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Changes in electron localization and density of states near E across the nonmetal-metal
transition in Mg overlayers

Jiandi Zhang, D. N. Mcllroy, and P. A. Dowben
Department of Physics, University of Nebraska—Lincoln, Lincoln, Nebraska 68588-0111
(Received 20 January 1994)

A nonmetal-to-metal transition in Mg monolayers on Mo(112) has been indicated by photoemission
and resonant photoemission. The dramatic changes of the density of states, the dispersion of bands near
Ep, and screening are observed across the nonmetal-to-metal transition. The changes of the resonance
photon energy and the intensity of Mg 2p —ed excitation, with different coverages, indicate that there
exists a correlation between the electronic structure (particularly final-state screening effects) and the
overlayer structure. The commensurate-to-incommensurate transition beyond 0.5 monolayer of cover-
age corresponds to the overlayer nonmetal-to-metal transition, which is due to the hybridization of Mg s
and p bands and represents a transition from a localized (bondlike) to a delocalized (bandlike) phase for

divalent atoms.

I. INTRODUCTION

There is an increasing body of evidence that materials,
normally thought to be metals, can exhibit nonmetallic
behavior even on metal substrates.! ™! Typically, with
changing film density, structure, or thickness, these sys-
tems exhibit a nonmetal-to-metal transition which corre-
sponds to a transition from a localized (bondlike) phase
to a delocalized (bandlike) phase for the electrons in the
overlayers. It is important to understand the fundamen-
tal mechanisms associated with this transition. Insight
can be obtained by studying the evolution of the electron-
ic structure under different conditions (i.e., different sub-
strates, structures, or coverages). In particular, the varia-
tion in electronic structure near the Fermi energy should
play a very important role in the overlayer metallization
process.

Films of divalent metal atoms are, in principle, easier
to understand with respect to the nonmetal-metal transi-
tion because of their closed-shell atomic configuration
(s2). Because of their electronic configuration these sys-
tems are amenable to being viewed as resembling the sim-
ple Wilson-like transition model (at least until one looks
at the details of electronic structure), and because ther-
modynamic models can be applied to these systems.'*
From thermodynamic considerations, one would antici-
pate that only Hg would exhibit nonmetallic behavior on
a metal substrate.'* Nonetheless, not only overlayers of
Hg,* % but overlayers like barium,”*!! magnesium,'® and
strontium,'® have been observed to exhibit nonmetal-to-
metal transitionlike behavior on metal surfaces. Recent-
ly, an interrelationship between electronic and crystalline
structures of Mg films on Mo(112) has been reported by
Katrich, Klimov, and Yakovkin.!° In this paper, we
present systematic studies of the evolution of the elec-
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tronic structure of Mg overlayers with different coverages
by photoemission. In particular, with resonant
(constant-initial-state or CIS) photoemission and band
mapping, we have confirmed the presence of a nonmetal-
to-metal transition in this system in both static and dy-
namic pictures.

II. EXPERIMENT

The experiments were carried out in a UHV system
equipped with a hemispherical analyzer and a retarding-
field analyzer for low-energy electron diffraction (LEED)
which are described in detail elsewhere,’* The experi-
ment was conducted on the 6-m toroidal grating mono-
chromator at the Synchrotron Radiation Center in
Stoughton, Wisconsin. The incidence angle of the light is
defined relative to the surface normal. The light was in-
cident at 45° or 70° off normal to give a larger portion of
light with its vector potential parallel to or perpendicular
to the surface (s +p or p polarization, respectively). The
energy analyzer has an acceptance angle of +1°, and the
energy resolution of the photoemission spectra, including
the light source, varied from 0.1 to 0.15 eV at full width
at half maximum. Relative photoemission intensities
were given from the integral counts for a photoemission
feature, and normalized by the transmitted flux out of the
monochromator. The binding energies of the photoemis-
sion features are referenced to the Fermi level.

The Mo(112) substrate was cleaned by the normal pro-
cedure of annealing in O, and flashing. After several cy-
cles of oxidation at 1500 K followed by sublimation of
the oxide at 2300 K, an exceptionally clean and well-
ordered surface was obtained, as determined by low-
energy electron diffraction (LEED). Possible carbon and
oxygen contaminations were easily detected in the photo-
emission spectra on the pure Mo substrate. Mg was eva-
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porated from either a tungsten coil or a Ta tube, both of
which were extensively outgassed prior to deposition.
The operating pressure was 6 X 107! Torr, and less then
2X 107! Torr during evaporation.

