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The effect of alkali-metal chemisorption on the surface electronic structure of Ta(110) is presented. A
d-derived surface state on clean Ta(110) is strongly modified, as manifested by a level shift and lateral
delocalization. Strong mixing between alkali-metal and substrate valence bands is observed. It is sug-
gested that alkali-metal overlayers on the more complex metals have fundamentally different behavior

than on simple metal substrates.

INTRODUCTION

The chemisorption of alkalis on metals has received
much attention for some time, particularly in recent
years. There are several reasons for this. From a practi-
cal standpoint, alkalis have long been known to affect
surface processes, including catalytic promotion and
enhancement of photoreceptivity. More fundamentally,
the monovalent alkalis are a relatively simple adatom in
ordinarily complicated systems of chemisorption. Pertur-
bation via alkation will help determine how a known
clean surface interacts with its environment. Further-
more, alkali overlayers provide a setting for studying
two-dimensional (2D) electronic states, especially if in-
teraction with the substrate can be separated from in-
tralayer dynamics.

Historically, alkali/metal behavior has been described
in terms of the work function behavior, a macroscopic
representation of the redistribution of surface charge.
For all alkali/metal systems, the work-function energy
initially undergoes a negative linear shift as a function of
coverage, but eventually reaches a saturation at 1 ML
after passing through a minimum. This fostered hope
that a unifying model of alkalis/metals was feasible. The
conventional model involves the donation of the alkali ns
valence electron to the substrate, resulting in an ionic
bond. At sufficiently low coverage, the net dipole of the
adsorbed layer is the sum of individual dipoles, hence the
linear work-function behavior. At higher coverages,
adatom-adatom dipole interaction results in depolariza-
tion, which is eventually sufficient to produce the charac-
teristic minimum, then saturation of the work function.
The macroscopic nature of the work function apparently
permits such a simple description. However, a micro-
scopic treatment is necessary not only for a more funda-
mental understanding of the work function, but also for
an accurate explanation of the other aspects of alkali
overlayers mentioned above.

The first quantum-mechanical treatment of the prob-
lem was by Gurney.1 In this model, the alkali atomic ns
level, initially centered well above the substrate Fermi
level Ep, is broadened when brought near enough to in-
teract with the substrate continuum. Charge transfer to
the substrate is still key to this approach, although the
transfer is generally incomplete. The ionicity is defined
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by the degree of the ns-resonance occupation. As the
work function is lowered, so is the energy of the alkali ns
resonance. As more of the resonance is occupied, the po-
larization is reduced, thus giving the required work-
function behavior. A critical assumption of the Gurney
model is that the details of the substrate electronic struc-
ture are unimportant, an idea which persisted in more
refined calculations.>® In particular, hybridization be-
tween the alkali valence bands and the transition-metal
substrate d bands was neglected.> This seemed reason-
able because of similar work-function behavior for alkalis
on very different metal substrates, and the work-function
behavior could be accurately predicted. However, a large
variety of recent experiments measuring electronic struc-
ture and overlayer structure have revealed significant
differences for alkalis on different substrates.

It has been shown that for the A1(100) substrate, the
charge-transfer model is reasonably accurate in the limit
of an isolated adatom, provided screening effects in the
substrate are considered.* In this limit, this is thought to
be generally useful for other substrates. However, for the
low-coverage regime between infinitesimal coverage and
the generally metallic high (but submonolayer) coverage
regime, the usefulness of the Gurney model is still a
matter of debate. The observation® ° and subsequent
modeling!® of a discontinuity in the occupation of the al-
kali ns level with coverage has lead to a discussion of the
transition to metallicity. The Gurney model predicts no
such discontinuities. As yet, sharp alkali overlayer tran-
sitions have been observed only on simpler metal sub-
strates, and are usually associated with overlayer conden-
sation. Meanwhile, the Gurney model has been dismissed
for several transition-metal substrates, in favor of a “po-
larized covalent” picture. These systems, complicated by
hybridization of the alkali valence and substrate d bands,
may be rather different than simpler metal substrates. In
particular, it seems that abrupt transitions to metallicity
are not a common characteristic of alkalis on transition
metals.

