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Evidence for the formation of metallic mercury overlayers on Si(111)
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A strongly chemisorbed Hg species is observed following the adsorption of Hg on Si(111)at 110 K.
This strongly chemisorbed Hg species and subsequently weakly chemisorbed Hg species are observed to
be metallic in the photoemission final state as determined by resonant photoemission and the reduction
of photovoltaic charging. We postulate that the strongly chemisorbed Hg species on Si(111)is more me-

tallic at dilute coverages than Hg adsorbed on Cu(100).

INTRODUCTION

The fractional occupation of the Hg 6s level, or the for-
mation of highly coordinated mercury overlayers, is be-
lieved to result in the formation of the metallic mercury
overlayer. ' Some mercury overlayers on the surfaces of
metals [such as Cu(100)] are seen to be nonmetallic in the
photoemission final state because of the unusual electron-
ic properties of the group-II metals. '

Recently, investigations of alkali-metal adsorption on
Si(100) (Refs. 2 —4) provided evidence for the formation of
a metallic surface at submonolayer coverages of alkali
metals. With any appreciable charge transfer from Hg
adatoms to silicon, Hg overlayers would be expected to
exhibit similar behavior. In other words, strong chem-
isorption bonds between Hg and Si(111) may result in a
more metallic Hg overlayer on Si(111) than is observed
with submonolayer Hg overlayers on Cu(100). These me-
tallic overlayers are expected to be similar in character to
higher-coverage Hg overlayers on metallic substrates
such as Cu(100).

While the investigation, using photoemission, of the
metal-silicon (111) interface has been given considerable
attention, ' no study of the Hg-Si(111) interface has
been, as yet, reported. Nonetheless, by comparing results
for Hg on Si(111) with results for Hg adsorbed on other
substrates, we are able to demonstrate that the 51~sf
resonant photoemission excitation is very sensitive to
changes in electron screening lengths in ultrathin metal
overlayers. This sensitivity is greater for changes in
screening lengths for ultrathin films than is the case for
thicker films. Simple theoretical models support the pos-
tulate that the resonant photoemission intensities become
weaker with increasing electron itinerancy. ' For two-
dimensiona1 systems the screening effect is much weaker
than for three-dimensional systems.

EXPERIMENTAL DETAILS

The photoemission experiments were undertaken in an
angle-resolved photoemission system equipped with a
hemispherical electron-energy analyzer and low-energy
electron diffraction (LEED) described in detail else-
where. ' All the photoemission spectra were taken with
the electrons co11ected normal to the surface with a light

incidence angle of 45' off the surface normal. The photon
energy throughout this work was 55 eV. The light source
was the 1-GeV ring at the Synchrotron Radiation Center,
dispersed by a 3-m toriodal grating monochromator.
Binding energies reported throughout these studies are
with respect to the metallic mercury Fermi level. The
low-energy-electron-diffraction studies were undertaken
in a reverse-view retarding-field analyzer.

The partial photoemission cross sections or constant
initial-state (CIS) spectra were carried out as described
elsewhere. ' ' The kinetic and photon energies were
changed together, so as to determine the relative photo-
emission intensity of a given initial state (say, for exam-
ple, the Hg Sds&z feature). The CIS spectra were normal-
ized for photon flux through the monochromator using
the current from a gold diode at the exit of the mono-
chromator.

The samples were polished n-type Si(111) doped to
about 7X10' cm, though there is considerable evi-
dence that our surface-preparation procedure leaves the
surface p type. The samples were prepared in situ. '

Lengthy annealing of the sample was also undertaken at
900'C following flashing of the crystal to 1250'C. This
methodology was found to give a 7 X 7 reconstruction of
the Si(111) surface, as well as clear indication, in photo-
emission, of all the Si(111) surface states, which have
been characterized in detail. ' The sample temperature
was determine using a Chromel-Alumel thermocouple, an
optical pyrometer, and thermoresistivities. All pressures
reported in this work are uncorrected for the ionization-
gauge cross section of mercury.

RESULTS

In order to minimize the mercury diffusion into the sil-
icon substrate and reduce the mobility of the silicon car-
riers, the photoemission studies were carried out for mer-
cury adsorption on Si(111)at 110 K, as shown in Fig. l.
As with all studies on semiconductors, defining the Fermi
level presents some difficulties. By adsorbing very thick
films of Hg on Si(111) at 110 K, the silicon features can
be completely obscured (as indicate in Fig. 2) and a Fermi
level defined by metallic mercury can be identified (as
seen in Fig. 1).