The evaporation rate was approximately
0.5-1.0 A/min and the nominal thickness was moni-
tored with a quartz-crystal oscillator. The exact over-
layer thickness was calibrated by monitoring the core-
level photoemission intensities from both the overlayer
and the substrate, and comparing with the corresponding
LEED structure. The temperature of the sample was
measured with a W-5% Re/W-26% Re thermocouple
with an 5-K accuracy.

III. RESULTS

A. Photoemission

For room-temperature deposition magnesium adsorbs
on Mo(112) largely in a layer-by-layer growth mode, ac-
cording to the intensity changes of the substrate Mo 4p
and Mg 2p core levels, as will be discussed in detail else-
where.' The coverage dependence photoemission spec-
tra for Mg overlayers on Mo(112) at normal emission and
room-temperature (RT) adsorption are shown in Fig. 1.
For a clean Mo(112) surface, there is a broad valence
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FIG. 1. The coverage dependence photoemission spectra of
Mg on Mo(112) at room temperature. The photoelectrons were
collected at normal emission. All spectra were taken using 70-
eV p-polarized light.
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band.!” The feature with a binding energy of 1.8+0.1 eV
is the dominant feature within the valence band, and is
accompanied by two features with binding energies of
2.84+0.1 and 4.310.1 eV on the high-binding-energy
shoulder. With the adsorption of the magnesium, the
large overlap between the substrate band structure and
Mg-induced states in the low-binding-energy range makes
it difficult to locate the Mg-induced features from the
original photoemission spectra. By properly subtracting
the secondary background and the contribution from the
substrate (i.e., from the difference spectra as seen in Fig.
2), it can be seen that the states at 0.41+0.1, 1.71+0.1, and
5.7%0.1 eV, grow in intensity steadily upon the deposi-
tion of Mg up to one monolayer at normal emission.
There is also a weak feature at 3.11%0.1-eV binding ener-
gy. This state also increases in intensity with increasing
coverage in the submonolayer range, and obtains a max-
imum intensity at the completion of one monolayer. This
feature can be assigned as a surface resonance, as indicat-
ed by Katrich, Klimov, and Yakovkin.!°

From Fig. 1 (and Fig. 2), we see that the binding ener-
gies of most of the Mg-induced states are largely indepen-
dent of coverage (at normal emission), changing less than
0.1 eV with coverage. The exceptions include the state at
1.7£0.1 eV, which decreases in binding energy to
1.451+0.1 eV after two monolayers of deposition. The
other exception to this negligible shift in the binding en-
ergies of Mg-induced states is the weak feature at
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FIG. 2. Photoemission spectra near E with increasing Mg
coverage after the subtraction the secondary electron back-
ground and contribution from the substrate. The data were tak-
en at normal emission using 70-eV p-polarized light.
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3.110.1 eV, which changes its binding energy to 3.2+0. 1
eV at the completion of the first layer, and then shifts
from 3.2+0.1 to 2.810.1 eV at the beginning of second-
layer deposition. This is followed by a gradual shift back
to higher binding energies with increasing coverage. This
kind of variation in binding energy with coverage could
be due to the influence of the layer by-layer growth mode
on the electronic structure, which has been observed else-
where. !

By subtracting the contribution from the substrate
bands, the density of states near the Fermi energy of the
Mg overlayers has been obtained and is plotted for
different coverages in Fig. 2. The density of states (i.e.,
the intensity of the photoemission feature within 400-
meV binding energy) of the Fermi level as a function of
thickness is shown in Fig. 3. The density of states at E
increases rapidly after a half-monolayer of coverage,
reaching a maximum at around one monolayer. These
difference spectra will not account for changes in the
Mo(112) surface-state intensities and are, unfortunately,
not perfectly representative of the Mg overlayer.

