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Probing the metal-nonmetal transition in thin metal overlayers using resonant photoemission
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We have studied one and two monolayers of barium on Ni(111) and of mercury on Cu(100). Us-

ing resonant photoemission, we have found core excited electrons become delocalized with increas-

ing barium coverage. Similarly, upon formation of the mercury bilayer (as determined by low-

energy electron diffraction and by atom-beam scattering), there is a substantial increase in the

screening of the photohole. A transition of the electronic structure akin to a metal-nonmetal

(metal-insulator) transition is apparent in these final-state effects. The band structure for Hg is simi-

lar to the band structure expected for a free-standing film with a free-electron sd band. The delocal-

ization of the core excited electrons resembles the exciton unbinding that occurs at the metal-

nonmetal Mott transition.

INTRODUCTION

The metal-to-nonmetal transition in the divalent met-
als, in particular mercury, ' and to a considerably lesser
extent barium, has been the subject of a large number of
studies. In general, a metal-nonmetal transition in the
one-electron picture occurs when the filled 6s band hybri-
dizes and overlaps the unfilled 6p band. This is the
Wilson-type metal-nonmetal transition and is often as-
cribed to the metal-insulator transitions in the divalent
metals, whereas the monovalent metals should exhibit the
Mott-type metal-nonmetal transition. ' Because of band
splitting, the metal-insulator transition that occurs at low
densities in liquid Hg is considered to be a Wilson-type
transition. The Wilson model, in its simpliest form, re-
quires that the phase transition be second order, ' and
does not allow for any "s-like" or localized hybrid states
at the Fermi level of mercury in the nonmetallic
phases. ' ' These predictions from the Wilson model fail
to agree with experimental results obtained for bulk mer-
cury" ' in part because the transition appears to be
first order"" or at least not a "simple" second-order
phase transition. The Wilson model also is not con-
sistent with optical-reAectivity data. ' ' Experimental
results for bulk mercury have been found to be consistent
with a Mott-type metal-nonmetal transition. '

The Mott-type transition is essentially a many-body-
type transition that is typically applied to metal-nonmetal
transitions in the monovalent metals. In the Mott-type
metal-nonmetal transition, the nonmetal is an excitonic
insulator, "' and the excitons unbind at the metal-
nonmetal transition. Free carriers will affect the forma-
tion of excitons by either screening the Coulomb field be-
tween the electron-hole pair or shorten the lifetime of the
exciton. ' In resonant photoemission, a core exciton is
formed. ' A core electron is excited to an unoccupied
state near the Fermi energy, forming a transient excited
state. The final state is identical, with the direct photo-

emission process thus leading to a resonant enhancement
of valence-band photoemission features at the charac-
teristic photon energy necessary to form the excited state.
Changes in the density of conduction electrons should
inhuence the core exciton or the photohole, thus resulting
in changes of the partial photoemission cross sections of
various initial states. In a preliminary paper we have
demonstrated that, indeed, resonant photoemission can
be used to probe the metal-nonmetal transition in such
divalent metals as barium.

For divalent-metal overlayers adsorbed on metal sub-
strates, it is often impractical to observe changes in the
electronic structure of the overlayer directly by photo-
emission. This is particularly true of nickel substrates be-
cause of the large density of states near the Fermi energy.
Resonant photoemission, however, can be used to probe
the electronic structure of some states near the Fermi lev-
el for high-Z-metal overlayers. ' In this study, we
have probed the changes in electronic structure of barium
overlayers on Ni(111) and of mercury overlayers on
Cu(100) by resonant photoemission and photoemission
across the shallow 5p core levels of barium and the shal-
low 5d core levels of mercury.

The Ni(111) substrate was chosen for the barium study
because studies of mercury monolayers on Ni(111) have
been observed to undergo structural phase transitions ac-
companied by changes in the electronic band struc-
ture. It has been postulated that the transition is
driven by electronic-structure effects related to the
metal-nonmetal transition. ' Unlike mercury, the
electronic structure of barium overlayers has not been in-
vestigated, apart from studies of the giant 4d 4f reso--
nance ' and studies of BaO overlayers.

Cu(100) was chosen as the substrate for the mercury
overlayers because at normal emission (1 and k&& =0), the
Cu(100) exhibits a negligible density of states near the
Fermi energy, for photon energies between 30 and 70 eV.
We have also undertaken a number of studies addressing
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the adlayer structure of mercury overlayers on Cu(100)
by both low-energy electron diffraction (LEED) and
atom-beam scattering (ABS). ' In this study, we have
concentrated our attention on Hg overlayers which adopt
a square-lattice structure at submonolayer coverages. 30

Such overlayers are not expected to exhibit an abrupt
metal-nonmetal transition with changing lattice con-
stant, though Mott demonstrated that a cubic lattice
of one-electron atoms could be an insulator at sufficiently
large lattice spacings as a result of decreasing atomic-
orbital overlapping. Experimental studies of Hg mono-
layers arranged in a square lattice have demonstrated
that the formation of the two-dimensional band structure
is very sensitive to the size of the lattice constant. As
suggested by Jansen, Freeman, Weinert, and Wimmer,
adsorption of mercury films on a substrate that interacts
only weakly with the adlayer makes possible the study of
adlayers with a wide range of lattice constants
without resorting to high temperatures or high pressures.

EXPERIMENT

The photoemission system used for these studies has
been described in detail elsewhere, and all photoemis-
sion spectra were taken with a hemispherical electron-
energy analyzer with an angular resolution of +1.5'. The
photon-energy source employed for these photoemission
studies was the 1-GeV Alladin ring of the Synchrotron
Radiation Center at Stoughton, Wisconsin. The light
was dispersed with either a 6-m or a 3-m toroidal grating
monochromator (TGM). The combined resolution of the
electron-energy analyzer and the monochromator was
150—200 meV. The atom-beam-scattering studies and
the studies undertaken to determine the structural phase
diagram of mercury overlayers on Cu(100) were carried
out in a separate vacuum system, as described in detail
elsewhere.

