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A fully-self-consistent numerical-basis-set linear-combination-of-atomic-orbitals calculation of the electronic

structure of TiS, is reported using the method described previously. The calculated band structure differs
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The crystal eigenfunctions P, (%, r}are expanded in
the standard LCAQ form as linear combinations of
Bloch functions 4„(fc,r} constructed from the
basis functions y„(r)of type p, and site n .These
are obtained
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TABLE I. X-ray scattering factors of TiSq calculated
in the self-consistent exchange and correlation model,
in units of electron/atom.

hkl Scattering factor
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lines along the I -A line are the BZ averages of
the (kkl) scattering factors. It is seen that the
maximum dispersion in the six lowest scattering
factors does not exceed (1-3)% from their mean
value. The largest error

i

in

ihe

lcattering

iactors

avssocited

awithTj
ET
BT
/Xi3 8.74 Tf
191.42 683.13 Tf
(lcamplng)Tj
ET
BT
/Xi3 8.8lonlihe

atn

t11-poit

3camplng

i(I'tZ

tMtK6T2A

2R

6L

2SiS'

iproduc.



910 ALEX ZUNGER AND A. J. FREEMAN 16

O. IO—
peated iteratively with this refined Hamiltonian
(and the fixed basis
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vanced s-p bonding in the system.
While our band structure is qualitatively similar

to previously published results, ' '" ' it is clear
from the above that some fundamental differences
occur. Here we note that the order of bands ob-
tained in this work is at variance with that obtained
previously [e.g. , the position of the valence I', -
I', and M, -M, pairs is interchanged with the
KKR results' and the position of the conduction
levels I",



16 SELF-CONSISTENT NUMERICAL-BASIS-SET ~ ~ ~ 913

TABLE II. Experimental and calculated transition energies at high-symmetry points in the
BZ of TiS& for the E&c polarization. Values are given in eV.
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TABLE III. Calculated and experimental
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able for bonding in the crystal) is rather small
(1.5-2.0 eV) and easily compensated by the cova-
lent bond energy and the additional electrostatic
field formed by the Madellung crystal-f:eld poten-
tial.

B. Transport properties

The transport properties of TiS, have recently
received considerable attention. Thompson' re-
ported a T' dependence of the electrical resistivi-
ty in TiS, in the range T=
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in TiS&. The horizontal lines on the right-hand side de-
note
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a net Ti'~S «2sulphur 3p orbitals, resulting in a ne i
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(e.g. , MoS,). In the absence of
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TABLE IV. Comparison of non-self-consistent results
for the band structure using differing basis sets, an ex-
change coefficient ~ =1, and the old lattice constants
(Ref. 30). Values are given in eV.

Qua. ntity
Slater

set (Ref. 35)

Minimal Extended
numerical numer ical

set set

Width of VBi
Width of VB2
VBi-VB2 gap
rr' gap
MM' gap
LL' gap
I'M' gap
rL' gap
Ti 3s band
Ti 3p band
S 2p band

4.25
1.03
9.88
1.91
2.29
2.32
1.71
i.67

-74.76
-51.62

—183.67

4.54
1.36
7.77
1.32
2.60
1.98
0.92
0.83

-68.2
-44.9

-170.8

4.56
1.36
7.76
1.01
2.

2.
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TABLE VI. Comparison between various self-consistent models with different treatment of
exchange and correlation. ~vT indicates the mean of Schwarz's (Ref. 23) values for Ti and S
(= 0.72). Values are given in eV.

Quantity

Exchange
model

2&=3

Exchange and
correlation

model

Exchange
model

+VT

Exchange
model
+=i

Width of VB1
Width of VB2
VB1-VB2 gap
Width of CB
I -l gap
M-M* gap
L-L* gap
I'-M* gap
I'-L* gap

5.64
1.97
6.77
3.64
0.87
2.60
1.65
0.32
0.27

5.49
1.94
6.76
3 59
0.84
2.51
'. .63
0.29
0.23

5.45
1.67
7.67
3.83
0.78
2.51
1.60
0.27
0.23

4.56
2.23
7.75
2.98
0.098
2.36
1.31
0.01
0.00

in the LCAQ model due to substantial core pene-
tration from neighboring sites) might be respon-
sible for the remaining differences (this aniso-
tropy of charge and potential close to the atomic
sites is spherically averaged in both APW and
KKR models).

We finally examine the effects of exchange scal-
ing and the correlation potential on the band struc-
ture (Table VI). We performed fully self-consis-
tent calculations for the points I', L, and M using
exchange models with a = 3, 0.72, and 1.0.

The results indicate that upon increasing & the
major band gaps decrease drastically and that for
& =1 the gaps at L and M vanish. This behavior
under exchange scaling stems from the different
sensitivity of VB1 and CB1 wave functions to the
exchange: while the upper valence bands (VB1) are
characterized by wave functions which are rather
delocalized and spread on both the Ti and 8 sub-
lattices, the wave functions at L and I in the con-
duction-band edge are much more localized (most-
ly on the Ti sublattice) and hence stabilize to a
larger extent by increasing the exchange potential.
We do not think, however, that the choice + =1 is
physically meaningful and prefer the use of the
Kohn and Sham exchange (with n =-, ) and correla-
tion potential. Columns 1 and 2 in Table VI show
the results obtained in the yure exchange model
with & = 3, and those obtained in a separate ex-
change and correlation calculation (using the corre-
lation potential of Ref. 20). It is seen that the cor-
relation functional acts to decrease the band gays
and bandwidth (hence making the results more sim-
ilar to those obtained with n vr= 0.'I2), but that the
overall change is rather small.

