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systems and the interesting results obtained es-
pecially for TiSe„we decided to investigate the
electronic structure of its neighboring group-VB
dichalcogenide, namely, 1T-VSe„which has a
number of interesting and anomalous CDW and other
properties. " ' In this paper, we report results of
two sets of extensive gb initio theoretical studies
of the electronic band structure and properties of
1T-VSe„using our recently reported self co-nsis
tent numerical basis set LCAO method. In the
first, we discuss some of the resulting electronic
properties using results determined with the ob-
served lattice parameters. We compare the band-
structure results with the non-self-consistent re-
sults of Woolley and Wexler' and then use them to
discuss the optical, appearance potential, x-ray
absorption and photoemission measurements. We
also compare results obtained here for VSe, with
its isoelectronic counterpart TaSe, and with the
IVB systems 1T-TiS, and TiSe,. In the second
part, we report a study of the variation of the
electronic band structure and properties (notably,
the CDW) with variation of several structural pa-
rameters: (i) the sandwich height parameter z,
and (ii) the c/g ratio, which is anomalously high
relative to other 1T compounds. '

II. METHODOLOGY

The self-consistent numerical basis set LCAO
method" has a number of important features
which are especially applicable to studies of
transition-metal compounds such as 1T-VSe,. It
uses an accurate nonlinearly optimized atomic
basis set for all core, valence, and some virtual
states of the atoms in the unit cell; all Hamilton-
ian interaction and overlap integrals are evaluated
accurately using a three-dimensional numerical
Diophantine integration scheme "; full self-con-
sistency is obtained in a scheme that does not
restrict the form of the crystalline charge density
to any particular shape (viz, cellular or muffin-tin
schemes that spherically average the charge den-
sity around each site before the next iteration is
attempted). All non-muffin-tin contributions to the
potential are fully retained and the electron local-
density correlation functional" is treated as an
intrinsic part of the crystal potential.

We start with an initial guess for the charge den-
sity in the form of a population-dependent super-
position density p,„,(r)=g p (r —R„) made up
from the o. 'th site atomic (or ionic) charge densi-
ties p (r) at the lattice points R„. The single-site
densities p (r) are obtained from self-consistent
(spherically symmetric) numerical solutions of
the local-density single-particle equation for the
n'th atom (or ion), assuming trial occupation num-

bers f„, for the corresponding atomic orbitals,
leading to possible non-neutral species when Q
= 2 -P„,f„,WO. These occupation numbers and
charges are used below as variational parameters
to define an optimal superposition density. Using
the initial charge density p,„,(r), the crystal poten-
tial V[p,
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TABLE I. Comparison of bandwidths and major gapg
between the chalcogen p-like and metal d-like bands
(denoted by an asterisk) in TiS2, TiSe2, and VSe2,
Results are given in eV.
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surface-driven instabilities in that 1T-VSe, can
exhibit not only a nesting of electron and hole
pieces in&ide the d-based bands with wave vectors
parallel to the 1"M directions as



19 ELECTRONIC STRUCTURE OF 1T-VSe2 6007

-5.0

-6.0-

-7.0—

-9.0-

VSe2

+V

+
2c& g +

~3,c

L 1c ~+
1,c

,V

,V

L2,v
M1v

,V

05-

Q4-

0.3-

0.2-

Q.1—

0.0

~ -Q.1-
8

&- -Q.2—
Q

& -0.3-
W

LLI

04—

-10.0— -0.5—

-0.6-

-'11.0 I I I I I I

0.22 0.24 0.26 0.28 z

FIG. 3. Variation of high-symmetry band energies in
1 T-USe2 with the sandwich height parameter z. The
dotted area indicates the



6008 ALEX ZUNGER AND A. J. F REEMAN 19

VSep
—3 ":-----

3,c
+-4— I3c

+



19 ELECTRONIC STRUCTURE OF 1T-VSe2

A. Zunger and A. J. Freeman, Phys. Rev. B 16, 906
(1977).

VA. Zunger and A. J. Freeman, Phys. Rev. B 17, 1839
(1978).

H. W. Myron and A. J. Freeman, Phys. Rev. B 9, 481
(1976).

F. J. DiSalvo, D. E. Moncton, and J. V. Waszczak,
Phys. Rev. B 14, 4321 (1976).
M. M. Traum, G. Margaritondo, N. V. Smith, J. E.
Rowe, and F. J. DiSalvo, Phys. Rev. 8 17, 1836
(1978).
A. Zunger and A. J. Freeman, Phys. Rev. Lett. 40,
1155 (1978).

~2F. R. Shepherd and P. M. Williams, J. Phys. C 7, 4427
(1974).
C. Webb and P. M. Williams, Phys. Rev. B ll, 2082
(1975).

4A. H. Thompson, Phys. Rev. Lett. 34, 520 (1975).
'~F. J. DiSalvo and J. V. Waszczak, J. Phys. Colloq.