All the photoemission studies in this work were under-
taken at normal emission unless otherwise indicated. The
bi.nding energies of the photoemission features are refer-
enced to the Fermi energy of the clean Cu(100) or Ni(111)
substrate. The partial photoemission cross sections or
constant-initial-state (CIS}spectra were carried out as de-
scribed elsewhere. ' The kinetic energy and photon
energies were changed together, so as to determine the
relative photoemission intensity of a given initial state
(say, for example, the features near the Fermi energy).
The resolution of both the monochromator and the
electron-energy analyzer were degraded to more than 500
meV. The CIS spectra were normalized for photon Aux
through the monochromators using the current from a
gold diode at the exit of the monochromator. The light
incidence angle for most of this work was 60 off the nor-
mal (principally p-polarized light) unless otherwise indi-
cated.

The Ni(111), Ag(100), Cu3Ag(100), and Cu(100) crystal
substrates were all cleaned by repeated annealing and
Ar+-ion sputtering treatments. Hg adsorption on the
Ag(100), Cu3Au(100) surface was undertaken with the
substrates cooled to 80—100 K, as described elsewhere,
while Hg adsorption on Cu(100) was undertaken at 220 K

as described in studies undertaken to characterize the
structural phases. The temperature of adsorption en-
sured that the Hg overlayers would grow epitaxially in
the 1 X 1 structure for the first two monolayers on
Ag(100) and Cu~Au(100), while for Hg on Cu(100) the
overlayer would first form c {2X2),then a c {4X4}phase,
followed by adsorption into a second layer, with the ada-
toms in the second layer adsorbing first into the high-
coordination sites. Coverages were determined from a
combination of angle-resolved photoemission and Auger
electron studies as described previously. For all of the
Hg overlayers, the structures have been identified by
diffraction techniques (LEED and ABS), and the over-
layer growth mode is known to be layer by layer for at
least the first two mercury layers, as shown by ABS,
Auger electron spectroscopy, and angle-resolved photo-
emission.

The barium was deposited from a commercial barium
dispenser cathode (SAES). Previous experiments showed
that the films were uncontaminated within the sensitivity
of our Auger electron spectrometer, but photoemission
studies indicated that the barium overlayers oxidized or
adsorbed contaminants even at ambient pressures less
than 2X10 ' Torr. This limited the number of studies
that could be reliably undertaken for any one deposited
film. In general, to provide assurance that contamination
(even small amounts) did not inAuence our results, mea-
surements were completed within 20—30 min after eva-
poration. Some oxygen contamination is evident in the
photoemission spectra taken within 60—120 min after
evaporation, with background pressures at 2 X 10 ' Torr
or less. The photoemission feature at 4 eV binding ener-
gy is believed to be at least partially due to contamina-
tion. ' The coverages of the barium overlayers have
been determined using a commercial thin-film monitor,
but the stated thickness must be considered only an ap-
proximate measure of the barium coverage, and substan-
tial errors in the absolute coverages are possible, though
for convenience we have referred to these nominal cover-
ages. The relative coverages of each of the barium over-
layers are very accurate and are in error by no more than
10%, as determined by the photoemission studies of the
barium core levels. Unlike mercury, the barium-
overlayer growth mode and overlayer structurs are not
known, although there is some evidence that barium will
grow layer by layer for at least the first monolayer.

IDENTIFICATION OF THE EQUILIBRIUM
PHASES OF Hg ADSORBED ON Cu(100)

The adsorption of mercury on clean Cu(100) is very
sensitive to small amounts of contamination, as deter-
mined by studies of the isosteric heat of adsorption and
the heat of desorption. With a clean surface, the ad-
sorption of mercury is possible over a very wide range in
substrate temperature. ' Relative changes in the ABS
specular beam scattering intensity off the Cu(100) can be
associated with the adsorption of Hg, as seen in Fig. 1.
With adsorption of Hg on Cu(100) at 200 K, the ABS in-
tensity is seen to decrease until about 4.5 langumirs (L)
Hg exposure. With continued exposure, the ABS intensi-
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ty is seen to increase, though the rate of this increase
abruptly changes at an Hg exposure of about 8 langmuirs
(L), as seen in Fig. 1.

Two different low-energy electron-diffraction (LEED)
patterns have been identified following Hg adsorption be-
tween 180 and 330 K. These two LEED patterns will be
identified, for convenience, by their coincidence overlayer
net structures (as discussed in detail elsewhere ), c(2X2)
and c(4X4). The structures are shown schematically in

Fig. 2. The first-order diffraction beams of both struc-
tures have been observed in ABS at 45' off' and +18.4' off'

the (110) azimuth for the c(2X2) and the c(4X4), re-
spectively, as seen in Fig. 2, using a helium beam cooled
to 97 K. By combining atom-beam scattering, which

probes only the topmost layer, with the results obtained
from LEED, the c(2X2) is identified as an Hg struc-
ture with a maximum coverage of 0.5 Hg atoms per sur-

face copper atom and a lattice constant of 3.62 A, and
the c (4X4) has a maximum coverage of 0.62 Hg atoms

per surface copper atoms and a lattice constant of 3.22 A.
The c (4 X 4) is a high-density structure that along the

(010) azimuth exhibits a superlattice diffraction pattern
in atom-beam scattering, as seen in Fig. 3. Careful
analysis of the superlattice diffraction shows that some

Hg atoms lie in sites coincident with lattice net of the
Cu(100) surface. This results in a slight buckling of the

overlayer lattice. From the ABS results, the buckling ap-
pears to be about a 0.15-A vertical displacement of the
coincident overlayer Hg atoms. Schematically, this rum-

pled surface is shown in Fig. 4.
We used LEED to obtain the phase diagram shown in

