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Band Structure and Charge Densities

of 2H—NbSe2
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and
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Abstract

The électronic energy band structure of ZH—NESeZ is calculated
using the Empirical Pseudopotential Method. ‘The results are comparéd
with other calculations and with experimental data. Chérge densities
‘for the completely filled valence bands and the p;rtially filled
conduction bands are calculated using avset of special ﬁ—points

in the Brillouin zone. The relations between the calculated charge

densities and the various bonding models are discussed.



" The group V transition meﬁal chalcogenides with lé§ered strﬁcturél
and trigonal prism coordination have attracted considerable attention1
because of their interesting superconducting and magnetic properties.
In particular; among these‘compounds,'ZH—NbSez has been‘éﬁbjebted to :

intensive study. Theoretical studies related to the eleCtroﬁic

properties of NbSe, have involved schematic band modélsl,2s3,-energy

band calculations™ 5 » and models déscribing bohding propertiess.

In this 1et£er;vwe present charge density calculatioﬁé for boﬁh the{
filled bands and the partially filled conduétionlbaﬁd.§taﬁés in thb_"
different planes of the real §pace latticé. Thgée rééﬁlté fepréSent
the fifst éharge density calculations fof a d-bandvméteriél aﬁdfthey;”vf
give some insigﬁt into the electronic_bdnding propertiesAéf?theéé
materials., The charge densities were 6b£ained from a péicﬁlgted
band stfucture usihgvthe nonlocalbpseudopotentiai'methd5>:ihe reéultSr :vb
of the band structure éppeérs to give bettep:agreement ﬁitﬁ the'éxperimentél
data than‘brevious calculgtions. We start by discussing ﬁhe_bénd_vﬁ‘
structure and then go bn to describe the chafge'density caicuiations.i

An essential feature of the pfesent calculatioh is the d*statéé._
Experimental evidence’ indicated that the &-sﬁates of.ﬁhe ttanéitioﬁ
metal atom play an»important role in thé elect;onic bropertigs o%
compounds containing thése atoms. Consequently‘tﬁe uépai lbcalbpseﬁddﬁbtéﬁtiéi
scheme was augmented té include a ﬁonlocal d-pétentiai gentered_atbthe Nbrv'. |
atoms to account for the d-states. The pseudopotential method and tﬁé

form of the nonlocal pseudopotential used have been.discussed eléewheres’g,



For the NbSep case, the ﬁnit cell is hexagonal and has two molecules. The
corresponding space group is D* 10, The length of the éidevof'the'hexagon;
6h - -
o

0 R :
a, is 3.45 A and the lattice constant along the c-axis is 12.54 A. Because

the ratio ¢/a is 3.63, the number of nonvanishing local pseudopotential

form factors for each atom is 32 with a'éutoff at IEIZ = 14.5 Qé;ﬁ)/z;
where G is a recipfocal lattice vector. Tﬁevfofm factors of Nb and Se
atoms wefe first scaled from Nbll and ZnsSel?. fhesé'form factors and the
4 parameters in the nonlocal pseudopotential were adjusted to.obtain a.
band structure consistent.with both thebphotoemissionl3’}h and.#he

[ - : v
IJ’IG. Because of the large c/a ratio, the resulting

reflectivity data
matrix size for the péeudopotential Hamiltonian ovér'the pléne ﬁave basis
v'statés.is of the ordérvof 1903190. An additional 300 plaﬁé_wavés were.u5¢d
in the Lawdin—Brustl7 perturbétion scheme for the local part.of fhe potentiéi;
Fven with the present size of the matrix, the-é/a ratio stillica#ses
convergence problems for energies along I to M aﬁd results‘in sigﬁificaﬁt »
adjustments'in the form factgrs of Nb and Se at 1arge |E[.‘7The éonvefggnce
in the enexgy at M is of the Order of 0.1-0.2eV. We alsq limit our
band stfucture calcuiations to yield ﬁ(i) only along thé symmetry directioné.
The band structure résults fdr the.S—th band to the 27-th band afe.
plotted in Fig. 1. The zero of the energy‘scale is placed‘at_the 17~th baﬁd
at I', and the lowest valence band at I' (not shown in Fig. 1) is —15.qu. |
For the filled valence bands, the resﬁlté here are similar to the'ones'
obtained by Maﬁtheiss”.. However, the partially filied and the unoccﬁpied-b