Because of the low temperature (110 K), photovoltage
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effects in photoemission dramatically effect the position
of the valence-band edge, ' particularly at the surface.
The adsorption of mercury has a dramatic effect on this
temperature-dependent surface photovoltage (as seen in
Fig. 3). The valence-band edge, determined from the
photoemission spectra (energy-distribution curves), rapid-
ly approaches the metallic mercury Fermi level. The
magnitude of the shift (0.55+0.05 eV) is consistent with
results obtained for clean p-type silicon with the 7X7
reconstruction. ' This band-bending effect diminishes
with increasing mercury coverage, as seen in Figs. 1 and
3. This effect has been noted by Alonso and co-
workers, ' Stiles et al. ,

' and Wadill and co-workers'
for other metal overlayers on semiconductor surfaces.
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FIG. 2. Silicon photoemission 3p (X) and 2p (0) signals
with initial Hg exposure to Si(111) at 110 K. The Hg-to-Si
valence-band signal ratio (+ ) is included for reference.
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Two pronounced features are observed with increasing
mercury exposure to Si(111) at 110 K, as seen in Fig. l.
With small exposures less than 1 L (—:1 X 10 Torr sec),
these two features appear at 8. 1+0.05 and 10.0+0.05 eV
with respect to the metal Fermi level (binding energies of
more than 8.4 and 10.3 eV with respect to the apparent
valence-band edge). With increasing coverage these
features decrease in binding energy to 7.75+0.05 and
9.65+0.05 eV, respectively, by 5 L or more Hg exposure,
as seen in Fig. 1. From a comparison with mercury ad-
sorbed on other surfaces, ' these two features can be
identified as the spin-orbit-split 5d levels of mercury.

Unlike Hg on some other substrates, ' there is no
clear indication of a sharp (narrow half-width) Hg 6s
feature well away the Fermi level, at large Hg coverages.
At low Hg coverages any sharp "atomiclike" 6s feature is
obscured by the silicon density of states. Rather, the Hg
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FIG. 1. Photoemission spectra of mercury adsorption on
Si(111)at 110 K. The photon energy is 53 eV and the light in-
cidence angle is 45 (s+p polarized light). All photoelectrons
were collected normal to the surface. The inset shows the sur-
face following annealing to 1250 K. All binding energies are
with respect to the mercury Fermi energy and do not account
for surface photovoltage effects (if any).
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FIG. 3. Movement of the apparent valence-band edge with
increasing mercury exposure to Si(111)at 110K.
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FIG. 4. 5d~zz full width at half maximum for Hg adsorbed
on Si(111)at 110K (o ) and on Cu(100) at 200 K (+ ). This full

width at half maximum includes all features within the Sd, ~2 en-

velope (including the splitoff Sd state created as a result of
band-structure formation).

induces a broad photoemission intensity, as is seen for
metallic Hg (Ref. 33) and for thick films [several mono-
layer films on Ag(100) (Ref. 30) and Cu(100)].' This in-
tensity replaces the Si(3p) intensity (as suggested by Fig.
2), but the extent of this "replacement" is difficult to
determine.

With annealing the greater portion of adsorbed Hg is
seen to desorb by room temperature, but there exists a
small amount of adsorbed mercury that remains tena-
ciously bound (at elevated temperatures T ) 500 K) to
the surface and cannot be removed even with annealing
to 1250 K. This result is indicate by the presence of Hg
Sd features even after annealing 1250 K, as seen in Fig. 1.
As discussed in detail elsewhere, the &3X&3 structure
adopted with 10—20 L exposure to Si(111) at 150 K is
seen to persist with annealing to 1000 K. Further repeat-
ed annealing to 1250 K does restore to surface 7X7
reconstruction associated with clean Si(111). The 1 X 1

LEED pattern observed following 38 L exposure to
Si(111)at 150 K is seen to persist with annealing to 1250
K. The persistence of mercury adsorbed on Si(111)
necessitated repeated changes of Si(111) substrates
throughout this work.