Fig. 5. The symbols represent the maximum intensity of
the LEED patterns at that given temperature. For the
range of temperatures presented, no annealing of the
overlayer was necessary to obtain the maximum intensity.
In the inset of Fig. 5, we present ABS diffraction data
with the symbols representing the maximum of the
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diffraction peaks. In a ABS typical run, the detector is
set at the angular position of a Bragg-diffraction peak
pertinent to the structure of the overlayer to be observed.
Thermal-desorption studies indicate that the coverage
range for the coexistence of the c (2 X 2) and the c (4 X 4)
structures is far greater than is required by Fig. 5, for
temperatures well below those necessary to overcome the
necessary surface activation barriers (i.e., at temperatures
in the vicinity of 200 K). The structures at these temper-
atures nonetheless continue to be the equilibrium struc-
tures [as opposed to the nonequilibrium structures ob-
served with adsorption at substrate temperatures well
below 180 K (Refs. 39 and 40)].

FIG. 2. Helium-atom-diffraction scans from the c (2 X 2) (top)
and the c(4X4) (bottom) Hg overlayers. The helium-atom in-
cidence angle is 0;=70' (top) and 0; =71.2 (bottom). The
helium-atom incident energy is 21 meV. The real space struc-
tures are shown in the insets, where the copper substrate lattice
is shown as crosses and the Hg atoms are shown with circles if
they are in registry with the substrate; otherwise they are at the
intersection of the lines. No assumption as to the binding site is
made in these schematic figures. The details are outlined in Ref.
39.
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FIG. 1. The relative atom-beam-scattering intensity of the

specular beam off of Cu(100) as a function of exposure to Hg at
1X10 Torr. The helium beam has an incident energy of 63
meV. The isothermal ABS adsorption curve was taken at 210
K. The arrows indicate the phase transitions from c (2 X 2) to
c(4X4) (left) and from c(4X4) to second layer (middle) and

completion of the second layer (right).
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FIG. 3. Helium-atom diffraction of the c(4X4) along the
(010) azimuth exhibiting the superlattice diffraction. The
helium-atom-beam incident energy is 21 meV. The diffracted

peaks are indexed with respect to the c(4X4) overlayer (Ref.
40).
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FIG. 4. A schematic representation of the c(4X4) overlayer
on Cu(100) showing the effect of rumpling. The small circles

represent the copper atoms.

The small decline in the ABS intensity at Hg exposures
greater than about 10 langmuirs for the adsorption curve
shown in Fig. 1 is due to the increasing disorder in the
overlayer as a result of atoms adsorbing on top of the first
Hg layer, which occurs upon completion of the c(4X4)
overlayer. Atom-beam-scattering data, shown in Fig. 6,
indicate that the second Hg layer adsorbs in registry with
the first layer. The initial adsorption begins with the oc-
cupation of high-coordination sites created by the 0.15-A
vertical displacement, as shown schematically in Fig. 6.
Thus adsorption of an ordered bilayer of Hg on Cu(100)
is possible.
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FIG. 6. ABS diffraction from the second layer showing that
the second Hg layer is in registry with the first layer. Scattering
is along the (010) direction as indicated. A schematical repre-
sentation of the bilayer is shown. The second layer adopts a
regular c (4X4) lattice as shown.
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FIG. 5. The phase diagram obtained using LEED and ABS
(inset). The symbols indicate the maximum diffraction intensi-
ties of the c(2X2) (O) and the c(4X4) (+) phases (Ref. 39).

THE ELECTRONIC STRUCTURE OF Hg
OVERLAYERS ON Cn(100)

The appearance of the Hg-induced photoemission
features and the attenuation of the Cu(100) photoemis-
sion features for adsorption at 220 K is shown in Fig. 7.
The most prominent features at coverages up to the com-
pletion of the c(4X4) (i.e., less than 10—11 L) are the
spin-orbit-split 5d3/2 and 5d, &~ Hg features at 9.73+0.1

and 7.86+0.2 eV, respectively, at normal emission. The
full width at half maximum for these two features are
0.48 eV (5d3&2) and 0.65 (5d5&z). Somewhat in conllict
with previous reports, subtraction of the clean Cu(100)
density of states, even when substantial weight is given to
the clean Cu(100) photoemission energy-distribution
curves (as seen in Fig. 7), indicates that there is a broad
Hg-induced feature at a binding energy of 4.7+0.3 eV, a
narrow Hg-induced feature with a binding energy of
2.2+0.1 eV, and increasing density of states near the Fer-
mi energy. There is no evidence that any of these Hg-
induced features disperse in binding energy either as a
function of photon energy (20 eV ~ h v ~ 110 eV) or as a
function of emission angle. For Hg coverages up to the
completion of the c(4X4), the emission-angle depen-
dence of the cross section and branching ratios of the Hg
5d levels is found to be very slight.

For Hg exposures from 16 to 22 L onto the Cu(100)
sample at 220 K, we adsorb a second layer of Hg as
determined by the attenuation of the Cu(100) substrate
photoemission features, and from the ABS scattering
intensities (described in the previous section). The two
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Hg 5d features now exhibit binding energies of 9.85+0.1

and 7.83+0.1 eV with a full width at half maximum of
0.74 and 1.22 eV. The broad Hg-induced feature at
4.7+0.3 eV increases in binding energy to 5.2+0.3 eV,
and the narrow Hg-induced feature at 2.2+0.1 eV in-
creases substantially in intensity, as does the Hg-induced
intensity near the Fermi energy (Fig. 7).