VII. SUMMARY AND CONCLUSIONS

A fully self-consistent numerical-basis- set LCAQ

calculation was performed on TiS, in the local-
density model. The calculated optical transition
energies in the 0-16-eV range as well as the

loca1

de5isthe
(S)Tj
ET
9hened
(dif44BT
4)Ref.
ET
BT
p5.41  Tf
238.31 378.639 T(the)Tj735 Td
ET
BT
/Xi18.58 T3 Tf
313.1 487.39 T5 Td
(ZUN31Tj
ET
ET
BT
/Xi1sizef
251.37 389.92 Td
(M)Tj33Td
(cs)Tj
BT
/XiTf
182.28 346.18 Tdcorally)35:se
(0-16ET
B
/X
)Tj1j
ET
T
rect
363.68 465.46 T248.32 Tj
ETj
ETode
ET6 8.7paTf
262.39 237.68 Td
0the
(1.)ther
aeThelocal-while Ref.localizedmode
ET421
/Xi116 9.11 TTf
12.7 28.34 2roduc(both)Tj
ET
BT
/Xi16 Xi1non-.18 T12 460.63 8.32 Td
(the)Tj
ET
B68.9x-raf
131Tf
72.13 18hd
(er-or15 Td
(scaling)Tj
E6 i16 no 8.96f
12.7Tf
478.921.32 171.38 Td
((using)Tj
6 8.83 i16 2T12 4291.55 term
(be)Tj
ET
BT
/Xi16 9j
ETnut17 31T12 4291.55 wi(the)Tj
ET
BT
/Xi16 T25.6toem4f
223.69 172.77a8.32 Tj
ETj
ETode
ET/Xicuto296 9.3.697.52 Tdd.42 324.
(that)Tj
ET
BT
/Xi16716 1 737.54 183i07 Td

(Ti)Tj
ET
BT
/Xi16 9.36 T 9 9.18 183i07 Td
nd)Tj
ET
BT
/Xi16 8.37i16 9.0.97 2f
72.51 1728 Td
(decrease)Tj
ET
B2.82 T 8
B2.8Tf
2422.24 dg Td
(aniso-)Tj
ET
BT6 8.83 T626.2f
72f
204.08.32 Tj
ETj
ETode
ET0 8.87 67f
223.69280.77 Td
(functions)Tj
ET10 9.56fa
83772183.17 Td
(aI'that)Tj
ET
BT
/Xi16 8.87 92772183
2422.24 Td
(decrease)Tj
ET
B 9 i95 8.323.69280.77 (I)Tj
ET
BT
/Xi16TjBT
/po. Tf
13
265.18 171.639 T(the)Tj735 Td
ET
i16 8.99 3457
72.25 161.744 Td
((hence)Tj
ET
57.762 Tf.Tf
26502.82 37hT
/

respon-

20).obtainedobtained VI

modeitio1016 T016 9.11 TT/Xf
111 161.3.35 Td
(differencesi16 10.09f
276.1f
116.11 93soft-d
(3Td
(forre)Tjmode
BT.276 T/776 2T1Xi102.82 3datTS,)Tj087.01ivity)T6716 1 98f
179.75.63.52 1.38 Td
((using)Tj
6.28 T471.75 76 T860.99 d
(the)Tj
ET
BT
/Xi16 6 8.7pa3tra
49.75215.75 Td
(exchange)Tj
ET
BT
8r

modeitio1016 TT/Xi16 7T
/Xi175 
(Kosim
(those)Tj
ET
BT
/Xi16812 T50605Tf76 T38 422.4Td
(exchange)Tj
ET
BT
BT
/Xig Tf
1Tf
208 547.99 observ
(Ti)T4116 9m4T
92
/Xi16 1 Tf
71
208 97 368.24Tj
ET
BT
/Xi16 29BT6 9.2raf
3465064Tf
352.(2 Td
(VII.)Tj
ET
BT
/X.18 err9Tf
255064651 172.5mimetalsesults)Tj
ET
BT
/Xi16 9.245f
128.09.15 Tf
275.73 Td
(optical)Tj
E4Xi16 7T
/Xi1071.49 455 Td
(Ti)T4116 9m4T
92
/X/Xif
22
265.0715.8.21 v Td
is)T39
/Xi1B21/XT
/Xi1sum1 TTf
9611.59 Td
d
(20).)Tj
ET
BT
/476.2.3260.8796.83 464.96 Td
(range)Tj
ET

BET
T
 9f
379.96.2f
478.9 475.99 Td
(transition)Tj 9.18 8f
27 95 140.2 Td
(and)Tj
ET
BT
/Xi16 39ETnumb.910.9f
2416 9.Td
(gap)Tj
ET
BT
/Xi16
BT
/X21X1 2998 455.467



l6 SELF ~ CONSISTENT N UMERICAL-BASIS-SET. . .

4s and 4p states as well as by the interatomic
charge transfer from Ti to S.

(ii) The bonding in TiS2 is predominantly covalent
and based on overlap of Ti 4sP oribitals with S SP
orbitals; the Ti 3d wave functions play a relatively
insignificant role in bonding, although they are
appreciably mixed into the occupied bands. No

metallic bonding is found
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