The dispersion (E(K,)) of the Mg-induced bands near
Ej along the substrate [221] direction, for different Mg
coverages, are presented in Fig. 4. For an overlayer of
0.5 monolayers or less, these features are nearly disper-
sionless (very small bandwidths) and do not cross the Fer-
mi level. On the other hand, for films with thicknesses
exceeding one monolayer, the 1.7-eV (Mg-induced feature
disperses dramatically relative to the corresponding state
of the low coverage overlayers. This band with lower
effective mass exhibits a paraboliclike dispersion and
crosses the Fermi level. The dispersion of the 0.4-eV
Mg-induced feature for thick films is quite similar to that
of the 1.7-eV feature (see Fig. 4). For thin films this
feature is either too weak to be identified or does not ex-
1st.
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FIG. 3. Relative density of states at Ep for Mg overlayers on
Mo(112) with different coverages. The data were taken at nor-
mal emission using 70-eV p-polarized light. The inset shows the
angle-integrated photoelectron spectra taken from Ref. 10.
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FIG. 4. Experimental energy dispersions E(K;) of Mg-
induced states [0.4 A and 1.7 eV (O or @)] near the Ep for
about 0.5 (O) and 2 ML (@ and A) Mg on Mo(112) at RT. K
is along the substrate [221] direction using 70-eV p-polarized
light. The differences between unfilled and filled symbols are
representative of the changes in band structure across the
nonmetal-to-metal transition.
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FIG. 5. Constant-initial-state (CIS) photoemission spectra of
the clean Mo(112) substrate (O ) and different Mg coverages on
Mo(112) at room temperature, after subtracting the contribu-
tion from the substrate (@), with p-polarized light. The photo-
electrons were collected at normal emission from the initial
states just below the Fermi energy. The arrows indicate reso-
nant photon energy for the 2p —ed excitation as a function of
coverage.
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B. Resonant photoemission

By taking constant-initial-state (CIS) spectra, an esti-
mate of various photoemission partial cross sections may
be obtained. In Fig. 5, CIS spectra of the clean Mo(112)
substrate and of different Mg coverages on Mo(112) (after
subtracting the contribution from the substrate) are
presented. The light-polarization dependence of the CIS
spectra of a half-monolayer Mg film on Mo(112) are
shown in Fig. 6. Again, contributions from the substrate
have been subtracted out.

A feature at 49.710.1-eV photon energy becomes ap-
parent after depositing Mg, and does not alter its position
but increases in intensity with increasing p polarization
and Mg coverage up to one nonolayer (as seen in Fig. 5).
This feature can be attributed to the direct photoemission
from the Mg 2p core level with second-order light. There
are two clear resonance features resulting from the Mg
adsorption. The feature with resonance photon energy at
42-43 eV does not shift with light polarization (Fig. 6)
and shifts less than 0.6 eV with increasing Mg coverage
(Fig. 5), but the resonance intensity attenuates with in-
creasing Mg film thickness after a half-monolayer (see
Fig. 7). The broad resonance feature at 64—65 eV is high-
ly coverage and polarization dependent. This resonance
occurs at a lower photon energy, but with a stronger in-
tensity with s +p polarized light than with p-polarized
light for all Mg coverages (see in Fig. 6). For both p- and
s +p-polarized light, this resonance reaches a maximum
intensity at about a half-monolayer and then decreases as
well as increases in resonant width with additional mag-
nesium deposition (Figs. 5 and 7). The resonance also
shifts to higher photon energy with increasing Mg cover-
age for both p- and s +p-polarized light. This shift in the
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FIG. 6. Polarization dependence resonance photoemission
spectra (CIS) for Mg overlayer (about half-monolayer) on
Mo(112) at RT at normal emission. The initial states are just
below Er. The bottom spectrum was obtained with p-polarized
light and the top with s +p-polarized light. The shift in reso-
nant photon energy of Mg 2p — ed excitation is indicated.
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FIG. 7. Intensities of the Mg 2p — ed resonance (®) and Mg
2p —3s/d excitation A from CIS spectra obtained from the ini-
tial states just below E, and with p-polarized light as a function
of coverage.

resonance at 64—65 eV is quite dramatic after a half-
monolayer of thickness (as seen in Fig. 8).

IV. DISCUSSION

When adsorbed on corrugated surfaces of transition
metals [such as W(112), Mo(112), and Re(1010)], many
alkali and alkaline-earth adsorbates form linear chains
which are oriented perpendicular to the furrow direction,
i.e., parallel to [110], at low coverages.!® 2> The space
between the chains corresponds to the substrate periods
na,, where a, is one of the substrate surface lattice con-
stants. At higher coverages, continuous compression
along the furrow direction occurs, resulting in one-
dimensional close packing. Figure 9 shows the changes
in overlayer structures corresponding to the observed
LEED patterns and the work function for the adsorption
of Mg on the Mo(112) surface, reported by Katrich, Kli-
mov, and Yakovkin.! At 0.25 monolayer, there is a
p(1X4) structure in which the Mg-Mg atomic distance is
4.4 A in the direction perpendicular to the furrow, and
10.92 A in the furrow direction, as indicated in the
figure. Between 0.25 and 0.5 monolayer, a continuous
phase transition (compression along the furrow) is ob-
served between the p(1X4) and p(1X2) structures.
When the coverage reaches 0.5 of a monolayer, the rows
of Mg atoms are in the p (1X2) configuration, with atom-
ic distances of 4.45 A perpendicular to the furrow direc-
tion, and 5.46 A in the furrow direction, at the same time
the work function reaches its minimum. As the coverage
increases beyond 0.5 of a monolayer, there is a
commensurate-incommensurate transition which has
been postulated to be related to the overlayer nonmetal-
metal transition.!® This postulate was based upon a
changing work function and Mg plasmon intensity
(shown in Fig. 9), as well as the angle-integrated density
of states obtained from photoemission undertaken at the
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FIG. 8. Resonant photon energies of the Mg 2p — ed excita-
tion as a function of Mg coverage on Mo(112) with p-polarized
(®) and s +p-polarized (M) light. The initial states are just
below the Fermi energy.