The photoemission results for Hg coverages less than
that of a complete c(4X4) closely resemble those ob-
tained for gaseous Hg. The photoemission features are
narrow and include no third 5d feature, and an s-like
state can be discerned at about a 5-eV smaller binding en-
ergy than the 5d5&z. The branching ratios for the Hg Sd
levels are close to the statistical value of 1.5, and the
photon-energy dependence of both the branching ratio
and the partial cross sections are quite similar to those
measured for the gaseous Hg.

For two monolayers of Hg on Cu(100), the increase in
the Hg 5d level half-widths indicates a change in the
chemical environment for the Hg overlayer. Since the
spin-orbit splitting of the Hg 5d levels is unlikely to
change from the value near 1.8 eV, the Hg-induced-
feature half-widths imply two overlapping spin-orbit-split
pairs of Hg features, each with a splitting of 1.8 eV
(schematically shown in Fig. 8). Comparison of the spec-
tra for the two monolayers of Hg with the spectra for one
monlayer [coverages up to the c(4X4)] of Hg permits us
to deconvolute the two-monolayer spectra into two Hg
5d~&2 features at 9.65+0.1 and 10.3+0.1 eV, as described
in detail elsewhere.

Upon going from one to two monolayers, the half-
width of the Hg 5d3/p feature increases by 27% and the
Hg 5d5&2 feature increases by roughly 50%. We must
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FIG. 8. Photoemission spectra across the Hg 5d features for
an Hg bilayer (2), and an Hg rnonolayer (B). Note that the
difference spectra exhibits two 5d5&2 features (C). Deconvolu-
tion assuming fixed spin-orbit splittings and constant half-
widths are shown of the bilayer (D). The photon energy was 40
eV and all photoelectrons were collected normal to the surface.

FIG. 7. The photoemission spectra for Hg adsorption on Cu(100) at 200 K. All the spectra were taken at a photon energy of 50 eV
at normal emission. The light incidence angle is 60 off the normal. The difference spectra were obtained from the raw spectrum
(left) by substracting the Cu(100) photoemission spectrum, with different weights given to the clean Cu(100) spectrum (rniddle and
right). Hg-induced features readily apparent in the difference spectra are indicated (right).
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FIG. 9. The experimental band structures of the Hg bilayer on Cu(100) (left) and on Ag(100) (right) neglecting the Hg-induced
density of states near the Fermi energy. The band structure for Hg on Cu(100} was determined in p-polarized light, from photoemis-
sion spectra taken at a variety of emission angles. Some states are inferred from difterence spectra (see text) and have binding ener-
gies that are therefore unreliable. The band structure for Hg on Ag(100) was determined for both s- (+) and p- (o) polarized light,
and the results are taken from Ref. 43. The dashed lines indicate bands that are only observed in s-polarized light. The substrate
bands have not been plotted.

therefore conclude that the apparent feature at 7.83 eV
observed with two monolayers is an envelope for an Hg
5d»z feature that contains three features, since both
half-widths should otherwise increase by the same
amount. By taking the diA'erence between the photoemis-
sion spectrum obtained for one monolayer of Hg and two
monolayers of Hg (Fig. 8), we can also infer that there
are, for the latter photoemission spectra, at least five Hg
5d features for the Hg bilayers.

Using this analysis, from emission-angle-dependent
spectra we find a small dispersion of the 5d»2 bands rela-
tive to one another with increasing emission angle, as in-
dicated in the experimental band structure plotted in Fig.
9. This result is also consistent with the small decrease in
half-width of the 5d»2 feature with increasing emission
angle (by almost 0.2 eV). The Hg 5d level binding-energy
shifts between the underlayer and the topmost layer (or
even the monolayer and the bilayer) have been attribut-
ed to a core-level binding-energy shift akin to the sur-
face to bulk core-level shift.

By subtracting the clean Cu(100) spectra and spectra of
Cu(100) following the adsorption of a small amount of
Hg (4—6 L), we have attempted to discern if the other
Hg-induced features disperse with increasing emission
angle. A small decrease in the binding energy from 5.2 to
4.2 eV is observed in increasing the emission angle from
normal emission to 20 for a photon energy of 50 eV.
Greater dispersions in this feature are dificult to infer be-
cause of substantial copper-substrate signal contributicfhs,
which limit the value of background subtraction from the
photoemission spectra.

Neglecting the Hg-induced density of states near the
Fermi energy, from the emission-angle-dependent spectra
the band structure of the states induced by adsorption of
a bilayer on Cu(100) has been plotted in Fig. 9. Apart
from the narrow Hg-induced feature at about 2.2 eV, the
band structure of the Hg bilayer resembles that obtained

for the 1 X 1 epitaxial Hg bilayer on Ag(100) (Ref. 43), as
also plotted in Fig. 9. Indeed, theoretical band structures
for a free-standing hexagonal monolayer of Hg (Ref. 5)
and liquid Hg (Ref. 54) also resemble the band structure
for Hg bilayers on Cu(100) and Ag(100), apart from
emission-angle (wave-vector) -independent features at
2.2-eV binding energy and near the Fermi level, as seen in
Fig. 10.

The Hg bands with a binding energy of 5.2 eV on
Cu(100) and 5.0 eV on Ag(100) are only observed to
disperse to smaller binding energies away from I (normal
emission and k&&=0) for the Hg bilayer. Dispersion of
this band is not observed for the monolayer on either
Ag(100) (Ref. 43) or on Cu(100). This band is observed
for Ag(100) in even geometry and with p-polarized light
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FICx. 10. Theoretical band structure for a free-standing hex-
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but not with s-polarized light or in odd geometry. " For
Hg on Cu(100) this band is most clearly identified with p-
polarized light. These results strongly indicate that the
band is of 5& character. The atomic orbitals s, p„and
d3$2orbitals contribute to this representation. With

3z

this band character and comparison with the calculated
band structures for Hg, ' we can assign this band as an
sd-like band.

