]

a o 118

Tablel

' Parameters for non-
:local d- pseudoootentlal

Ar_
NL 0

2

Z g S.‘:v:; i .

'Para‘rﬁeteré"fdr'r‘ldn-. LT
~ local p~ pseudOPOteﬂ“al SRl
. -‘gv,‘“b(See Ref.7) . .

Are;

NL O

"'.‘R? - 0. 402-1 S

: A =-0.19 Ry |
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Figure Captions

Electronic enerqgy band structure of NbC along prinéipai éyfnﬁietry .
directions. The lowest C 2s-band is not Sho{rm. rI_“'he zero o..f' v‘
energy is at the Ty level. |

Electi*onic enerqgy band structure of NbN. ,Thié ban'd- structure _
was obtained fromARef. 5. The zero of energy is at the Ty level.
Densil_:jr of states of NbC. The aen31ty of states of the lowest

bahd is not shown. . |

Density of states of NbN. The density of stéte‘»s ‘of'-fhe'_ lowest .
ba,nd_'is not shown.. | | ; o :

Electronic charge density of band.B i'n- the (100) plfa_n_eﬁ éf NbC. |

The charge density arises mainlj' from C prstéié.s. vk)ith the NAb
4d-state makin.g a small contribut'ion. Charcje densitj is nqrmaliéed
to 2e/§2 where = primitive cell volume. | _ | -
Charge density of the first partially filled }ba‘rﬁd_ ’m_-NbC for tﬁe
(100) plane. | | -
Chafge density of the first partiaily fillevd_b’.and. mNbC for.av_
(110) plane. The ”erhpty" reéibn in the middlé With rio >contouvr-.s :
has a neérly uniform charge density of about”O '7 (e/ Q) |
Charge density of the first partially fllled band in NbN for a

(100) plane. |

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

(110) plane.



jband in NbC‘ | SR

-15- .

Total charge den51ty of occupxed states LI’l NbC for a (100) plane |

) .f'TotaL charge den31ty in NbC plottea for a (110) plane )
. 'I’otal charge dens1ty of NbN for a (100) plane o
. lotal ('hci rge densmy of NbN f.or a (110) plane

4. _A cro 55 sectxon of the berml surfaae for the flrst par’tlally fllled',l,:_'
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