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Surface resonances on Mo(100) have been confirmed and studied in detail experimen-
tally by field-emission energy distributions and theoretically by a linear-combination-
of-atomic-orbitals calculation of the k~~-resolved surface local density of states. The
experimental results in conjunction with the calculations have provided evidence of band-
structure effects in field-emission energy distributions. The calculated results have al-
so explained the angle-resolved photoemission results on W(100) and provided a clear
picture as to the origin of these resonances.

The discovery' of an 'anomalous structure" in
the field-emission energy distributions (FEED)
on W(100) and Mo(100) surfaces has stimulated in-
tensive investigations into the origin and proper-
ties of this feature. Experimentally, this strong-
ly surface-sensitive feature has been widely stud-
ied by FEED" and photoemission-energy-distri-
butions (PED)' " experiments. Theoretically, it
has been attributed to a surface state with k~~

=0 (k~~ is the momentum parallel to the surface)
located in the uppermost ("relative" ) d-band spin-
orbit gap. *' Later, it has been argued' "that
the observed peak was due to virtual surface
states which exist in a large part of the surface
Brillouin zone (SBZ), not just at k~~ =0. More re-
cently, an argument based on nonrelativistic
time-dependent relaxation effects' has been used
to suggest that the origin of this surface state is
the "absolute" d-band spin-orbit gap at lower ini-
tial-state energies.

In this Letter, I report the results of an experi-
mental FEED study of the surface resonance peak
on Mo(100) in conjunction with a theoretical calcu-
lation of the k~~-resolved surface local density of
states (SLDS) on the same surface. I have found
in FEED that the resonance peak on Mo(100) shifts
to a lower energy and broadens in width as the
step edge of the (100) plane is approached. In
conjunction with the theoretical calculations,
these phenomena confirm a known effect and a
yet to be proved theoretical argument, namely,

(1) the surface resonances on Mo(100) and W(100)
possess a dispersive nature, and (2) the experi-
mental field-emission current from the (100)
faces of Mo and W is actually contributed to most-
ly, if not completely, by the states of finite k~~ in
the SBZ as has been suggested theoretically. " In
order to support this conclusion more strongly, I
have made a numerical calculation of the k~~-re-
solved SLDS on Mo(100) based on a nonrelativis-
tic nine-band (s, P, and d) tight-binding Green's
function method.

The calculated results show that, just below the
Fermi energy (EF), there is a, band of surface
resonances which exist in a large part of the SBZ,
primarily in the range of Ik~~ I

~ 0.6 A '. These
resonances display dispersive characteristics.
For example, in the vicinity of a major resonance
(k, =0.2884 A ', k, =0.0111 A ') where the SLDS is
extremely sharp and large at & = —0.65 eV, (a) the
energy of the resonance decreases by 0.06 eV as
k, increases from 0.0111 to 0.122 A ', and (b) the
energy of the resonance increases by 0.4 eV as
0„increases from 0.15 to 0.45 A '. The first re-
sult, (a), together with a necessary condition that
the field-emission current is contributed mostly
by the states of finite k~~ accounts for the observa-
tion in this FEED study. The second result, (b),
together with the result that the SLDS of these
resonances falls off dramatically as )k~, )

~ 0.6 A '
accounts for the observations on W(100) by Willis,
Feuerbacher, and Fitton. ' Therefore this theo-
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FIG. 1. (a) FEED at the center (curve 1) and two oth-
er positions of the (100) plane near its step edge.
(Curve 3 is the one nearest to the edge. ) (b) The cor-
responding enhancement factors B(~) = j'(~)/ jo'(e),
where j'(~) is the measured FEED and jo'(~) is the free-
electron FEED. The number associated with each ar-
row indicates the energy position of each peak in the
units of eV. Data are taken at 78 K.

retical model calculation is capable of explaining
the experimental results from two quite different
experiments: FEED and angle-resolved PED.

The field-emitted electrons from a thermally
cleaned molybdenum tip were retarded and ener-
gy-analyzed by a 135' spherical-deflection ener-
gy analyzer' of about 0.02-eV resolution. Effects
of the proximity of the step edge of the (100) plane
on the FEED spectroscopy are studied by probing
the electrons coming from the center of (100)
plane and from the area near the edge of the same
plane.

Figure 1(a) shows the experimental FEED at
three consecutive positions of the (100) plane.
Figure 1(b) displays the same results in terms of
the enhancement factor' R(e), arbitrarily normal-
ized to 1 at & =-1 eV. Near the plane edge, two
significant phenomena are observed. (1) The res-
on mce peak gets broadened; and (2) the position
in energy of the resonance decreases by about a
tenth of an eV. These effects shall be referred to
as the edge proximity effects. " They will be ex-
plained by combining the following arguments with
the predictions from the theoretical calculation.
%e know that in the vicinity of the step edge the
periodicity along the surface plane is destroyed.
This would give rise to (1) a short mean free path
of the electron and (2) the destruction of two-di-
mensional long-range order in the vicinity of the
plane edge. The first result leads to a "lifetime
broadening. " The second result invalidates k,
(assume it is perpendicular to the edge) as good
quantum numbers for any electronic states near