This sd band does not disperse symmetrically about the
surface-Brillouin-zone edge for either the Hg bilayer on
Cu(100) or Ag(100). In previous photoemission stud-
ies, the lack of symmetry in the dispersion of this band
about the high symmetry of the surface Brillouin zone
was explained by strong hybridization with substrate
band of similar character and binding energy. Recent
studies of Ag overlayers have shown that quantum-well
states resulting from formation of thin metal overlayers
on metal substrates can result in the formation of bands
with dispersion relationships in kii that are parabolic or
free-electron like ti.e., E„=A' k&&/(2m ii), where m ii is
the effective in-plane mass]. Although overlayer hybridi-
zation with the substrate must be included, because of the
lack of symmetry about the Brillouin-zone edge, the sd-
band dispersion relationship we have obtained for the Hg
bilayers on Cu(100) and Ag(100) states resembles those of
quantum-well states. This band structure is strongly in-
dicative of the metallic character of the mercury bilayer
on Cu(100) at 200 K.

The Hg density of states at 2.2-eV binding energy and
near the Fermi energy do not appear to disperse with
variation in k&&. These states are difficult to identify, par-
ticularly the feature near the Fermi energy. For lattice
constants larger than those observed for the metallic
phase, Mott ' proposed that the insulator may have
bands that are hybrid bands (such as an sp band), but only
through localized states resulting in the Mott pseudogap.
Similar localized hybrid states could result in the forma-
tion of the bands observed near EF for Hg on Ag(100)
and Cu(100) and at 2.2-eV binding energy for Hg over-
layers on Cu(100), and would explain the absence of any
observed dispersion. For gaseous Hg, initial-state
configuration interactions result in photoemission satel-
lites to the s-like orbital. ' In other words, the ground
state of mercury may best be described not by 5p 5d' 6s
('S), but by i'('S)=a(6s )+b(6p )+ .

, where a and b
are the configuration mixing coefficients.

By comparing intensity at the Fermi energy for normal
emission (kii=0) with the Hg 5d3j2 intensity (which is
not as sensitive as the 5d5&2 level to the formation of
band structure ), a relative measure of the Hg density of
states can be constructed. With use of photoemission
spectra obtained for a range of photon energies between
30 and 60 eV, a relative density of states has been ob-
tained for Hg monolayers with a wide variety of lattice
constants for square lattices using Hg adsorbed on
Cu3Au(100) (a =2.72 A), Ag(100) (a =2.89 A), Hg ad-
sorbed into the c (2X2) on Cu(100) (a =3.62 A), and Hg
adsorbed into the c(4X4) on Cu(100) (a =3.22 A). The
results are plotted in Fig. 11, and they compare well,
within experimental accuracy, with calculated densities
of states for free-standing monolayers in a square lattice.
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FIG. 11. Calculated densities of states at the Fermi enegy as
a function of atomic area for a square lattice ( ) and a hexago-
nal lattice (0) taken from Ref. 5. The relative intensity of the
Hg-induced photoemission feature at the Fermi energy for a
variety of Hg monolayers in a square lattice are shown as (~)

(see text). The dashed line indicates the predicted metal-
insulator transition for a monolayer of Hg in a hexagonal lattice
(Ref. 5) and is in agreement with the structural phase transition
observed by Singh and Jones (Refs. 27 and 28).

THE PARTIAL PHOTOEMISSION CROSS SECTIONS
OF Hg VALENCE LEVELS

FOR Hg OVERLAYERS ON Cu(100)

By taking constant-initial-state spectra with the resolu-
tion of both the monochromator and the electron-energy
analyzer degraded, an estimate of the various partial pho-
toemission partial cross sections may be obtained. At

Singh and Jones ' have observed structural transitions
for monolayer films of Hg on Ni(111) that appear to be
driven by the density of states near the Fermi energy,
which is also consistent with the calculated density of
states shown in Fig. 11~ It is very clear for low photon
energies (about 30 eV) or high photon energies (about 80
eV) that there is an increase in the apparent density of
states (at normal emission) at the Fermi energy upon for-
mation of the mercury bilayer (as compared with the
mercury monolayer). Such a change can be indicative of
more metallic character for the mercury bilayer than is
the case for the mercury monolayer. Indentifying wheth-
er these states near EF are localized or itinerant becomes
important.

The absence of Cu(100) intensity near the Fermi level
for photon energies between 40 and 70 eV and the ap-
parent Hg-induced intensity near EF with increasing Hg
coverages on Cu(100) provide us with a means for prob-
ing the Hg partial photoemission cross section not only
for the Hg 5d levels, but also for states near the Fermi en-

ergy, so long as such constant-initial-state spectra are
taken at k& &

=0, i.e., normal emission.
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c(4X4) at about 10—12 L. As has been noticed in prior
studies, the CIS spectra do show that this broad feature
in the CIS spectra becomes broader as the lattice con-
stant decreases [from 3.62 A for the c (2 X 2) to 3.22 A for
the c(4X4)], as seen for CIS spectra taken for a very
wide photon-energy range from the Hg 5d~zz levels (Fig.
13). With adsorption of the second layer, the Hg-induced
features continue to increase in intensity, but the varia-
tion in intensity with photon energy declines (Fig. 12).
With completion of the second layer, the variation in in-
tensity as determined from CIS spectra, across the
photon-energy range 40—70 eV, is negligible, despite the
substantially greater amount of Hg in the bilayers than is
observed in the Hg monolayer.