plasmon threshold (see the inset in Fig. 3).1° The work
presented here also provides a number of independent in-
dications for this nonmetal-metal transition.

A. Changes from localized to itinerant bands

The Mg-induced feature with 1.7+0.1-eV binding en-
ergy in normal emission does not disperse with K, or
photon energy, and can be assigned as a surface state.
This state has been observed for the Mg(0001) sur-
face.?»?* It is located in the I'y -T'; bulk band gap, and
is similar to the surface states observed for other
alkaline-earth metal surfaces.”> For the Mg(0001) sur-
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FIG. 9. Coverage dependence of the work function (@) and
the Mg plasmon loss intensity (O) taken from Ref. 10. The
overlayer crystalline structure of Mg on Mo(112) at 0.25 of a
monolayer is also indicated.
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face, this state disperses towards E as the emission angle
moves away from normal, and exhibits free-electron-like
parabolic dispersion. As seen from Fig. 4, when the Mg
overlayer is thin enough (below or around half of a mono-
layer), the surface state has only a small bandwidth, and
is a localized state with a large effective electron mass.
This localized behavior corresponds to a nonmetallic
overlayer electronic structure. This nonmetallic phase
also corresponds to the low coverage crystalline struc-
tures [p(1X4) and p(1X2)] with large adatom-adatom
distances (the lattice constant in bulk Mg is 3.21 ;X), SO
that the overlap between the electron wave functions of
the adatoms is probably quite small. With increasing
coverage, the overlap lattice constant decreases causing
increasing overlap of adjacent atomic orbitals and in-
creasing bandwidths. For thick films (more than one
monolayer), the itinerant character of this surface state
with a nearly parabolic dispersion, and the band crossing
the Fermi level (see Fig. 4), is characteristic of metallic
behavior. This behavior of this surface state is expected
for a surface state of bulk Mg because the uppermost
band is half-filled.?® The origin of the 0.4-eV induced
feature and its properties are similar to that observed for
the 1.7-eV state. Together both states demonstrate a
strongly evolving electronic structure near Ep with in-
creasing Mg coverage.

The Mg-induced state with a binding energy of
5.7£0.1 eV at normal emission is attributed to excita-
tions of Mg 3s electrons. At high coverages, this broad
feature disperses towards E; and begins to exhibit band-
like character (i.e., positive dispersion). This behavior is
typical of sp bands in alkaline-earth metal overlayers?’+?8
and for the surfaces of bulk magnesium.?>%

B. Changes in the density of states near Ep

As indicated from Figs. 2 and 3, the change in the den-
sity of states near E with coverage mimics the changing
dispersive behavior of these states with increasing cover-
age. The dramatic increase in the density of states near
the Fermi energy as the coverage of the Mg layer in-
creases beyond 0.5 of a monolayer also indicates a change
in the metallization of the overlayer. These dramatic re-
sults confirm the angle-integrated photoemission results
(taken at photon energies near the plasmon resonance)
obtained by Katrich, Klimov, and Yakovkin.!° There
too, evidence for a dramatic change in the density of
states at half of a monolayer was found (see the inset in
Fig. 3).1° Both the changes in the density of states and
the dispersions of the bands near the Fermi energy clearly
suggest that there is a nonmetal-metal transition in the
overlayer with increasing coverage.