A signature of metallicity is the delocalization of elec-
tronic states at the Fermi level. An insulator-metal tran-
sition generally involves the appearance of partially occu-
pied delocalized bands, replacing the localized atomiclike
levels characteristic of the noninteracting low-density
limit. For a Mott transition, the onset of metallicity
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occurs when the overlap interaction is sufficient to over-
come localizing correlation effects.!! The 2D transitions
mentioned above are not truly Mott transitions because
of the presence of the substrate and because of disorder in
the adsorbed layer. The charge transfer at lower cover-
age permits a delocalized band to be essentially unoccu-
pied, and the transition to metallicity instead occurs
when the band is shifted to the Fermi level. Discussions
about the transition thus usually revolve around the ener-
gy and width of the alkali ns band as a function of cover-
age. Implicit is the assumption that alkali valence bands
can be distinguished from substrate electronic structure.

It has been suggested that the magnitude of the
adatom-substrate interaction relative to the adatom-
adatom interaction is of critical importance to overlayer
behavior.'>!® The fact that sharp alkali nonmetal-metal
transitions have been observed only on substrates which
have relatively weak alkali-substrate interactions sup-
ports this notion. On the other hand, alkali atoms in-
teract strongly with metal surfaces, such as the (100)
faces of W, Mo, and Ta.!4~16 Hybridization of alkali and
substrate bands could certainly affect the behavior of the
alkali ns band. Unfortunately, the complexity of d-band
metals tends to make interpretation of data ambiguous
due to overlap between the alkali s and substrate d bands.
The relative simplicity of the Ta(110) surface valence
electronic structure minimizes, but does not eliminate,
these difficulties. The alkali overlayers on Ta(110) dis-
cussed here each exhibit qualitatively different behavior
than on simpler metal substrates at all submonolayer cov-
erages. Further, we speculate that the notion of a
nonmetal-metal transition in the alkali layer is irrelevant
for Ta(110) and similar surfaces.

The Ta(110) surface valence electronic structure has al-
ready provided insight into interactions between a sur-
face layer and the bulk.!” A single clean surface state of
even symmetry exists within a projected Ta bulk band
gap at zone center, and with increasing k| merges with
the bulk continuum edge. This predominantly d , state
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extends deeply into the vacuum, resulting in substantial
spatial overlap with adsorbate wave functions. Upon hy-
drogen chemisorption, the state at zone center shifts
nearly 2 eV discontinuously to higher binding energy.
The pure state at zone center is dispersionless until near
the point where it crosses the edge of the bulk band con-
tinuum, for both clean and hydrogen-covered surfaces.
The lack of dispersion and the discontinuous shift of the
hydrogen-modified surface state indicate that it remains
laterally localized. The interaction of the delocalized al-
kali ns levels with the Ta(110) surface state is quite
different, and will be contrasted with the hydrogen
behavior.

EXPERIMENT

The Ta(110) crystal was cleaned and characterized as
described previously.!> The predominantly oxide con-
tamination was less than 1%. Data were collected at the
National Synchrotron Light Source using a 6-m Toroidal
Grating Monochromator. Total instrumental resolution
was better than 150 meV. Base pressure was 1-2X10710
torr. Alkalis were deposited using SAES getters for Li,
Na, K, Rb, and Cs, which were each conditioned for
about 1 day to remove impurities. Full coverage was ob-
tained in a few minutes with background pressure rising
negligibly. Doses were characterized by measurements of
work-function shift (A®) which were measured by moni-
toring the energy of the secondary photoelectron cutoff of
a negatively biased sample, and coverage was estimated
via calibration with previous experiments.'®!® As indi-
cated in Table I, we observed for all alkalis a minimum in
work function, followed by “saturation” as a function of
coverage at monolayer coverage. Most experiments were
conducted at or slightly above room temperature. How-
ever, Na- and Rb-covered surfaces were also deposited at
160-200 K. At room temperature, monolayer coverage
was truly the saturated limit for all alkalis except Li,
which apparently could be grown up to 3 ML. Na depos-

TABLE 1. Work-function shifts, energy of the modified surface state, and effective masses for mono-
layers of alkalis and hydrogen on Ta(110). The value of the work function at its minimum and saturat-
ed monolayer coverage are shown. The effective masses were measured in the two principal azimuths
by fitting parabolas to the data nearest T. Note the general asymmetry in effective mass for the two az-
imuths reflecting substantial hybridization with the substrate. The room-temperature data for Na are
anomalous in this regard, since the asymmetry is in the opposite direction than for the other films. Un-
less otherwise noted, data were collected near room temperature.