an edge. Both effects would result in a broadened
resonance peak. Furthermore, the states of any
k, would get mixed with states of nearby values
of k, leading to a smearing out of the SLDS. If
the resonance peaks found in FEED on Mo(100)
and W(100) were a consequence of a single reso-
nance with a specific kll, the effects discussed
above would not result in a shift in the peak posi-
tion. Therefore the following conclusions must
be a consequence of the present results: (1) The
field-emission current is contributed by "many"
states of finite kll, thus giving the most recent
FEED theory"'" strong direct support. (2) The
resonances which contribute to this resonance
peak have a definite dispersive character, which
has already been confirmed by angle-resolved
PED. (3) The dispersion of the resonances near
a major resonance behaves in such a way that,
for a given k„(itis assumed that k„is a good
quantum number), the resonance energy decreas-
es as (a) k, increases in cases for which the ma-
jor resonance has a very small k» or (b) k, de-
creases in cases for which the major resonance
has a very large &,. In both cases, the mixing of
k„would cause the FEED peak near a plane edge
to shift to a lower energy position.

In order to demonstrate the above references a
Green's-function calculation of the k11-resolved
SLDS for the (100) plane of bcc metals, based on
a nine-band nonrelativistic linear-combination-
of-atomic-orbitals (LCAO) scheme" and calculat-
ed using a theory proposed by Kalkstein and So-
ven, "has been studied in detail. The results are
generally in good agreement with the conclusions
deduced from the FEED results. More strikingly,
the calculated results can also account for the an-
gle-resolved photoemission results on W(100).

Figure 2 shows the numerical results of the
total SLDS and bulk density of states of Mo(100)."
The most pronounced resonance peak, located at
0.65 eV below &F, is identified with the observed
peak in both FEED and angle-resolved PED. This
resonance peak results from many resonances
which exist in most of the SBZ but decay rapidly
when 1k~i I

~ 0.6 A '. This calculated result pro-
vides a basis to account for the observations on
W(100).' Furthermore, the finite width of the
resonance peak is caused by the dispersion of the
composite resonances. An example is shown in
Fig. 3, which shows the dispersion of resonances
along two directions, both of which are very close
to the [10] and [11]direc(ions, respectively, in
the SBZ. This result is also in good agreement
with the observations on W(100).'
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FIG. 2. Total SLDS and bulk DOS of Mo(100) calcula-
ted in LCAO model predict two resonance peaks below
EF. The most pronounced one is identified with the ob-
served resonance peak. The densities are in arbitrary
units.

In order to explain the FEED results, another
dispersion feature has also been calculated. The
result is shown in Fig. 4. It demonstrates that,
in the vicinity of a major resonance (k„=0.2884
A ', k, =0.0lll A '), the energy of the resonance
decreases as k, increases. This feature explains
why the mixing of k, states, which are not good
quantum numbers near an edge, causes the re-
sultant peak position in FEED to occur at )ower
energies. The SLDS of the above mentioned ma-
jor resonance is shown in the right-hand side of
Fig. 5. It is found that this resonance state is

composed of two resonances which have an ener-
getic difference of about 0.14 eV. The contribu-
tion from each orbital to the SIDS of this state is
tabulated in the left-hand side of Fig. 5. In com-
parison with the corresponding bulk band struc-
tures at kll = 0 and at this resonance, the results
shown in Fig. 5 provide a clear answer to the
question of the origin of the resonance. The cal-
culated results show that the resonances on the
(100) surfaces of Mo and W are mainly made up
of d, d„~,2, and s orbitals. Each resonance is
located in a hybridization gap in its associated
bulk band structure. This gap, when traced back
to the bulk band structure of k~~ =0, is found to be
related to the crossover of &, and &, bands. Ob-
viously, all the arguments based on kll =0 or time-
dependent relaxation effects are not necessary for
the interpretation of this observed resonance
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FIG. 3. The dispersion of resonances of Mo(100) as
calculated along two directions which are very close to
the [10] and [11]directions.
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peak.
In summary, four major conclusions are re-

ported in this Letter. (1) In conjunction with a
theoretical calculation of the k~~-resolved SLDS,
the edge proximity effects, which result from the
dispersion of the resonances, have provided ex-
perimental evidence for the band-structure ef-
fects in FEED."'" (2) The present theoretical
model calculation of the k~~-resolved SLDS has
been shown to be successful in explaining the ob-
servations in both FEED and angle-resolved PED.
(3) This FEED study on Mo(100) confirms the ex-
istence of surface resonances and also reveals
their dispersive characteristics. Published re-
sults for angle-resolved PED from Mo(100)" do
not definitely demonstrate the existence of a sur-
face resonance peak. " (4) The present calcula-
tion shows that the resonance on (100) surfaces of
Mo and W are mainly made up of d,„,d„2,2, and
s orbitals. Each resonance is located in a hybrid-
ization gap which, when traced back to the bulk
band structure at k~~ =0, is found to be related to
the crossover of &, and &, bands.
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We comment on the feasibility of a recent suggestion by Carneiro that the Kohn anomaly
in tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) occurs in the C-H stretch
molecular modes.

In a recent Letter discussing the inelastic-neu-
tron-scattering studies" of tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ), Carneiro'
has made the interesting point that the inelastic-
neutron-scattering intensities from protonated

TTF-TCNQ and deuterated TTF-TCNQ (D) can
be quite different for particular molecular-vibra-
tional modes. His suggestion that the Kohn anom-
aly and related Peierls distortion in TTF-TCNQ
arises specificaLly from the coupling of the con-
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