The Hg 5d5&2-feature envelope is often observed to be
separated into two features. ' ' This half-width
provides an indication of the degree of Hg adatom hy-
bridization with adjacent atoms. It is therefore impor-
tant to compare the Hg Sd5&2-feature half-width with the
corresponding half-width observed for Hg adsorbed on
other surfaces, as seen in Fig. 4. While for Hg on
Cu(100) the Sd~&2-level half-width is seen to increase
dramatically with coverage, as noted elsewhere, ' for
Hg on Si(111), the increase in half-width is only about
0.25 eV, and at dilute coverages the Hg 5d5&2 half-width
is nearly double that observed for Hg on Cu(100).

As seen in Fig. 5, the Hg Sd photoemission partial
cross section varies little with coverage. The photoemis-
sion partial cross section exhibits a broad maximum

peaked at about 59 eV and is generally similar to that ob-

served for mercury on other substrates, ' but peaked
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FIG. 5. Sd&z& constant initial-state photoemission spectra for
Hg on Si(111)at 110 K. The inset shows the spectra for gaseous

Hg (Refs. 40—42), a disordered 5-ML film of Hg on Ag(100) at
30 K (0 ) taken from Ref. 38, and an ordered 5-ML film of Hg
on Ag(100) at 90 K (+) taken from Refs. 37—39. The disor-
dered Hg overlayer and gaseous Hg are representative of
nonmetallic Hg, while the ordered Hg overlayer on Ag(100) is

an extremely metallic Hg overlayer.

at a photon energy far greater than observed for gaseous
39—42g.

DISCUSSION

The persistence of adsorbed mercury on Si(111)to tem-
peratures as high as 1250 K is indicative of the existence
of an extremely strongly chemisorbed species. Under
UHV conditions Hg adsorbed on Ag(100),
Cu(100), ' Ni(100), Ni(111), W(100), and Fe(100)
(Ref. 48) is seen to desorb completely by 250 —450 K,
much lower than is observed on Si(111). Thus, while

mercury only weakly chemisorbs on transition metals,
some mercury on Si(111)is strongly chemisorbed.

The photoemission and LEED results demonstrate
that some mercury is strongly bound to the Si(111) sur-
face. The mercury-induced V'3X&3 reconstruction of
Si(111)has been noted with the adsorption of many other
metals on Si(111) (Ref. 49) and is consistent with strong
chemisorption. The half-width of the Hg 5d5&2 feature

provides a clear indication of the initial Hg adatoms
strongly chemisorbed to Si(111). At very lower coverage
the Hg 5d~&2 envelope is very large compared with the
photoemission half-width of this pair of features for Hg
on other surfaces, for example, on Cu(100), at similar Hg
exposures. On Cu(100) (Ref. 1) and W(100) (Ref. 31), the
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narrow Sds&z half-width is indicative of the absence of
two-dimensional band-structure formation or strong
chemisorption with the substrate. As the mercury cover-
age increases on Cu(100) (Ref. 1) and Ag(100), ' a two-
dimensional overlayer band structure is formed, resulting
in an increase in the 5d &&2 full width at half maximum, as
shown in Fig. 4. Thus the very large Sd5&z mercury half-
width, relative to the half-widths observed on Cu(100)
(Fig. 4), is consistent with initial mercury adsorption
leading to the formation of a strongly chemisorbed mer-
cury species. The electronic structure of Hg adatoms,
even at the most dilute coverages, is clearly different for
Hg on Si(111)as compared with Hg on Cu(100).

Similarly, the larger Hg 5d binding energies observed
at low coverages are also indicative of bonding to the
Si(111) and the formation of a strong chemisorption
bond. As the mercury coverage increases, the mercury
becomes increasingly placed within a mercury lattice and
the binding energies reQect this. The shift of the Hg 5d
levels to smaller binding energy must also take into ac-
count the diminishing photovoltage with increasing cov-
erage. The shift of the Hg 5d binding energies to greater
binding energies at low coverages is clearly opposite to
the effect that the surface photovoltage effect has upon
the photoemission feature (which is to decrease the bind-
ing energies as seen in Figs. 1 and 3).