The broad feature in these partial photoemission cross
sections is due to the 5d ~Ef excitation, with the 5d ~Gp
cross-section contribution decreasing from the thresh-
old. ' These photoemission partial cross sections
are very different from those observed for gaseous mercu-
ry with the 5d ~Ef cross-section maximum at a higher
energy (Fig. 13) than is the case for gaseous mercury,
where the peak occurs at less than 40 eV. ' ' Both dis-
order ' and large lattice constants ' result in partial
Hg 5d cross sections, as determined by CIS, that more
closely resemble the partial cross sections observed for
gaseous mercury. Upon formation of the Hg bilayer on
Cu(100), not only does the cross section for the 5d ef ex--
citation become broader, but the peak in the cross section
continues to shift to larger photon energies, as seen in
Fig. 13. This shift of 5 eV is most apparent for the 5d
levels (Fig. 12).
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FIg. 12. Constant initial-state spectra for Hg adsorbed on
Cu(100) at 200 K. The spectra are taken for the Hg initial states
of 5d5&2 and just below the Fermi energy. For each initial state,
the spectra are plotted on the same relative scale. The light in-

cidence angle is 60 off the surface normal, and the photoelec-
trons are collected normal to the surface. Note the decrease in

signal variation for Hg exposures greater than 10 L.

normal emission, we have taken such CIS spectra for
both the occupied states near the Fermi energy and for
the Hg 5d5&2 levels for a variety of Hg coverages, as seen
in Fig. 12.

The Cu(100) substrate is seen to contribute little photo-
emission intensity for photon energies between 40 and 70
eV (as seen in Fig. 12), consistent with the photoemission
energy-distribution curves (Fig. 7). With the adsorption
of Hg on Cu(100) at 200 K, a broad feature becomes ap-
parent in the CIS spectra for both the states near the Fer-
mi level and the 5d5&2 levels, as has been reported else-
where. ' This broad feature, which is centered
about a photon energy of 55-56 eV, increases with in-
creasing Hg exposure (Fig. 12) until completion of the
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FIG. 13. The photon energy of the peak in the Hg partial
cross sections for various coverages on Hg on Cu(100) at 200 K.
The partial photoemission cross-section peak energies are deter-
mined from CIS spectra taken off both the Hg 5d levels and the
Hg states near the Fermi energy for CIS taken in normal emis-
sion.
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BARIUM OVERLAYERS ON Ni(111)
0

The photoemission spectra for 3, 8, and 30 A of barium
deposited on Ni(111) are illustrated in Fig. 14. The large
density of states is largely attributable to the nickel 3d
states, and this density of states obscures the relatively
weak Ba 6sp band. This problem is also apparent in
studies of Hg adsorption on Ni(111). The features
at approximately 14.7- and 16.5-eV binding energies are,
respectively, the Ba Sp3/2 and Sp»2 spin-orbit-split dou-
blet, and have been observed by Richter et al. for the
free barium atom and by Hecht for barium thin films.
The spin-orbit splitting of the barium Sp doublet is
1.9+0.1 eV, in good agreement with the value reported
by Ley, Marlensson, and Azouly of 2.0 eV. Unlike Ca
and Sr, the 5p shallow-core-level spin-orbit splitting
changes little between the free atom and the condensed
metal. It is therefore unsurprising that we also observe
little coverage-dependent change in the spin-orbit split-
ting within the accuracy of our experiment.

The 5p binding energies do depend upon barium-
overlayer thickness, as indicated in Figs. 14 and 15. At
very low coverages the barium 5p3/2 and Sp&/z binding
energies are 14.8+0.1 and 16.8+0.1 eV, respectively. At
higher coverages (at a nominal thichness of 6 A), the
binding energies decrease to 14.3+0.1 and 16.1+0.1 eV,
but then slowly increase with further increases in the
barium-overlayer coverage to binding energies of
14.9+0.1 and 17.2+0.3 eV at a 30-A barium-overlayer
thickness.
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FIG. 15. The barium 5p spin-orbit split binding energies as a
function of the barium overlayer thickness. The coverages are
only the nominal coverages; the relative coverages are in error
by no more than 10%%uo. The binding energies are with respect to
the Fermi level determined for the clean Ni(111) substrate.
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FIG. 14. Photoemission spectra for barium overlayers depos-
ited on Ni(111). The photon energy for all the spectra is 35 eV
with a light incidence angle of 60' off' the surface normal. All
photoelectrons were collected normal to the surface.

The barium Sp binding-energy shift of 0.8+0.2 eV (Ref.
25) with increasing coverage from 6 to 30 A is qualita-
tively very similar to the increase in the Hg Sd binding
energies reported in the previous section and Au over-
layers. For both Ba and Hg, we attribute this shallow-
core-level binding-energy shift to a core-level shift akin to
a surface to bulk core-level shift. ' The binding-energy
decrease of the barium Sp levels with increasing barium
coverage from a submonolayer coverage (nominal thick-
ness of 1 —3 A) to modest coverages (6-A nominal thick-
ness) can be explained through a change in the work
function upon barium deposition and the resulting charge
transfer from the surface barium atoms to the substrate
nickel atoms. A change in the surface work function will,
of course, only be apparent as a core-level shift in the sur-
face atom and not the bulk. We have no evidence from
our data suggesting the alloying of these very thin films
occurs, but alloying at the interface cannot be excluded
and may also aAect the 5p binding energies.

