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Angle-resolved photoemission and resonant photoemission have been used to determine the relative

changes of the electron effective mass and the screening parameter across the nonmetal to metal transi-

tion in the magnesium thin films on Mo(112). Both the screening length and the electron effective mass

exhibit a gradual change with Mg coverage in the transition range between half and one monolayer. The
relationship of these two different measures of metallicity is in surprisingly good agreement with the re-

lationship predicted by theory for the Mott-Hubbard transition. Our results indicate the importance of
electron-electron correlation within the overlayer.

I. INTRODUCTION

There is now considerable experimental and theoretical
evidence indicating that ultrathin films of materials, usu-
ally considered to be metallic, exhibit nonmetallic
behavior. ' These systems undergo nonmetal-to-metal
transitions with changing film density, atomic structure,
or thickness. Despite that it is now generally accepted
that a nonmetal-to-metal transition can occur on not only
insulator and semiconductor-surfaces but also metal sub-
strates, a detailed understanding of the fundamental
mechanisms continues to remain elusive. '

The models associated with the metal-insulator transi-
tion were developed for bulk materials. These models in-
clude the Mott-Hubbard transition based on the electron
correlation, the Wilson transition based on the electron
orbital hybridization, and the Peierls transition attribut-
able to the lattice distortions. ' For divalent atoms ad-
sorbed on metal surfaces, photoemission, resonant
photoemission, and inelastic electron scattering experi-
ments reveal a nonmetal-metal transition with increasing
coverage. The evolution in metallicity of these divalent
metal films cannot be usually understood by a simple
one-particle picture such as a Wi1son-like transition mod-
el. The transition seems to be gradual, not abrupt, and
the details of electronic structure do not correspond to
the nonmetallic phase expected for a Wilson transition.

Experimentally, the nonmetal-to-metal transition can
be rejected by the changes in the valence electronic struc-
ture and the electron screening effects in many-body
processes in photoemission. ' Changes in the electron
effective mass and the dielectric response (which is relat-
ed to the screening length or screening parameter) can be
anticipated across the metal-nonmetal transition. For a
highly correlated electron system close to the metal-
nonmetal transition, a strong enhancement in electron
effective mass due to the significant electron-electron in-
teraction is anticipated. ' ' Such an enhancement in
the effective mass is even stronger in a two-dimensional
electron system than that expected in a three-dimensional

system. ' ' Recently, Tokura et al. ' have found that
the effective mass, spin susceptibility, and specific heat
show a strong enhancement across the metal-nonmetal
transition in the compound of Sr, „La TiO„and the
enhancement is attributable to the electron-correlation
effects. There are, as yet, no corresponding experimental
results for a pure metal overlayer and no evidence that
for a reduced dimensional system the effective mass can
be experimentally related to screening. The main aim of
this paper is to provide a connection between the change
of electron in-plane effective mass and the evolution of
the screening parameter across the nonmetal-metal tran-
sition in the Mg thin films with changing coverage.

II. EXPERIMENT

The experiments were conducted on a 6-m toroidal
grating monochromator beam line at the Synchrotron
Radiation Center in Stoughton, Wisconsin. Angle-
resolved photoemission was conducted in a UHV
chamber as described in our previous effort on this sys-
tem. The constant initial state (CIS) spectra were taken
by scanning the photon energy and electron kinetic ener-

gy simultaneously to record the intensity changes of the
same initial state.

Magnesium was deposited at room temperature and
coverages were determined using a quartz crystal thin-
film thickness monitor, core-level intensities, and low-
energy electron diffraction (LEED). For submonolayer
coverages, we found LEED to be dominated by the 1 X 2
and 1 X 1 diffraction patterns, characteristic of half and
one monolayer (nominal coverage) structures, respective-
ly, in spite of suggestions of a number of complicated
submonolayer phases for this system. '