ML binding
* *
m A m s
Overlayer Adpin (€V) Ay, (V) energy (eV)
me mE
Clean 0.00 0.00 0.47 o ©
Li —2.51 —1.90 2.15 1.69 2.26
Na —3.05 —2.45 2.15 1.58 1.32
Na? —3.08 —2.37 2.28 1.52 1.86
K —3.30 —2.65 1.58 1.27 1.69
Rb? —3.5 —2.8 1.51 2.50 2.60
Cs —3.80 —3.15 1.33 1.47 1.60
H 0.5 0.5 2.4 © ©

aT=160 K.



51 ALKALI-METAL CHEMISORPTION ON Ta(110)

ited at 160—-200 K could also be grown up to 3 ML. Full
monolayer surfaces were stable for 15 min (Li) to 1.5 h (K
and Na) as determined by deterioration of spectra. Sta-
bility of fractional coverages was somewhat less. At low
temperatures the surfaces were very inert, with identical
spectra even after several hours in vacuum. Low-energy
electron diffraction (LEED) patterns ranged from fuzzy
distorted hexagonal (Na) to a diffuse ring (most other al-
kalis) superimposed on a sharp Ta(110) pattern, implying
a somewhat disordered incommensurate overlayer. No
conclusive evidence for a structural phase transition of
the overlayer was obtained from LEED.

An exploratory angle-resolved photoelectron (ARP)
study for up to 3 ML Li and Na overlayers revealed
well-defined states in the projected Ta(110) band gap.”®
These were identified as quantum-well states resulting
from the discretization of the alkali bulk bands. The
unusually sharp nature of these features suggests that
they tunnel only weakly into the substrate. Coverage-
dependent behavior indicates islanding layer-by-layer
growth.

RESULTS AND DISCUSSION

Na/Ta(110)

The effect on the Ta(110) surface electronic structure
of submonolayer Na adsorption is illustrated in the nor-
mal emission spectra in Fig. 1. The clean surface state,
seen as a large photoemission peak near Er in the bottom

Na/Ta(110) Coverage Dependence
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FIG. 1. Normal emission ARP spectra of sodium on Ta(110)
as a function of coverage. Spectra were taken at room tempera-
ture. The clean Te surface state at BE of 0.46 eV is continuous-
ly quenched and shifted to BE of 2.15 eV by monolayer cover-
age Na. A Na-induced feature appears just below E for higher
coverages.

1825

spectrum, is continuously shifted and quenched with in-
creasing coverage. By monolayer coverage, the state has
shifted from 0.46 to 2.2 eV binding energy (BE). At
higher coverages, a second feature appears just below E.
The small peak at BE of 1.7 eV is a result of the onset of
two-layer growth, and will be ignored until later in this
paper. The data in Fig. 1 were taken at room tempera-
ture, and are qualitatively similar to data for 7', ~ 160
K. However, at colder temperatures the overlayer is ap-
parently more uniform, leading to sharper spectral
features, as shown in Fig. 2. Careful examination of the
low-temperature high-coverage spectra show that the
second feature apparently shifts from above Er. At room
temperature, this shift cannot be resolved due to the
broader peak combined with the proximity to Er.

Figure 3 shows ARP spectra representing the disper-
sion of monolayer Na/Ta(110) valence bands along A
near zone center. The Na-modified surface state, with
2.2-eV BE at the center of the Surface Brillouin zone
(SBZ), is well within the Ta(110) projected bulk band gap.
There is obvious dispersion with k", uncharacteristic of
the clean Ta(110) surface state. As the band reaches the
bulk continuum edge, it merges with it, as for the clean
surface. The enhanced photoemission intensity at larger
k, is due to increased d-band character as the state ap-
proaches to Ta bulk band. The alkali-induced dispersion
is consistent with the intermixing of alkali ns electrons.
When these data are plotted on the SBZ band map of Fig.
4, it is evident that the dispersion is parabolic in both az-
imuths for SBZ points within the projected bulk Ta gap.
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FIG. 2. Normal emission ARP spectra of sodium on Ta(110)
as a function of coverage, with sample cooled to T~ 160 K.
The clean Ta surface state at BE of 0.46 eV is continuously
quenched and shifted to BE of 2.27 eV by monolayer coverage
Na. A Na-induced feature disperses below E. for higher cover-
ages.
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Monolayer Na/Ta(110) Measurements of intermediate-coverage dispersions show