While island growth of Hg on Si(111)at 100 K cannot
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FIG. 6. Calculated densities of states at the Fermi energy as
a function of atomic area for a square lattice (0) and a hexago-
nal lattice (4) taken from Ref. 69. The relative intensities of
the Hg-induced photoemission feature at the Fermi energy for a
variety of Hg monolayers in a square lattice are shown (~ ) and
are taken from Ref. 1. The dashed line indicates the predicted
metal-insulator transition of Hg in a hexagonal lattice (Ref. 69)
and is in agreement with the structural phase transition ob-
served by Singh and Jones (Ref. 35).

be excluded from our data, substantial clustering of Hg at
the most dilute coverages of Hg on Si(111) is difficult to
reconcile with our photoemission results (as seen in Fig.
1). Forming clusters sufficiently large so as to be metal-
lic, for Hg exposures less than 5 L exposure, would re-
sult in substantial signal from the Si(111) substrate. The
photoemission intensities are suggestive of layer-by-layer
growth (as seen in Fig. 2), though by no means as con-
clusive as layer-by-layer growth noted for other Hg over-
layer. ' The Hg Sd&&2 half-widths are not easy to
reconcile with cluster formation at the most dilute cover-
ages. With such strong chemisorption occurring, even at
dilute coverages, mercury adsorption is likely to result
in Hg chemisorbing initially into the strong chemisorp-
tion sites first. While the growth mode for subsequent
Hg adsorption is not known, the strong chemisorption of
Hg at submonolayer coverages should result in Hg elec-
tronic structure that is substantially different for Hg on
Cu(100) as compared to Hg on Si(111).

A consequence of the different electronic structures for
Hg on Si(111)as opposed to Hg on Cu(100) should result
in a substantially different metallicity. The unique elec-
tronic structure of Hg (and other group-II metals) results
in a surprisingly nonmetallic behavior for Hg monolayers
on Cu(100). ' Destroying this unique electronic
configuration for Hg should result in a more metallic
chemisorbed Hg atom, even when screening from the
substrate is reduced.

Hg on Cu(100) at submonolayer coverages (as seen in
Fig. 4) (Ref. 1) or Ag on GaAs(110) (Ref. 28) exhibits
small Sd photoemission full widths at half maximum con-
sistent with nonmetallic character. The Hg Sd 5&2 feature
for Hg on Si(111)at 110 K is always observed to have a
half-width of 1.05 eV or more because of compound for-
mation (at dilute coverage) or metallic bonding with adja-
cent Hg atoms (at high coverages). While this does not
conclusively demonstrate that Hg is metallic at low cov-
erages on Si(111)at 110 K, it is consistent with an assign-
ment of metallic character to the Hg at dilute coverages.

The quenching of the surface photovoltage has been
observed' ' ' ' with metallic overlayer formation
on semiconductor substrates. This quenching of the sur-
face photovoltage is a consequence of surface conductivi-

ty and increased screening of transient charging by the
metal overlayer. This is particularly true at the lower
temperatures. ' ' ' ' ' The rapid quenching of the sur-
face photovoltage with Hg adsorption, as seen in Fig. 3,
is thus indicative of the metallic character of the mercury
chemisorbed layer and, in general, of the mercury over-
layer.

The surface-to-bulk core-level and chemical shifts can
account for all of the Si 2p binding-energy shift observed
with increasing Hg coverage on Si(111)at 110 K. This
suggests that the overall effect from the band bending and
photovoltage efFect (when combined) is very small ( ~ 0. 1

eV). This is consistent with the accepted principle
that the two effects result in core-level shifts in opposite
directions, and band bending is diminished, effectively, at
low temperatures as the photovoltage is enhanced.

The behavior of the surface photovoltage at the most
dilute Hg coverages resembles that of a p-type semicon-
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ductor, not an n-type semiconductor. ' ' ' ' lt is clear
that either our surface preparation procedure for clean
Si(111)or that mercury adsorption (and dilute Hg cover-
ages left on the surface from the previous depositions) re-
sults in rapid doping of the surface to p type. Using pho-
toemission spectra to observe the addition of gap
states ' is therefore not likely to be a reliable indicator
of a metal-nonmetal transition with increasing Hg cover-
age.

Further evidence for a metallic mercury overlayer, in
the photoemission final state, may be obtained from reso-
nant photoemission (seen in Fig. 5). Recent experimental
studies of divalent metal overlayers have led to the postu-
late' ' that changes in the density of conduction elec-
trons should influence the core exciton or photohole.
The screening of the hole should result in changes of the
photoemission partial cross sections of the various initial
states. For resonant photoemission processes increased
screening leads to a decrease in the resonant photoemis-
sion intensities, even when the concentration of the
characteristic element of the resonance is increased.

