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Both conditions and the steady-state parts of Eqs. (1)-(3) must be satisfied for stability. For example,
Rognlien and Self impiieitiy use o' =const and o ' =const. This choice is stable only if the cuxrent is
held fixed and not the electric field. This condition is also necessary for the runaway stability of the
three-dimensional heat-transfer models investigated by Furth, Rutherford, Rosenbluth, and Stodiek. 4

If the plasma is runaway unstable, then the stability of long-wavelength ion-acoustic waves must be
computed from the time-dependent formalism with energy sinks and/or sources included. However, if
the plasma is in a runaway-stable steady state, then the simpler time-dependent formalism yields the
stability critex'ion

for the wavelength range

Note that stability depends critically on the na-
ture of the ion heat sink. Rognlien and Self's re-
sults are reproduced if o' is independent of n and
T, However, a physically more reasonable ex-
ample follows from the scaling of the classical
heat transfer across a plasma, slab; one finds o'
-n'T,.' ', o'-n'T, '~'; this is runaway stable only
if the current i.s held fixed and is stable to the
above range of ion-acousti. c waves for all values
of 8 as long as V&V. Clearly the results change
dramatically with different heat sinks.

In summary, it is shown here that the stability
of long-wavelength ion-acoustic waves is deter-
mined not only by the temperature ratio and rela-
tive drift, but also by time dependence of the uni-
for m background state and by the natuxe of the
ion heat sink as a function of density and ion tem-
pex ature.
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SBecause of time dependence, lt is inconvenient to
use a nondimensional form. However, the notation
simplifies if we take m, =1. Then T has units of ve-
locity squared, etc.
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Ultraviolet photoemission measurements have been used to determine the electronic
structure of two of the layered transition-metal dichalcogenides, N4Se2 and MoS2, which
show trigonal prismatic coordination. Although the electronic structures of the two ma-
terials have rather different character, the results are consistent with a loose interpre-
tation of a rigid-band model. The observed energy of the Fermi level above the valence-
band maximum in MoS2 indicates that the splitting between the nonbonding d bands is in
excess of l eV, a value considerably larger than some previous suggestions.

The layered transition-metal dichalcogenides can be changed by intercalating them with organ-
(TX2) form a structurally and chemically similar ic molecules' or alkali-metal atoms. 2 Wilson
family of compounds having a wide range of elec- and Yoffe' have proposed a rigid-band model for
trical properties. These layered materials are the 7.'X, compounds in which the electrical prop-
of particular interest because of their "two-di- erties are determined by the degree of filling of
mensional" superconducting properties which narrow nonbonding d bands lying in the basic
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FIG. 1 (a) Wilson and Yoffe model (Ref. 8) for TX& compounds; (b) HJHJ model (Bef. 4) for trigonal prismatic
TX2 compounds; (c), (d) simple band models for NbSe2 and MoS2 as determined by our photoemission data. The con-
duction-band structure is as estimated from optical (Bef. 3) and soft-x-ray absorption (Ref. 12) data.

bonding-antibonding band gap. Wilson and Yoffe
assign the exciton peaks in the optical absorption
spectra of MoS, etc. to transitions from the top
of the P valence band to the d/P band, ' both initial
and final states showing spin-orbit splitting. This
model is shown in Fig. 1(a).

Huisman, deJonge, Haas, and Jellinek (HJHJ)'
have proposed an alternative band model for the
7.'X, compounds which have trigonal-prismatic
coordination. The model of HJHJ has a similar
ordering of the d states to the Wilson and Yoffe
(WY) model. ' However, among other differences
is a larger spacing of the nonbonding d bands.
This larger spacing causes the d,2 band to be
completely overlapped by the P valence band,
while the upper d bands overlap the conduction
s band as shown in Fig. 1(b). This model does
not account for any hybridization of the d bands.
HJHJ' assign the exciton peaks to transitions
from the d, 2 band to the spin-orbit-split d,2,2/

d„, band. Because neither model has been com-
pletely successful in explaining all the electrical
properties of the trigonal-prismatic TX, com-
pounds, experimental work leading to modified
models of the electronic structure of these ma-
terials seemed useful. Also, since the available
semiemperical band-structure calculations" are
to some extent based on one of these simple band
models, an improvement in the model might lead
to more accurate calculations.

In this Letter we present the results of ultra-
violet photoemission studies and determine elec-
tronic structures for the metal NbSe, and the
semiconductor MoS, which have some features of
both the WY and the HJHJ models. In addition,
we note significant differences between the photo-
emission data from the two materials which ar-

gue against strict interpretation of a rigid-band
model connecting NbSe, and MoS, .

The NbSe, crystal used for these measurements
was grown in 2-II form by R. E. Schwall of Stan-
ford University using an iodine-vapor transport
technique. The MoS, crystal (also 2 Hform) -was

cut from a piece of natural molybdenite supplied
by J. V. Acrivos of San Jose State University.
The photoemission samples measured about 6 &&6

x 0.1 mm'. The crystals were cleaved in the ul-
trahigh-vacuum (2&&10 ' Torr for NbSe„4x10 "
Torr for MoS2) photoemission chamber developed
by Powell and Derbenwick. ' For neither materi-
al were changes in the measured energy distribu-
tion curves (EDC's) observed over the period of
time from 5 min after cleaving to l month after
cleaving. The EDC's were measured at room
temperature using an ac-modulated retarding-
field technique similar to that of Eden. ' The res-
olution of the energy analyzer was approximately
0.2 eV. An aperture had to be used to restrict
the size of the light beam from the McPherson
225 monochromator to an area smaller than the
sample. The absolute quantum yield was mea-
sured with a calibrated Cs,Sb photodiode and cor-
rected for aperture effects and ref lectivity. ' The
location of the Fermi level is accurately deter-
mined by using a copper back shutter on the en-
ergy analyzer. "