. . . . . the transition from flat to parabolic behavior to be

degrees from hv =40eV smooth and monotonic. Figure 5 demonstrates this for

normal: T=300 K Na/Ta(110). The onset of dispersion in the modified Ta

k= 0.71A" b k1A surface band can be detected even at very low coverages.
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FIG. 3. ARP spectra of 1 ML of Na on Ta(110) as a function
of collection angle along the A mirror plane. The dispersion of
the Na-modified surface state is indicated. Data were collected
at room temperature, with a photon energy of 40 eV.
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FIG. 4. Summary of single alkali monolayers on Ta(110).
The energies of the clean surface state (@) and the Li (A), Na
(+), K (X), and Cs (O) alkali-modified states are plotted as a
function of k. Fitted parabolas are shown for Na, K, and Cs.

This display of Na 3s character is important, since for
some other systems the alkali ns band is presumed unoc-
cupied at low coverage.

Alkali-substrate hybridization

The reduced photoemission intensity, acquired disper-
sion, and energy shift of the Na-modified surface state
suggest that its orbital character has changed substantial-
ly. This implies hybridization with an extrinsic level,
namely, the Na ns valence band. At hv=40 eV, the pho-
toemission cross section for d bands is much larger than
for s and p bands. Thus, the ARP spectra in the previous
figures are dominated by d-orbital features. If an initially
d-type feature hybridized with an s band, then the extent
to which it has s character will be reflected as a reduction
in photoemission intensity. That the Na-modified state is
nearly quenched suggests that it has little d character left.
The feature observed at higher coverage at Er, however,
must have substantial d character. Similarly, the
enhanced photoemission intensity of the alkali-shifted
surface state at larger k is due to increased d-band char-
acter as the state approaches the Ta bulk band. Also, the
initially dispersionless state acquires substantial disper-

Na/Ta(110)

e

Binding Energy (eV)

Parallel Momentum (A1)

FIG. 5. Coverage-dependent dispersion relations along the A
mirror plane for sodium on Ta(110). Clean surface state (@) is
continuously shifted to higher binding energy as a function of
Na coverage. Estimated coverages (in ML) are 0.12 (V), 0.20
(0), 0.32 (A), and 1.0 (). Data were collected at room temper-
ature, with a photon energy of 40 eV.
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sion, characteristic of the alkali NFE valence ns band.
Finally, the energy shift suggests that a covalent interac-
tion may be responsible.

A naive approach to modeling the interaction between
the Ta d_, surface state and the Na ns band involves the

heterogeneous diatomic covalent bonding model.?! In
this model, the Ta surface state and the Na level are
treated as atomic levels. This is not entirely unreasonable
in the limit of an isolated adatom, considering the locali-
zation of the surface state. The modified surface state is
thus interpreted as the bonding level of the initial Ta and
Na levels. Of course, a direct measurement of the initial
energy of the Na 3s level is not possible in this experi-
ment. However, it can be assumed to start above Ey at
low coverage, and shift monotonically below E at higher
coverages. The antibonding level would thus be above
E at lower coverages. It is likely that the peak in Figs. 1
and 2 just below E at higher coverages is essentially the
antibonding level, which shifts to lower energy with the
Na 3s band. However, contributions from bulk Ta elec-
trons, or even from the Na 3p level, cannot be ruled out.
On simpler substrates, a similar appearance of a photo-
emission peak at E has been interpreted as the onset of a
partially occupied alkali ns band.*"® Our data must be
interpreted differently. For the same reason that the
bonding level indicates loss of d character, the E peak in
Fig. 1 must have substantial d character. The antibond-
ing level would exhibit much of the character of the Ta
surface state, which was lost in the bonding level. At
room temperature, there is no measurable dispersion of
this band at Er. Except for a small shift towards Ep, the
feature is very similar to the Ta clean surface state. Cool-
ing the sample to ~160 K sharpens the features, reveal-
ing a slight positive dispersion, shown in Fig. 6. This
suggests some intermixing of Na 3s (or 3p) electrons with
the Ta surface state. While this simplistic model is in-
structive for understanding the nature of the alkali bond-
ing to the substrate, it is important to stress its shortcom-
ings. The surface density of states (DOS) is certainly
more complex than the simplified surface state used
above. Also, the alkali ns state is a 2D band at higher
coverages, and is resonant with the Ta bulk bands even in
the limit of isolated adatoms. Finally, contributions from
other levels, such as the alkali np level, may need to be
considered. To characterize the bonding, a more ela-
borate model is needed. A good approach might be to
employ the coherent-potential approximation, which is
currently the best method to deal with the complicated
covalent interactions in random alloys.??