conduction bands are different. The main difference is along T; the



present band structure shows no crossing for T, and.Tlfbénds;'vTﬁe'gap
" between d and p states (F; - MT) is 0.3 eV whicﬁ is éﬁput half of the
value obtained by Mattheiss. Since the 17th and lSth bands are'partially
filled, the Fermi energy should be at dbout 0.240.3eV apre'FT. Thg
Fermi surface has both electron and hole surfaces.'iThé‘miﬁimuﬁ for'the;Tl‘
band énd the bapas ﬁith energies,-E, érouﬁd -2.4eV shouid fesult in.maxima
in the density of states at 0.6 and 2.6eV below EF. ;ééﬁﬁaring thésé .
results with the experimental values at ~0.4.and_}2.é?3,?“;:the agreemenﬁbbi
is reasonably good. The calculated width of thé pértialiy éécupied d bandé .
is 0.9 eV; The corresponding width determined by Wiiiiaﬁs;and”Shephe£d15.'
is 0.7eV and the width determined in Ref. 13 is 1;éV, _The.sméllest | :
interband transition should be 0.6eV near L. The bands nééf 21(18),_23(16)' ‘
ana Ty (18), Ts(16) are quite parallel with enéréy.differenteé'qf about
2.eV, These will contribute to the measured strué;ure'a;*ﬁﬁ : 1,§eV, bﬁe
_expect that the 2.5eV structure should be due to_tianéifioﬁs érising frdm
a large VOlume.inside.the zone. It is difficulfvto make_é'defiﬁite
identification at present. We would estimate thafxfhevdvéféil‘ag%eeméﬁt:  ”
between the préSent band structure and the experiﬁén#él resﬁlts ié of ,' -
the oxrder of b.3eV. | | o

In Fig, 2, we plot the calculated charge denéitiés in tﬁé'differeqt'
planes. The plane DEFG in Fig. 2a contains oﬁe layer withféﬁe Nb and two
Se atoms and the plane OABC in Fig. 2b has 4 Nb atoms at the corners of
" the graph. The actual locations of #hese two planes éié éhoﬁﬁ at the
_1owervleft corner of.the figure, - The dotted éircleS'in the_figures.sﬁoﬁ thé
éore radii. The vélues of the charge distribution within thévcoré reg;qh'v_

at Se are not expected to be accurate, because the pseudowave function _

are not orthogonalized to the core states. These charge distributions were



calculated using.the scheme of Chadi and Cohen!®. We used 6 Kfpdints.
,Tﬁevovgrlapping charge between one particular lattice poinﬁlin real

‘space and‘its.neafest neighbors‘vanishes'at least up to_lZ shells. The
normalization corresponds to.2 électrons'per bénd beéahse épin~or$it
iﬁté:aétion ié neglected. Fig. 2a showé the total charge distributionv.'

of the filled 16 bands. fhe closed shell type 6f cohfouré withiﬁna

layef illustrates cieérly‘the charécteristic diétribution‘of the filled
'bands.. The charge is mainly around the chalcogenidés and tﬁe gdhfiguration
has a similar shape to that of SnSezlg.- it indicétes that the p—iobés

- of the Sé atom pdint-toward the nearest ﬁeﬁallic ions. Thésé 1oBeé'.w

~do not cbmbine with the s-like -state to form'sp3 orbitais go-thatyﬁ lone -

: pair_&ill Be in the interlayer région and'wili be cut‘by tﬁis'plaﬁé. The
bonding charges make 40. 20 with respect to a line blsectlno the d1stance.
'between the Se ions and passing through the Nb ion. This makes the bonding o
angle of Se~Nb-Se to be 80 40 Accordlng to the dlrected valence bond
reqults20 6, the d and s like states of the-tranSition;metal ion will |

