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splitting of Gd in Ag should be extremely small®
it is unlikely that this behavior of the thermoelec-
tric power results from crystalline field effects.

Further we notice that the sign of @,, which
depends on the ordinary scattering potential,? is
negative. This implies that the Tb ion is more
strongly screened than the La ion and is there-
fore effectively a negative (repulsive) scattering
center,

In conclusion, we have demonstrated the exis-
tence of an anomaly in the thermoelectric power
due to inelastic scattering of conduction elec-
trons by the crystal-field-split impurity levels.
Our results show that measurements of the ther-
moelectric power provide an interesting tool for
investigating crystal field effects in metals.

We thank P. Fulde and 1. Peschel for generat-
ing our interest in this problem and for helpful

discussions.
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The simplified linear combination of muffin-tin orbitals method has been used to calcu-
late the energy bands of MoS, and NbS,. The calculated bands are in excellent agreement
with photoemission data and provide a new interpretation of optical absorption spectra
different from that of Wilson and Yoffe. The effect of the weak interlayer potential on

the d,2 conduction band is shown explicitly.

The simplified linear combination of muffin-tin
orbitals method''? has been used to perform the
first ab initio energy-band calculations on MoS,
and NbS,, two members of a large family of
structurally and chemically similar layered tran-
sition metal dichalcogenides. These bands, which
do not require empirical adjustment, offer the
first consistent explanation of both the McMena -
min and Spicer® (MS) photoemission work on
MoS, and the Wilson and Yoffe* (WY) optical ab-
sorption spectra of MoS,. The calculated d, 2 band
in MoS, is about 2.7 eV wide, overlaps the S p
bands, and is 1.1 eV below the d/p bands, in ex-
cellent agreement with MS. By assigning inter-
band transitions between the d,. and d/p bands,
we account for the main features of the WY opti-
cal absorption spectra. Our bands differ from
the rigid-band model of WY who assumed the ab-
sorption spectra to result from p -d/p interband

transitions and the d,. band to be narrow, non-
bonding, and located within the bonding-antibond-
ing gap.

The layered transition-metal compounds are of
particular interest because some members ap-
pear to exhibit “two-dimensional superconducting
properties,”® which can be changed by interca-
lating the layers with organic molecules. We
present evidence that intercalation with organic
molecules changes the shape of the Fermi sur-
face and thus 7. It is unlikely that organic mole-
cules actually contribute electrons to the metallic
d,» band.

The 2H-MoS, and 2H -NbS, structures are both
formed from layers* consisting of two close-
packed sheets of S atoms with a sheet of metal
atoms occupying trigonal prismatic sites between
the S sheets. The octahedral sites between lay-
ers are empty, resulting in large open areas.
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FIG. 1. Band structure of MoS, with optical-absorption critical points,

The only difference between the two structures is
that the layers in NbS, are shifted so that Nb
atoms lie above each other.

In order to treat the open interlayer region as
accurately as the layer itself, the calculation is
performed as if there were eight atoms per unit
cell instead of the actual six. This enables us to
estimate the effect of intercalation on the conduc-
tion bands.

The potential, which was constructed by em-
ploying Slater exchange and overlapping charge
densities of Mo(4d®5s') [or Nb(4d*5s)] and
S(2s22p*), was expanded in spherical harmonics
within atomic Wigner-Seitz cells at all sites in-
cluding the empty octahedral sites. The empty-
site potential results from the overlap of the
charge-density tails from neighboring sites.

The basis set was similar to that constructed
for NiS.! The metal 4s core state is included ex-
plicitly since its radial extent overlaps neighbor-
ing cores. The other core states are sufficiently
localized to be included through orthogonalization
to the muffin-tin orbital basis set. The secular
equation size is 54 X54 and requires 30 min of
Univac 1108 computer time per general k.

The band structure of MoS, is shown in Fig. 1.
The bands are relative to atomic zero. The S p
bands extend from —10.2 to —16.2 eV. The d,2
band extends from —8.0 to —10.7 eV. The re-
maining d bands mix strongly with the S p states
and will be referred to as d/p bands. The Mo 5s
state lies above and separate from the d/p bands.
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The gap of 1.1 eV in MoS, is indirect. These fea-
tures of the band structure agree with the photo-
emission results of MS. EPR measurements by
Title and Shafer® further confirm that the top of
the valence band in MoS, has d,, character.