Other alkalis/Ta(110)

For all alkalis, the chemisorption behavior is qualita-
tively similar. The k, dispersions are summarized in Fig.
4. The Rb/Ta(110) data have been omitted for clarity.
There is a trend of larger surface state shift for lighter al-
kali species. Table I summarizes the relative shifts of the
work function and surface state, as well as the effective-
mass measurements. To determine the effective mass m *
of the alkali-modified state, parabolic least-squares fits
were performed for each alkali near the center of the

~.Na/Ta(110)
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FIG. 6. ARP spectra of 1 ML of Na on Ta(110) as a function
of collection angle along the A mirror plane near I. Sample
was cooled to T~ 160 K. The dispersion of the Na-modified
surface state is indicated. For comparison, the line at BE of
0.21 eV shows the energy of the peak near Ep at T. The top
sdpgcl:trum, at 7° from normal collection angle, is at k;=0.37

SBZ, in each azimuth independently. Usually 7-10
points were used for each fit, with the obvious deviations
from parabolic behavior near the gap edge omitted. Our
results are roughly consistent with the corresponding
bulk alkali values. There are subtle differences in
coverage-dependent behavior for different alkali species.
The normal emission spectra for Cs/Ta(110) in Fig. 7
show the clean surface state continuously shifted to
higher binding energy as coverage increases, as for
Na/Ta(110). For Cs, however, the photoemission intensi-
ty is not reduced nearly as much, and the magnitude of
the shift is about half that of the Na-modified state. The
lower number density of the Cs monolayer, due to a
larger atomic radius, probably contributes to this, but the
magnitude of the alkali-substrate interaction discussed
below must also be considered.

The lateral range of the alkali valence band is evident
in the subtle variations in coverage-dependent behavior
observed for different alkali types. For the heavier al-
kalis, there is no appreciable broadening of the modified
surface state that cannot be explained by the inverse-hole
lifetime. For the lightest alkalis, however, there is
significant broadening, especially at low coverage. A
comparison of Figs. 1 and 7 illustrates this. This
behavior can be understood qualitatively by considering
the reduced range but increased strength of the alkali
pseudopotential for the lighter alkalis. This also offers an
explanation for the variations for different alkalis in level
shift and reduction in photoemission intensity. The mag-
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FIG. 7. Normal emission ARP spectra of cesium on Ta(110)
as a function of coverage. Spectra were taken at room tempera-
ture. The clean Ta surface state at BE of 0.46 eV is continuous-
ly quenched and shifted to BE of 1.30 eV by monolayer cover-
age Cs.

nitude of the interaction should be larger for the lighter
alkalis, driving the bonding level to higher binding ener-
gy-
In contrast to alkalis/Ta, the H/Ta system exhibits no
dispersion nor intensity reduction of the modified surface
state, even though the shift at zone center is nearly —2
eV. This demonstrates a striking difference between hy-
drogen and alkali chemisorption: with hydrogen, the sur-
face state remains d-like and localized, while the alkali-
modified state is substantially laterally delocalized by
mixing with alkali s bands. The hydrogen atom is local-
ized to one atomic substrate site, minimally affecting
neighboring sites. The alkali atoms seem to affect the Ta
surface band with substantial lateral range. This
behavior can be partly explained by the spatial extent of
the valence adatom ns levels relative to the substrate
atomic spacing, which is larger for alkalis than for hydro-
gen. Perhaps more important is the location of the H 1s
band well below the Fermi level, hybridizing negligibly
with the Ta surface band.