Normalized EDC's for electrons photoemitted
from NbSe, by photons with energies between 7.4
and ll.6 eV are shown in Fig. 2. Although only
a few of the measured curves have been present-
ed here, the important structure can be easily
recognized. n(&), the number of electrons photo-
emitted per absorbed photon per electron volt,
is given as a function of the final energy minus
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FIG. 2. Energy distribution curves for electrons
photoemitted from NbSe2.

the incident photon energy. Thus, features ap-
pearing directly above each other originate from
the same initial state energy. At the high-ener-
gy end (i.e. , the right-hand side) of the EDC's
are two peaks labeled A and ~, which are each
assigned to a high initial density of states in the
valence bands 0.4 and 2.2 eV below the Fermi
level (EF), respectively. The constant energy of
the right-hand edge of peak C indicates that it is
at least partially derived from a high initial den-
sity of states, although there is probably some
contribution from scattering. " The apparent
shift in the position of C in Fig. 2 is caused by
the peak moving from below the vacuum level.

Comparison of the EDC's with the band mod-
els" suggests that peak A corresponds to the
nonbonding 4d,2-derived band, and peak 8 and
probably peak C correspond to high densities of
states in the lower P valence band. The bands
for NbSe, based on this analysis are as shown in
Fig. 1(c). The dashed structure above EF has
been estimated from the available optical' and
soft —x-ray absorption" data. This model differs
from that in the WY paper in two ways: (1) The
photoemission data suggest that there is some
overlap of the d, 2 band with the P valence band
(rather than a separation of almost 1 eV), and
(2) the half-filled d„band is about 1 eV wide,
twice as wide as originally deduced by Wilson
and Yoffe. ' Except for these differences, our
results for NbSe, are in general agreement with
the WY model for NbSe, . There are also differ-
ences between our results and the HJHJ model. '
However, it might be possible to remove these if
strong mixing causes the d,2 band to broaden and

'4
eV eV

FIG. 3. Comparison of energy distribution curves
for MoS2 and NbSe2. The EDC's are plotted versus the
initial-state energy with the zero taken at the Mo82
Fermi level. The NbSe2 curves were shifted lower in
energy by 2 eV to make the comparison of the curves
as easy as possible.

increase in energy relative to the P valence band.
Since for NbSe, the maximum density of states

n(E) in the d, 2 band is found to be 0.4 eV below
EF, the slope of n(E) is negative at EF. This re-
sult has been used by Meyer and Acrivos" in
their explanation of the change in the supercon-
ducting transition temperature (T,) of NbSe, when
it is intercalated with organic molecules which
are thought to donate a fraction of an electron to
the band scheme. The added electron fraction
moves the Fermi level up slightly, thereby de-
creasing n(E) at EF which, it is proposed, causes
T, to decrease.

On the basis of a rigid-band model one would
expect the EDC's from MoS, to look essentially
like the EDC's from NbSe, with the highest-ener-
gy peak (peak A) about twice as wide. In the WY
model' as originally presented, the Fermi level
has to lie less than 0.25 eV above the d,2 band
maximum. On the other hand, &z could be more
than 1 eV above the d,2 band and remain consis-
tent with the d-band splitting of the HJHJ model.

In Fig. 3, we present the EDC's for MoS, and
compare them with those for NbSe, . The EDC's
are again plotted versus the initial-state energy
with the zero taken at the MoS, Fermi level and
with the peaks & aligned in the EDC's of the two
materials. As can be seen from Fig. 3, there is
major disagreement between the location of I"-&

in the original WY model and in our data. Al-
though Williams and McEvoy" observed gener-
ally similar EDC's over a smaller energy range,
they differed in the placement of the Fermi level.
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A very important experimental result for MoS,
is that the Fermi level lies almost an electron
volt above the highest filled state. To empha-
size this, the zero of energy in Fig. 3 was taken
as the MoS, Fermi level. The NbSe, Fermi level
was shifted downward by 2 eV to make the corn-
parison of the MoS2 Rnd NbS, structures as easy
as possible. Thus, the HJHJ model seems to
give more closely the actual spacing of the non-

bonding d bands, while the WY model' correctly
places the d,2 band as the top valence band. Us-
ing EPR techniques, Title and Shafer" have
found the top of the valence band to have d,2 char-
acter. It is immediately apparent from Fig. 3
that the characters of the EDC's of the two ma-
terials are different. The marked change in the
relative strength of the structure in the Mos,
EDC's as hv is varied is indicative of direct tran-
sitions. Since no evidence for direct transitions
in NbSe2 was observed, it is suggested that the
details of the band structure and perhaps the
bonding in the two materials are significantly
different; the existence of direct transitions in-
dicating a more covalent nature for MoS2.

Figure 1(d) shows a modification of the WY
model' for MoS, as based on our photoemission
data. The bands (shown dashed) above E~ have
been estimated from the availRble opticRl dRta. '

Unfortunately, this model cannot unambiguously
determine the origin of the A. and ~ exciton peaks
observed in MoS„etc. The large forbidden gap
suggests that the HJHJ assignment of a d,2 to
d„s „2jd» transition is correct. However, it is
possible that the P valence band overlaps the d,2

band enough that the excitons could correspond
to transitions from the P band to the d„2 p/tf„
conduction band as suggested by Wilson. " More
detailed optical data in the 0.1- to 2-eV range are
required to resolve this point.

In summary, we have shown by our photoemis-
sion measurements that for NbSe2 and particular-
ly MoS, quite large adjustments are required to
either of the existing band models. Since these
modifications deviate quite markedly from the
results of recent band-structure calculations, "'
using empirical fits to early models, it would

appear thRt RdditionRl bRnd calculations would be
of interest.
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