C. Changes in electron localization and photohole screening

The change of the itinerant electron density will
dynamically affect the screening of the photoholes or the
formation of core excitons in the resonance photoemis-
sion.”®!! In the resonance photoemission, like CIS, a
core electron is excited to an unoccupied state near the
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E, forming a transient excited state or exciton. The de-
cay of the exciton in the final state is identical to the
direct photoemission process, and leads to a resonant
enhancement of valence-band photoemission features at
the characteristic photon energy (resonance photon ener-
gy). Changes in the density of itinerant electrons should
influence the formation of core excitons or the pho-
toholes, consequently changing the partial photoemission
cross sections of various initial states"”® because of
changes in the strength and shape of the potential.**>!
With increasing metallicity of the overlayer, or the densi-
ty of itinerant electrons, there is an increase in the screen-
ing and a decrease in the interaction between the pho-
tohole and the excited electron, such that it will shift the
shape resonant cross-section maximum in resonant pho-
toemission to a higher photon energy,*® and decrease the
resonance intensity. The increased screening will also de-
crease the core hole lifetime, thereby increasing the width
of a shape resonance feature like CIS in the resonant pho-
toemission spectra. For Mg overlayers, both shape reso-
nances (Mg 2p —ed) and resonances involving core exci-
ton formation (due to Mg 2p —3s/d excitation) can be
observed. We can probe the nonmetal-metal transition in
the Mg overlayers dynamically by observing the evolu-
tion of resonance spectra of the overlayers with CIS reso-
nant photoemission.

The resonance centered at 42—43-eV photon energy is
due to resonance involving the core exciton formation as-
sociated with the Mg 2p — 3s /d excitation, while the res-
onance centered at 64-65-eV (with p-polarized light)
photon energy is a result of the shape resonance from the
Mg 2p —ed excitation. The changes of these two reso-
nances are characteristic of the increased metallicity of
the overlayer with increasing coverage. As expected,
there is a decreasing in the resonant intensity for both
types of resonances after completion of a half-monolayer
of Mg (Figs. 5 and 7) in spite of the further addition of
Mg to the overlayer. We associate these changes with the
increased screening of the photoholes, or core excitons, in
the resonant processes involving Mg 2p—ed and
2p —3s/d excitations.® The width of these resonant
features with increasing coverages after 0.5 monolayers
indicates a decreasing of core hole or core exciton life-
times caused by the increased response by the itinerant
electrons in the overlayer. We therefore have a strong in-
dication of increased screening, or an increase of the
itinerant electron density in the overlayer. This demon-
strates that after half of a monolayer there is increased
delocalization of the electrons in the overlayer as the
overlayer becomes metallic.

As shown in Fig. 8, there is also a dramatic increase of
the resonance photon energy for Mg 2p —ed excitation
between half a monolayer and one monolayer. This shift
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gives another indication of changes in the final-state
screening in the overlayer, since the increase of screening
will decrease the interaction between the core hole and
excited electron in this shape resonant process. This also
occurs as a result of the nonmetal-metal transition. This
result for Mg/Mo(112) is similar to the shift in resonance
photon energy of the Hg 5d —€f excitation of Hg over-
layers on Cu(100) (Ref. 7) and W(110).*3

The difference in the Mg 2p —ed resonance energy
(Fig. 6) between s +p and p-polarized light was not clear-
ly observed for Hg overlayers, and reflects stronger in-
teraction of Mg with the substrate than is observed for
Hg overlayers across the nonmetal-to-metal transition.
The interaction between Mg adatoms and the substrate
deforms the d_, wave function in the final state, or the p,

core hole. This interaction, resulting in a Mg adatom
which is more a prolate spheroid than a sphere, means
that for p-polarized light the resonance in the CIS will
occur at a shorter wavelength or at a higher photon ener-
gy,’° and have a smaller resonance intensity, as seen in
Fig. 8. Similar effects have been observed for Hg over-
layers, albeit slight (less than 10%), but nonetheless have
been shown to be correlated to aspherical changes in the
initial-state potential.’!

V. SUMMARY

From photoemission and resonant photoemission, a
nonmetal-to-metal transition in magnesium overlayers on
the Mo(112) surface has been observed. This transition
occurs in the coverage range between half a monolayer
and one monolayer of Mg, which corresponds to the
overlayer commensurate-to-incommensurate crystalline
phase transition. The nonmetallic phases of the overlayer
are related to the p(1X4) and p (1X2) structures, while
the metallic phase corresponds to the higher coverage in-
commensurate structure. The change in the density of
states near Ej, the increased itinerancy of these states,
and the changes to the screening effects upon the core ex-
citons in the resonant photoemission process, all with in-
creasing Mg coverage, are characteristic of the metalliza-
tion of the overlayer.
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