The experimental optical absorption spectra of
Beal, Knights, and Liang” at 5 K for MoS, and
MoSe, are shown in Fig. 2 with notation for the
peaks similar to that of WY. MoSe, has been in-
cluded to emphasize that it is similar to MoS,
and that a band structure like that of MoS, is ex-
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FIG. 2. Absorption spectra of 2H-MoS, and 2H-MoSe,
from Beal, Knights, and Liang.
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TABLE 1. Comparison of theoretically expected ab-
sorption in MoS, with experiment,

Experiment Theory

(eV) (eV)

A 1,910 1.91

B 2,112 2.11
d 2.63 Shoulder not

identified

C 2.760 2.58

D 3.175 3.17

o 3.685 3.79

B 3.930 3.99

E 4.59 4.42

F 4.86 4.79

A',B' Not observed 2.39

pected. The spectra are characterized at low en-
ergy by sharp excitonic transitions (e.g., 4, B)
on a relatively low absorption background. The
broad absorption peaks (C, D) at higher energy
are thought to be the result of strong interband
absorption.* Wilson and Yoffe concluded that the
A, B peaks are a spin-orbit—split pair because of
the size of the separation (0.20 eV) and because
of the increase in the separation with molecular
weight (0.26 eV in MoSe,).

In Table I we compare the MoS, experimental
interband energies of Fig. 2 with the assignments
made in Fig. 1. The A, B exciton results from
the 2.01-eV transition at the & point. The A4, lev-
el does not split under spin-orbit coupling so
that a 0.2-eV splitting of the A, level gives rise
to 1.91- and 2.11-eV transitions which are in
perfect agreement with experiment.

Similar excitonic structures could be expected
at H. This structure (A’, B’) should appear at
about 2.39 eV which is between the A, B and C, D
structures. This structure is not observed in
MoS, probably because the transition probability
at H is too low for exciton formation. Compari- ‘
son of the wave functions supports our hypoghesis
since the transition probability is lower at H than
at A. We believe that the A’, B/ exciton structure
observed in MoSe, and MoTe,” (not in Fig. 2 al-
though very similar) results from the assigned
A’, B’ transition at H because the p content of the
d/p bands increases with anion size.

The transition probabilities in MoS, are greater
for the C and D transitions than for the A, B and
A’, B’ transitions since the higher energy d states
have a greater admixture of S p character. As a
result, the absorption is stronger for the C and

D interband transitions. The C interband transi-
tion requires a 0.2-eV adjustment for agreement
with experiment whereas the D transition needs
no adjustment.

The a, B peaks are interpreted by Beal, Knights,
and Liang” to be spin-orbit-split structure. We
assign this structure to the 3.89-eV transition at
the A point which is the first p -d transition.
Spin orbit splitting should be small for the p state
with a 0.2-eV splitting for the d state.

The E feature probably results from transitions
at I and the F feature from either L or A. A
more accurate interpretation of the spectra re-
quires a detailed joint density-of-states calcula-
tion. Without such a calculation we connot be
certain that some optical critical points were not
overlooked.

Finally, we examine the effect of the unoccu-
pied-site potentials on the band structure of
NbS, in order to investigate intercalation effects.
In Fig. 3, solid lines represent the band struc-
ture when all eight sites are included, whereas
the dashed line represents only the 4,. bands
when the six filled sites are included. The Nb
and S potentials are the same for both cases. In
the six-atom case, the crystal is not neutral be-
cause the charge density in the layers is not in-
cluded. However, we assume this has little ef-
fect on the bands.

Thus, from Fig. 3 we see that the d,. band is
wider, and the overlap with the p bands is great-
er, when the layers are insulated from each
other by a zero-potential region. The Fermi-
surface geometry also changes. Intercalation by
organic molecules might narrow the conduction
bands even more than our weak empty-site poten-
tials. Further band calculations are required to
determine whether organic molecules decrease
the overlap of the p bands with the d,» conduction
band and whether the density of states at E is
increased by the resultant change in Fermi sur-
face geometry. However, we do see that the
Fermi surface can be changed without having the
organic molecules -donate electrons to the d,,
band and this may account for the change in T,
with intercalation.® Similar band effects are
found in MoS,. Experimentally, the A, B exciton
energy should shift upon intercalation.

In NbS,, the d,; band is half filled. Thus the
Fermi energy should occur at about - 8.0 eV, re-
sulting in hole and electron surfaces. Tempera-
ture -dependent Hall coefficient measurements for
NbS, indicate two types of carriers.?

Note added.— After submitting this paper for
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FIG. 3. Band structure of NbS, with interlayer region (solid line) and without interlayer region (dashed line rep-

resents only d,2 band).

publication, we received L. F. Mattheiss’s® aug-
mented plane-wave (APW) calculation of the ener-
gy bands in MoS, using a potential constructed
from the same atomic charge densities that were
used in our LCMTO calculation. The bands differ
from ours and experiment in that the d,» band is
too narrow (1.0 eV) and does not overlap the p
bands. The optical absorption excitons are also
not explained. Mattheiss attributes the lack of
agreement with experiment to the approximate
form of exchange used and to the lack of self-
consistency in the potential. Our results show
that it is the non-muffin-tin part of the potential
that causes the d,» band to widen and overlap the
» bands. We obtain bands similar to the APW
work only if the non—muffin-tin part of potential
is excluded.

I would like to thank Dr. H. S. Jarrett for many
helpful discussions and for a critical reading of
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