As noted in detail elsewhere, ' the broad feature in
the CIS photoemission partial cross section is due to
5d ~ef excitation, with the Sd ~ep cross-section contri-
bution decreasing from the threshold. Both the variation
in the partial cross section in the photon-energy range of
40—70 eV photon energy and the peak position due to the
Sd ~ef excitation provide an indication of the metallic
character of the Hg film. ' The greater the photon
energy (in general) of the Sd~ef excitation maximum,
the more metallic the mercury overlayer in the photo-
emission final state, though lattice constant and local
point-group symmetry will also dramatically effect this
value. Consistent with this observation, the intensity and
peak position 4d ~ef shape resonance of antimony clus-
ters are profoundly influenced by the size and molecular
structure of the Sb cluster. ' From a comparison with
values obtained for various mercury overlayers, it is clear
that the CIS spectra obtained for Hg on Si(111)at 110 K
are characteristic of a metallic overlayer.

The overwhelming evidence supporting the postulate
that even dilute coverages of Hg on Si(111)at 110 K are
metallic in character in the photoemission final state ap-
pears to contradict the observation that mercury (and
barium) are nonmetallic at submonolayer coverages on
some metallic substrate, e.g. W(100) (Ref. 31) and
Cu(100). It is important to realize that, while silicon is a
semiconductor and is unlikely to screen adsorbed Hg well
in the photoemission final state, at dilute coverages, Hg
strongly chemisorbs to Si(111) at 110 K. This strongly
chemisorbed species cannot retain the unique property of
the divalent metals such as Hg: a large energy gap be-
tween the fully occupied 6s level and the fully unoccupied
6p levels. Possibly because of depletion of the 6s-level
occupancy, the Hg behaves somewhat more like an alkali
metal or transition metal than adopting the necessary
electronic structure to remain nonmetallic on a metal
substrate.

If we assume a unitary sticking coefficient for Hg on
both Cu(100) and Si(111)at 110 K, the Hg overlayer cov-
erage can be estimated. ' Based upon these assump-

tions, Hg is found to be metallic at a coverage of less than
0.6 of a &3XV'3 monolayer [2 L, so that at 3 —5 L, a
&3X&3 monolayer is complete on Si(111) (Ref. 36)] by
both surface photovoltage and resonant photoemission.
This is consistent with the observation of a nonmetal-to-
metal transition at submonolayer coverages for alkali-
metal adsorption on Si(100). This is dramatically
different behavior than is observed for the alkali metals
on GaAs and the square lattice overlayers of Hg on
Cu(100), which only exhibit metallic behavior with over-
layer coverages greater than one monolayer (ML). The
transition for mercury occurs at a slightly smaller cover-
age than is observed for barium on Si(100) based upon the
second-harmonic-generation signal.

Even allowing for some island growth, with Hg adsorp-
tion on Si(111)at 100 K, there is no question that Hg on
Si(111) exhibits metallicity at dilute coverages and with
substantially smaller coverages than that which would al-
low metallic-sized cluster formation. Any amount of is-
land growth at dilute coverages would suggest that Hg
becomes metallic at coverages less than the percolation
limit of 0.5.

A theoretical framework of screening can assist in our
understanding of the dramatic changes in apparent me-
tallic character in the photoemission final state for vari-
ous Hg overlayers. Simple theoretical models support
the postulate that resonant photoemission intensities be-
come weaker with increasing electron itinerancy. For
two-dimensional systems the screening effect is much
weaker than for three-dimensional systems, consistent
with recent experiments. ' Resonant photoemission in-
tensities may therefore not only provide an indication of
screening in the final state, but the initial state as well.
For ultrathin metal overlayers (1—2 ML) and surfaces,
resonant photoemission will be more sensitive to changes
in electron screening lengths than will be the case for
thicker films.

In the metal-nonmetal transition of the Mott type, the
nonmetal is an excitonic insulator ' and the excitons
unbind at the metal-nonmetal transition. ' Free carriers
(itinerant electrons) will affect the formation of excitons
by either screening the Coulomb field between the
electron-hole pair or shorten the lifetime of the exciton.
The core exciton is believed' to be similarly affected.