In order to probe the electronic structure in the vicini-
ty of the Fermi energy for barium overlayers, constant-
initial-state spectra were taken in a similar fashion as was
done for the Hg overlayer on Cu(100). Figure 16 illus-
trates the CIS spectra for the density of states just below
the Fermi energy and for the Ba 5p3/2 level for barium-

0

overlayer thicknesses of 3, 8, and 30 A. There are two
photoemission resonances of importance to this work on
the metal-insulator transition, that can be identified from
the CIS spectra. There is a resonance at about 28 eV
with an onset at a photon energy just below 25 eV and
another resonance at 42 eV with a shape onset at a pho-
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which is identical to the direct-photoemission final state
Sp 6s'. The onset of this resonance is approximately the
binding energy of the Sp levels (approximately 16.8 eV for
the Sp, zz level) plus the energy of the 4f level above the

Fermi Level

Ba

Barium 5pz~&

A
~Ba

5p-4f/5d

5s-6p: ~

P

»»

/
»

v

» J
~ g
»

r
»~

~Ba
5p-4f/5d

ton energy of about 31 eV.
The first resonance at 28 eV has been observed in the

ultraviolet absorption spectra of barium and has been
attributed to a Sp-4f transition, though this transition is
dipole-selection-rule forbidden. The 4f levels, when
placed just above the Fermi energy, were postulated to
increase in binding energy to the binding energy of the
occupied 6s level in the final state. The argument pro-
posed is that the far more localized 4f electrons are sus-
ceptible to a greater attractive force than the 6s electrons
to the Ba Sp hole. This excitation could result in a photo-
emission resonance of the Ba 6s (Ni 3d) level as a result of
an intra-atomic electron transition and Auger decay (see
Ref. 26 and the references therein):

SP66s2~5p'6s'4f '~Sp 6s'+e

Fermi energy (determined to be about 9.8 eV above the
Fermi energy '), or about 26.6 eV. This is in good
agreement with our results, and the observed onset ener-
gy of the resonance as well as the high density of states of
the 4f levels ' supports this mechanism. Because this
resonance is very strong for the thinner barium over-
layers, a photoemission resonance that is not dipole-
selection-rule forbidden must also be considered.

Atomic barium, as is the case for Hg, is a mixture of
several initial-state configurations. This, combined with
the hybridization of the 6s and 6p levels that must occur
in the condensed state (resulting in metallic barium), per-
mits a Sp-to-6s excitation, since barium is no longer
strictly Sp 6s, but rather Sp 6s 6p" (with d nonzero)
in the initial state. This initial state permits a dipole-
allowed Sp-to-6s excitation to occur, which is then fol-
lowed by an Auger-like decay process to fill the Sp hole
and will result in a final state identical with the direct-
photoemission process from the 6sp band. This would
have an onset much closer to the Sp binding energy (16.8
eV) than the observed threshold near 25 eV. Extra-
atomic excitation to the nickel 3d states could also occur
at about the same threshold.

A Sp-to-Sd excitation is also possible. A high in-
tensity of Auger peaks was observed at 28.9-eV photon
energy for atomic barium suggesting that such reso-
nance with thresholds of 20—25 eV could be substantial
contributors to this resonance with the excitations

Sp 6s Sd Sp 6s 5d

(at a P3/2 series limit of 22.7 eV and a P, &2 series limit
of 24.8 eV) or

Sp 6sp Sd Sp 6p 5d',
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both possible [because of configuration mixing some 6%
of the initial state of atomic barium is Sp 6p (Ref. 72)],
followed by an Auger decay, resulting in a final state
identical to the direct photoemission process. This exci-
tation is a super-Coster-Kronig transition and should
lead to an intense photoemission resonance. The Ba 5d
state would be localized in much the same way as pro-
posed for the Sp to 4f excitation-. -

The resonance at 42 eV has an onset of 31 eV (Fig. 16),
and this is very close to the binding energy of the barium
Ss core level at 30.1 eV below the Fermi energy. A
dipole-allowed transition of the type

Ss Sp 6s ~Ss'Sp 6s 6p',
followed by decay and ejection of an Auger electron,

Ss'Sp 6s 6p' Ss Sp 6s'+e

leads to a final state identical to direct emission from the
6sp band. Similarly, a decay filling the Ss hole followed
by emission from the Sp core level,

Ss'Sp 6s 6p' Ss Sp s +e

FICs. 16. The constant initial state spectra for 3-, 8-, and 30-
A-thick barrium overlayers. For each barrium coverage, CIS
spectra were taken for the state 0.3 eV below the Fermi level
and the barium Sp3&2 shallow core level.

results in a final state identical to direct emission from
the Ba Sp core level. These transitions will lead to photo-
emission resonance of the 6s and Sp states, respectively.
Similar photoemission resonances have been observed as
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a result of s-to-p excitations in nickel and gadolinium.
In general, for such resonances resulting in an s-to-p tran-
sition, the p state becomes localized as a result of the at-
traction of the s hole. The intensity of the photoemis-
sion resonance will depend upon the extent of localiza-
tion of the p-like state.

The intensity of both the 28- and 42-eV photoemission
resonances for the density of states near the Fermi energy
and for the Ba 5p3/2 core level depend on the barium cov-
erage on Ni(111), as seen in Fig. 16. The resonances are
strongest for the thinnest barium films and weak or
nonexistent with the very thick barium films. The behav-
ior of these photoemission resonances is similar to the de-
cline in variation with photon energy for the Sd to ef -ex--

citation cross sections in the photoemission from the Hg
5d5&z state and the states near the Fermi energy for Hg
on Cu(100) (Fig. 12).

DISCUSSION

Given that both mercury and barium gain metallic
character through the hybridization of the closed atomic
orbitals between adjacent atoms to form partly filled
bands at the Fermi energy, the itinerancy of the states at
the Fermi level will depend upon the orbital overlap and
the coordination between adjacent mercury or barium
atoms. A change in the density of conduction or
itinerant electrons will affect a photoemission resonant in-
tensity. ' The more localized the core-excited elec-
tron, the greater is the resonant intensity.

For barium on Ni(111), we observe a substantial de-
cline in the photoemission resonant intensities at 28 and
42 eV with increasing coverage. Despite the increase in
barium coverage, the resonant intensities become negligi-
ble upon formation of a barium bilayer (Fig. 16). We can
infer that the core excited electron becomes delocalized,
or the lifetime of the core exciton formed in the photo-
emission process become very short. Such behavior is
strongly reminiscent of the exciton unbinding that occurs
at the Mott metal-nonmetal transition.