Overlayer metallicity

Regardless of the mechanism behind the modification
to the Ta surface state, it is clear that it has been substan-
tially laterally delocalized, as evidenced by its acquired
bandwidth. The state is still localized in the surface
plane, since photon energy sweeps show no k, dispersion
of the modified feature. Similar induced dispersions of
d-type surface bands with alkali adsorption have been ob-

served previously, but the effect is complicated by intrin-
sic surface band dispersion'* or degeneracy with the bulk
continuum.’® In this study, the delocalization occurs
continuously as a function of coverage. This is apparent
in the smooth nature of the energy shift, effective mass,
and quenching of the state at normal emission, and of the
dispersion of the antibonding feature across Er. Recent
core-level measurements on the same sample similarly
show no abrupt coverage-dependent behavior, and the
authors conclude that strongly covalent alkali-substrate
interactions occur at all coverages.?> The absence of an
abrupt transition to metallicity is not surprising. The al-
kali valence levels are so intermixed with metallic sub-
strate bands that metallic behavior can be expected at all
coverages.

An interesting contrast to the Ta(110) experiment is
the study of Li/Be(1000).2 The surface and bulk band
structure for Be is quite different than for Ta, with classic
nearly-free-electron behavior, yet similar surface
band/alkali-ns hybridization is observed. A clear con-
densation transition is seen on Li/Be(1000), accompanied
by the sudden appearance of the Li 2s band below the
Fermi level. This can be interpreted as an overlayer
nonmetal-metal transition, because the identity of the Li
2s band is still obvious. In fact, the Li 2s band exhibits
different periodicity than the substrate SBZ. The hybrid-
ization of the Li 2s with the Be surface state is weak
enough that overlayer and substrate states can still be dis-
tinguished. In this context, Be(1000) represents a ‘‘sim-
ple” metal surface. On Ta(110), the alkali-modified sur-
face state cannot be called an overlayer band. While the
modified band may be largely s-like at the center of the
SBZ, it retains the character of the Ta surface band at
larger k. Furthermore, the periodicity of the modified
state is consistent with the Ta(110) SBZ. We cannot
identify any electronic states specific to the alkali over-
layer. The metallicity of the alkali overlayer on Ta(110)
is collectively derived from partially occupied, strongly
hybridized states common to both the surface Ta layer
and the alkali layer. In principle, metallicity as a func-
tion of overlayer density can be linked to the coverage-
dependent behavior of these states. Unfortunately,
characterizing these states is much more difficult than for
the case of an isolated overlayer state on simple metal
substrates. There may be further interactions important
to surface metallicity to which our experiment is insensi-
tive. In particular, much of the alkali interaction with
the substrate may involve the Ta bulk continuum. This
would be difficult to identify because of level broadening
and the relative weak photoemission cross section of s-
and p-like features.

CONCLUSION

The Gurney model is inadequate to explain the adsorp-
tion of alkalis on Ta(011) because it isolates overlayer
bands from the substrate. Rather than the ionization be-
ing determined solely by the occupation of the alkali ns
resonance, charge transfer to the Ta substrate intimately
involves the substrate valence d bands. This apparently
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occurs in such a way that the work-function behavior is
very similar to less strongly hybridizing systems. The di-
pole layer which produces the work-function decrease is
not derived only from the occupancy of valence bands,
but also from their spatial distribution between the over-
layer and substrate. The electronic structure near Ep
varies substantially for different metals, and this should
affect aspects of chemisorption other than the work func-
tion. This is especially true when comparing noble or
NFE metals which have a smooth DOS and large disper-
sion, with transition metals that have a highly structured
DOS due to localized d-like levels. We believe that
strong interaction between overlayer and substrate states
leads to substrate-mediated metallic behavior at very low

coverages, preventing the abrupt overlayer condensation
transition seen on simpler metal substrates.
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