Models to describe screening in two dimensions (in the
x-y plane) have been outlined. For a pure two-
dimensional free-electron system, the relationship be-
tween the density of electrons and Fermi momentum is

' 1/2
2777l s

Nv

where g, =dE/dk.
When there exists an external charge source with den-

sity p, „„

this source will induce a new distribution of elec-
trons in the system and also a local potential. The
screening effect to such an external source by the elec-
trons can be estimated by using Poisson's equation. Ap-
plying Thomas-Fermi screening theory, a relationship
between the local potential P(r) and the screening param-
eter lz can be obtained from
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V (kV P ) 2—iris/ = 4—rrP,„,, (2)

me dna
ls=

dEF

According to the free-electron-gas approximation at finite
temperature, Iz can be explicitly written as

ls =—[1—exp(M ns/rn 'k~ T)],2
(4)

where a =ski /m'e (m' is the effective mass of elec-
tron). In the high-temperature approximation, we have

2~«s2

17l~ = T.
kq

(5)

Thus screening increases with increased density of states
at the Fermi energy (increasing conduction electrons).
This appears to be valid for both the pure two-
dimensional systems (monolayer films} and some multi-
layer film thicknesses. For metal monolayers such as
mercury, nz is seen to increase greatly with decreasing
lattice constant under some conditions' and is shown in
Fig. 6. This change in n~ does appear to result in
changes in the photoemission partial cross sections that
refiect an increase in the screening length ls (Ref. 1) and
are summarized in Table I. The correlation is not simple,
however, due to the presence of Hubbard bands or Mott
gap states.

For a hole of charge q at r =0 and zo & 0, a solution to
the potential P(r) may be written, in the asymptotic be-
havior for lzr )&1,as

where I7 is the average dielectric constant of the system
(including the external charge) and p,„,=p,„,~, o is the
charge density in the two-dimensional system induced by

p,„,. The screening parameter I& is

Similar results have also been obtained earlier by Stern
and Howard for thin films (not a pure two-dimensional
system). For core excitons the result will be qualitatively
similar. A comparison of two dimension with three di-
mensions indicates that the screening is far better in three
dimensions, indicating that longer core-exciton lifetimes
exist in two dimensions if all other parameters are equal.

In the three-dimensional expanded mercury system,
the Mott excitonic insulating phase can be obtained only
if the lattice constant a is larger than 4—5 A (actually,
5. 1 —5.9 A for fcc mercury and 4.2—5.0 A for bcc mercu-
ry). In the two-dimensional case, the corresponding in-
sulation phase can be reached even if the lattice constant
is just about 3 A (Ref. 69) [actually 2.9 A for Hp on
Ni(111), and 3.16 A for Hg/W(100), ' and 3.22 A for
Hg/Cu(100) (Ref. 1)]. This means that, to reach the exci-
tonic insulating phase (i.e., to get enough Coulomb in-
teraction between holes and electrons so that the elec-
trons are localized), a larger mercury lattice constant is
required in the three-dimensional case than in the two-
dimensional case. This is necessary to compensate the
stronger screening effect in three dimension than in two
dimensions, since lz is proportional to nz, which is pro-
portional to the reciprocal of the lattice constant (i.e.,
I /a).

Alternatively, considering an effective Hamiltonian of
an electron-hole pair,

2I= + Vs(r),
2p

where p is the effective reduced mass, then the screened
Coulomb potential for the pure two-dimensional system
can be written, * using a Fourier-Bessel expansion
method to solve Eq. (2) [Eq. (5} is the asymptotic behav-
ior of the following solution], as

q (1+tszo )
P(r)-

~12r 3
S

(6) Vs(r) = (9)

For two dimensions the screening effect to a hole is there-
fore much weaker than for three dimensions, where the
effective potential is

1P(r)- —exp( lsr) . — f(r) =N exp( Pr/2)—, (10)

which indicates that screening is much weaker in the
two-dimensional case than in the three-dimensional case.
Using a trial exciton wave function as

TABLE I. Comparison of the CIS-derived Sd ~sf excitation photoemission partial cross-section
maximum for various Hg overlayers. Film thicknesses are in nominal monolayers, while the photon en-
ergies are in units of eV.