_ hybridize with'its unoccupiéd ﬁviike stateslto-form equivalent c&lindriCa1
bénds pointing toward the éhalcoggnides ﬁnder-the trigonalvprisﬁ‘symmetrﬁ.
The mixing of the p-states can bé at least 1OZ.V Thgse’dsﬁ»éfbitalé aﬁd tﬁe
pﬁorbitéls oﬁ the Se ions form the covalentiy bonding.cﬁarge‘of therérysﬁal;
We have applied the pféjécﬁion opefator'of 5p stétes céntefed:atvtﬁe Nb;atémsv
to find the extent of the mixingvof the 5p states in the.wévefunctioﬁs fér »
fhe lﬁvoccupiea bands at I', M and K. There is'no 5ignifi€ént contribution

from the 5p states. Therefore, the bonding charges are malnly the p sLates -

of the chalcogenidés m1x1ng with d like states of the Nb atom. The

maximun density within the 18.5 contours hakes'an angle of 59° with fespect



to the same line described above. Thesc rugipns Qf Lhe_vhergc dvnsiﬁies
are the extended distribﬂtions of the uLhorﬂBnnding churges-infvfsce(vd
by this plane. |

In Fig. 2b, the charge densities of the partially.filled conductionA
bands are showﬁ. Although the scheme for calculafiﬁg chérge distfibutiopS'
of ehe partially filled bands by a few K—points“is expected to be only
approximate, neverthelese, the qualiﬁative featuree ere‘;ikely to be |
correct. ‘The chalcogenides are directly aone aﬁd'ﬁeloQche‘centep of
the triangular eontoure with magnitude equal.td 2; .Mcetvef eﬁe cherge
density for these conduetion bands are near the Nb ioﬁs. We expect: that
these charges should have d-like character. The shapes of these confoﬁrs‘

do indicate that they are mixtures of dXy and dxz_yg states'of Nb.~As

Mattheiss" pointed out, tﬁe preeence of these stafesvare due toithe d-d
hybridization. Our band structure results show tﬁis'hYbridiiétioe espe;ially'
along L. The I;(19) band derlved from lg, whlch is composed of the - |

degenerate states ef d Xy and d x? y?, would have connected to the 17th band

at M, 1f there was no hybridization of this band w1th the lower T, bands

which are derived from dzg states. The maximun value of the coﬁtburs for-

these partially filled conduction bands is abeut-lﬁzzdffghe.valﬁe forﬁthe»
bonding charge of the filled bands. However, beeeuse'ofitﬁe d—chérécter_ef e
these states, the distfibution is not as uhiforﬁ as in eimp1e,ﬁetalé; e.g.
Al?Y, Tﬁese nonuniform charge deusities,'especielly nearvphe Nb ion,
illﬁstrate the characteristic feature of the d-band metals."

In conclusion, the charge densities of ﬁbSeZ obtained from a band
etructure which agrees’witﬁ the experimental date'td_the order of 0.3 eV,
show similar distribution of the charges for the filied Eands near the

Se ions as in the case of SnSe, and show a linear combination of dxy and.



d IQ; for the partially'filled‘bands.v lhe 1nsign1ficant contrlbutlon of
the Sp states of Nb atom to the bondlng charge found by applylng the

'pro;ectlon operator favors the 51mple bondlng p1cture The bondlng charge Zfi’

. between the metalllc and chalcogen 1ons are composed of the p—llke states_ﬁ ﬂLT’“

. of the Se atqms'm1x1ng’w1th thers and djllke states”ofitheuNb'atom.;?However;f_"' 

bthisﬂfesult'doeé not,imply the bbnding’hature'Of the.érySﬁal?iéiﬁurely‘?_n;?;ﬁiﬁ~f‘*~7

. donic. ‘The tightly_bouﬁd,atomié'd states of the Nb atom énd1thefféébnénte

'7 f'between'the.deStagesiand the:pfstatesﬁdf_the»chalcégénidésﬁCan résu1t“f¢”‘

' sighifiéénp”chgrge distributioﬁs between the atoms as we have obtained.here. -
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' Figure Captions .

1'&?§;.The e]ectronic banistructure of . NbSez along symmetry lineS'

| in bhe Brillorium zone starting with the flfth valence band

: :DEFG.:,_'
2. The char gén.dis’tfifmtibhs for the pattially filled conduction .

j;bands in plane OABC o
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