37, 157 (1976).
M. Bayard and M. J. Sienko, J. Solid State Chem. 19,
325 (1976).
J. E. Smith, J. C. Tsang, and M. W. Shafer, Solid

State Commund
(Phys.)Tj
ET
BT
/Xi8 8m73184.71j
ET
BT
/XTj
ET
BT
BT
/3i8 7.75i8 6243.872832.89 Td
(520)Tj
ET
BT
4i8 623 Tf
320.38 483.45 Td
((1976).)Tj9ET
BT
/Xi8 8.31Xi8439.37 474.06 Td
(C.)Tj
ET

BT
/X38 7.91Xi8
194.1714.34 Td
('~F.)Tj
ET
BT
/3i8 9.31Xi85243.87Va.17 Td
(Myron)Tj
E9
BT
/3Xi83691Xi8
194.17Brugge.17 Td
(Myron)Tj
ET
BT
/3i8 7691Xi875180.53 474.3 Td
(and)Tj9ET
BT
/48 1291Xi86 Tf
79 541.43 Td
(C.)Tj4f
270T
4i831Xi8439.371j
ET
BT
/XTj
ET
BT
BT
/4i8 8.83Xi85243.87Haa Td
(Williams,)Tj7ys.

Solid

Commund
(P
ET
BT
/Xi8 8.31 Tf
248.032 579.8 Td
(40,)Tj
ET
BT
/336ET
B07 T1248.03258.65 Td
(4321)Tj
ET
BT
/352ET
B6 Tf
239.72 483.45 Td
((1976).)Tj6ET
BT
/X15ET
B058Tf
79.83~~ 560.55 Td
(R.)Tj
ET2BT
/X38 T
B6i8 0140.09 ani.82 Td
(Tsang,)Tj
ET
BT
/36Tf
236i8 3
92.52 608.55 Td
(V.)Tj
ET
BT
/37 Tf
96i8 2702.13 5ieblemont82 Td
(Tsang,)Tj
ETT
BT
/5618 8.6i8 2702.13L512.67 Td
(V.)Tj
ETT
BT
438Tf
96i8 
273.65Marti4 Td
(Moncton,)Tj
ETT
BT
47Tf
256i8 3
92.52 541.66 Td
(and)Tj
ET

BT
/487ET
B058 
273.6514.34 Td
('~F.)Tj8T
BT
/X49 10.0756f
132.14Prada541.43 Td
(ll,)Tj7ET
BT
Xi8 T
B1 Tf8194.17Nuo91 Td
(DiSalvo)Tj
E

BT
/X45f
231 Tf8194.17Ciment1 Td
(DiSalvo)Tj
ET
BT
/3 Tf
241 Tf8194.17 541.78 Td
(B)Tj
ET
BT
/38
ET
B.5 Tf
142.738579.8 Td
(40,)Tj
ET270T
404 7.91 Tf8194.171986.38 Td
(906)Tj
ET270T
4i8 79B.5 Tf
142.7 675.92 Td
((1977).)Tj4f
270T
X15ET
B0i8 1243.8728.93 Td
(17,)Tj
ET
BT
/Xi8 8.3137Tf
75.91 685.9 Td
(A.)Tj8f
244
/X31f
23137Tf
75.9 522.53 Td
(H.)Tj
Es.)Tj
Ei8 7.2837Tf
75.9 522.42 .54 Td
(Webb)Tj
ET
BT
/384 7.2138f
117.43 686.02 Td
(and)Tj
ET
BT
/4i8 8.8337f
238.54 .44 Td
(Phys.)Tj
ET
BT
/4i8 8.5637Tf
75.9 608.55 Td
(G.)Tj
ET
BT
/4i8 855637Tf
75.9Silbernagel60.55 Td
(R.)Tj
ET2BT
/46
E
23137T
153.01(unpublished5 Td
((1976).)Tj
E6
BT
/Xi8 1.94 Tf478.88 579.92 Td
(A.)Tj
E81BT
/X38 8.56 Tf
194.17 579.68 Td
(Zunger)Tj
ET
BT
/36Tf6656 Tf6
180.53 474.3 Td
(and)Tj
ET
BT
/X77 9.01 Tf478.88 579.92 Td
(A.)Tj
ET
BT
/X38
E4701 Tf478.88 560.67 Td
(J.)Tj
ET
BT
/3i8 7.26 Tf
194.17 666.65 Td
(Freeman,)Tj
ET
BT
44ET
BT6 Tf
219.32 541.43 Td
(Phys.)Tj
ET
BT
/46ET
BT6 Tf
194.17 522.65 Td
(Rev.)Tj
ET
BT
/484 
191 Tf478.88 686.14 Td
(B)Tj
ET
BT
/9 Tf10.61 Tf
76.741502.69 Td
(37,)Tj
ET
BT
/508 9.59i8 8243.8747186.38 Td
(906)Tj
ET
BT
/3i8 3347 Tf
123.36 675.92 Td
((1977).)Tj
ET
BT
/Xi8 T
B109 
273.65 628.04 Td
(D.)Tj
ET
BT
/XX38 T
B609 0140.09 608.79 Td
(E.)Tj
E87Webband

G.

E.Shafer,

Phys.

Rev.

BShafer,157

(1976).

(1976).E.Freeman,

A.

Shafer,

P.

M.Freeman,

and

R.

H.

J.Shafer,

Phys.

Rev.

B

37, 906V.A.Freeman,andA.
J.

Freeman,