Substrate

Si(111)
Si(111)
Ag(100)
Ag(100)
Ag(100)
Cu(100)
Cu(100)
Gas phase

Hg 61m
thickness

(monolayer)

1

10
2
5

5
&1
&1

Symmetry

C,
„

C4„
C2,

disordered
C4„
C4„

5d~Ef
maximum

(eV)

59
59
58
70

&45
55

59-60
36-38

Character

metallic
metallic
metallic
metallic

nonmetallic
nonmetallic

metallic
nonmetallic

Reference

this work
this work
this work

37-39
38

1

1

40-42
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Exciton like State Delocalized State

Localization~Poor Screening ItinerancyGreater Screening

FIG. 7. Schematic diagram of the influence of strong and
weak screening upon a core exciton in two dimensions.

where P is the variational parameter and N=I3(2m. )'~ .
As the wave function becomes more extended (i.e., 13 de-
creases) as ls increases, as schematically shown in Fig. 7.
The binding energy of the exciton can be obtained by
minimizing the expectation value of the energy of the ex-
citon E =(Q,HQ)l(g, g). One can find out that the exci-
ton binding energy decreases as the screening parameter
increases.

Since the optical-absorption strength at the exciton
peak is proportional to ~g(0) ~

or P, which decreases as
ls increases, the intensity at the peak will decrease as
the screening parameter increases. Such a change
reduces the resonant photoemission intensity as a result
of a decrease in the core-exciton lifetime. ' The qualita-
tive decrease in resonant photoemission intensities upon
increasing the dimensionality, as is expected from Eq. (6)
as compared with (7) or Eq. (9) as compared with the
screened Coulomb potential energy in three dimensions,
is seen experimentally. ' In the 5d~ef excitation, the
outgoing photoelectron interacts with a screened pho-
tohole. Increased screening shifts the cross-section max-
imum to higher photoenergies (shorter wavelengths), as
summarized in Table I, and diminishes the variation in
cross section, as seen in Fig. 5 and reported in detail pre-
viously. '

A structural phase transition for mercury on Ni(111)
has been observed by Singh and Jones. A comparison
of the structural data of Singh and Jones with theory
suggests that the structural phase transition permits the
density of electrons near EF to be maximized (i.e., ns is
maximized). In view of these results, screening and
initial-state hybridization appears to be maximized to
lower the free energy of the initial state and is confirmed
by recent studies of the energetics of mercury over-
layers. Changes to both Nzf and electron itinerancy
will affect the screening parameter l&, and electron locali-
zation' must therefore be included in a more detailed

model.
For mercury overlayers on metal surfaces, a gradual

change in ns is observed with changing lattice constant.
The results are in relatively good agreement' with calcu-
lated values obtained for a free-standing Hg monolayer
consistent with the postulate that Hg only weakly in-
teracts with the W(100), Cu(100), Ag(100), and
Cu3Au(100) surfaces unlike Hg on Si(111),as summarized
in Fig. 6.

Other models for screening and delocalization effects
which accompany metal deposition on semiconductor
surfaces suggest that the presence of defects and im-
purity levels affect the Fermi-level position. Given the
number of ambiguities that exist with regard to the inter-
face electronic and morphologic structure for Hg on
Si(111), a more detailed description of screening effects
has not been attempted.

CONCLUSION

Because of strong chemisorption, at submonolayer cov-
erages, the mercury overlayer exhibits more metallic
character on Si(111) than on Cu(100). With metallic
overlayer formation, surface photovoltage band shifts are
reduced with Hg adsorption on Si(ill) at 100 K. This
quenching of the surface photovoltage is a consequence
of surface conductivity and increased screening by the
metallic overlayer.

We find that with weak chemisorption, as is observed
with Hg on Cu(100), Hg exhibits substantial nonmetal-
lic behavior in the photoemission final state, despite in-
creased screening from the substrate. We speculate that
this absence of nonmetallic behavior for Hg on Si(111)at
dilute coverages may be attributable to modification of
the unique electronic structure of the group-II metals, '
despite decreased screening from the substrate. Island
formation, substantial enough to form Hg clusters
sufficiently large so as to be metallic, cannot be reconciled
with our data at dilute coverages.

The simple models of screening length in two dimen-
sions, while not including substrate contributions, do pro-
vide a qualitative description of resonant photoemission
results obtained thus far. '
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