For mercury on Cu(100) at 200 K, the variation in the
partial photoemission cross sections for the Sd to ef exci---
tation decreases dramatically upon formation of the bi-
layer (Fig. 12). This can be attributed to the increased
screening of the photohole in the photoemission pro-
cess. Such increased screening is strongly indicative of
greater orbital hybridization or greater itinerancy of the
valence-electron bands. Existing calculations, although
only considering nearest-neighbor interactions, have indi-
cated that such a shift of the Sd to ef excitation to h-igh-er

photon energies (as seen in Fig. 13) is consistent with a
change in the exchange-correlation potential for the in-
teraction between a given atomic orbital and the sur-
rounding atoms from a localized one-electron, self-
consistent-field potential to a potential accommodating
free-electron states. From the band structures deter-
mined for Hg bilayers, it is clear that the bilayer does
possess some very itinerant (and in some instances,
nearly-free-electron-like) bands (Fig. 9) supporting the
postulate that the bilayer is more metallic in character.

For both barium on Ni(111) and mercury on Cu(100),

upon formation of the bilayer, the bands become much
less localized and the film becomes increasingly metallic
in behavior, in the photoemission final state. This transi-
tion to metallic behavior upon formation of the bilayer
has also been observed for Cs on GaAs surface.
Though the substrate for the Cs overlayers possessed a
band gap, the behavior does resemble that observed with
barium and mercury overlayers.

Experimental ' and theoretical ' studies of Inercu-
ry clusters have shown that there is a gradual transition
to metallic character with increasing cluster size. An
average coordination number of 5 to 7 per mercury atom
is needed to ensure some metallic character, with fully
metallic character apparent with a coordination number
of 10 to 11. From our structural studies, we know that
the second layer of mercury atoms initially adsorbs into

the high-coordination sites. Thus, for mercury on
Cu(100) at 200 K, growth of the second layer results in a
dramatic increase in the average coordination number
per overlayer atom. The increasing metallic character
observed with formation of the mercury bilayer is, there-
fore, consistent with the results obtained for mercury
clusters. By adsorbing mercury on Ag(100) at 30 K (Ref.
60) it was observed that the partial cross sections closely
resemble those of gaseous mercury. Such a result sug-
gests that electronic states in films with a very large num-
ber of defects are far more localized than is the case for
well-ordered films. If we regard defects as reducing the
"average cluster size" of ordered aggregates of mercury,
then this also suggests that the behavior of thin films
rejects the metal-insulator transition results observed for
mercury clusters.

The lattice constant of the c (2 X 2) (3.62 A) and the
c (4 X 4) (3.22 A) for submonolayer films of Hg on Cu(100)
at 200 K are smaller than the critical lattice constants for
fcc and bcc mercury. The critical lattice constants for
the metal-insulator transition in expanded mercury are
about 5.1 —5.9 A for fcc mercury and 4.2 —5.0 A for bcc
mercury. If these critical lattice constants are reasonably
reliable, the observation that the electronic structure,
particularly for states near the Fermi energy, is represen-
tative of localized states in the photoemission final state
for monolayer films of Hg, suggests that both coordina-
tion number of the atoms in the thin films, as well as lat-
tice constant, are crucial for metallic behavior. As films
grow, the coordination number of atoms at the surface is
lower than will be the case for atoms within the bulk of
the film. This, together with the presence of surface de-
fects, may result in insulating or nonmetallic surface lay-
ers for divalent metal crystals, consistent with theoretical
suggestions.

The mixed configurations that are possible for divalent
metals such as barium and mercury result in densities of
states near the Fermi energy. Unfortunately, these densi-
ties of states (despite theoretical models that agree with
our results) are not necessarily a reliable indicator of me-
tallic behavior for mercury, as indicated in Fig. 11. At
least for the excited state, resonant photoemission does
seem to be a reliable and useful indicator of metallic be-
havior.

That a c (4X4) Hg overlayer on Cu(100) appears to be
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akin to a nonmetallic (insulating in fact) layer is un-
surprising, in view of other Hg-overlayer studies. The
lattice constant for this overlayer is 3.22 A, and is larger
than that for the square Hg lattice of Hg adsorbed on
W(100) of 3.16 A. Apart from a 2.6-eV shift of the
S)~2, D5~~, and D3/p peaks [at binding energies of 3.2,

7.6, and 9.6 eV below the Fermi energy for Hg on
W(100)] relative to the gas phase due to screening and po-
larization efFects of the metal substrate, the Hg over-
layer on W(100) exhibits an electronic structure very
similar to the gas phase and may be thought of as
"nonmetallic".

state resembles the initial-state semiconductor-metal
transition observed with cesium thin films. Clearly, reso-
nant photoemission can be used to probe changes in the
itinerancy of electrons in the valence bands, even when
photoemission signals from the substrate are substantial.

We postulate, on the basis of this work and previous
work with divalent-metal clusters, ' that both the lat-
tice constant and the coordination number are important
for ensuring metallic character. These results indicate
that divalent-metal thin films are rich in metallic and
nonmetallic phases associated with difFerent structural
phases, as suggested by theory.

CC)NCLUSIQN

The valence-electronic states for barium monolayers on
Ni(111) and for mercury monolayers on Cu(100) at 200 K
appear to be highly localized and become highly metallic
in nature upon formation of the bilayer. The Hg-band
structure and CIS spectra for both the barium and the
mercury thin films indicate that there is some transition
in the electronic structure upon formation of the bilayer
toward a more metallic thin film. The core excition
formed in the resonant photoemission process unbinds in
much the same manner as predicted for the Mott-type
metal-nonmetal insulator transition. The behavior of
these divalent-metal thin films in the photoemission final
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