III. EVOLUTION OF ELECTRONIC STRUCTURE

As discussed in previous work, there are two Mg-
induced features with binding energies of 0.5+0. 1 and
1.6+0.1 eV near the Fermi level that evolve with increas-
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ing Mg coverages on the Mo(112) surface. These states
are characteristic of the Mg-induced electronic structure,
as described elsewhere. The state with a binding energy
of 1.6+0. 1 eV at normal emission decreases in binding
energy to 1.45+0. 1 eV at completion of two monolayers
of coverage. This state has been observed for the
Mg(0001) surface' and is located in the I 3+-I ~ bulk
band gap as a surface state. Similar surface states have
been observed for other alkaline-earth metal surfaces.
The other Mg-induced state at a binding energy 0.5+0. 1

eV appears at about half of a monolayer and becomes
well resolved following the completion of the first mono-
layer of Mg. Between 0.5 and 1.0 ML, there is an in-
crease in the density of states at EF, as described in previ-
ous work. This change corresponds to the nonmetal-to-
metal transition in the Mg thin films. ' At large cover-
ages, a feature at 5.7-eV binding energy is induced by the
Mg overlayer and develops into the bulk Mg band. '

While this band appears to be in superficial agreement
with theoretical efforts for a Mg monolayer, ' the band is
in fact a bulk band.

In order to further illustrate details of the evolution of
the electronic structure in the overlayers with increasing
Mg coverage, angle-resolved photoemission spectra have
been taken to map out the band structure with increasing
Mg coverage. The original spectra characteristic of 0.5-,
1.0-, 1.5-, and 2.0-MI. magnesium films on Mo(112) are
shown in Fig. 1. The evolution of the valence electronic
structure of the Mg overlayers as a function of thickness
has been characterized along the two principal symmetry
directions of the surface Brillouin zone (SBZ). The con-
tribution from the substrate features can be subtracted
since the band structure of the Mo(112) surface is
difFerent from low coverage of the overlayer (as shown in

Fig. 2) and discussed elsewhere. The dispersion of the
Mg state at about 1.6 eV (see Fig. 1) has been plotted
along the I -X and I -F symmetry directions of the SBZ
for different coverages, as shown in Fig. 3. The disper-
sion of the Mg state at a binding energy of 0.5 eV along
the I -X symmetry direction is also plotted in Fig. 3. The
band structure of the Mg overlayers for more coverages
than those shown in Fig. 3 have also been determined.
These results are consistent with the gradual evolution
towards a highly dispersive band structure for the high
coverage metallic Mg overlayer, as indicated in Fig. 3.
For very thick films, the experimental band structure
qualitatively agrees with theoretical results ' though the
data differ from the calculated binding energies.

Among the interesting results obtained from this inves-
tigation are the changes in the dispersion of these two
Mg-induced states with film thickness. First, we note
that there is an anisotropy of the dispersion along the I'-
X versus I -I'direction (as seen in both Fig. 1 and Fig. 3).
Along the I -X direction, these states exhibit dramatic
but gradual changes in their dispersions and eventually
disperse across EF for high Mg coverages. Along the I-
F direction, there is almost no change in dispersion or
band structure with increasing Mg coverage.

The low-binding-energy Mg state (at 0.5 eV) exhibits a
different change in the dispersion behavior as a function
of coverage as compared to that of the 1.6-eV state (about
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FIG. 1. Angle-resolved photoemission spectra of
Mg/Mo(112) along the I -I direction with light of 70-eV photon
energy at an incidence angle of 70 . The surface Brillouin zones

of Mg overlayers corresponding to p ( 1 X2) and p ( 1 X 1) (solid)

and the clean Mo(112) surface (dashed) are shown in the top.

I ). It should be noted that the binding energy of the
0.5-eV feature is subject to substantial error due to the
Fermi function (possibly resulting in an apparent increase
in binding energy). Nonetheless, our results clearly point
toward several conclusions. In the coverage range be-
tween half and one monolayer, the state at about 0.5-eV
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FIG. 2. The measured band structure of the Mo(112) surface

along the I -I direction. The data were taken using 70-eV p-
() and s- (D ) polarized light.
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FICx. 3. The measured dispersion of the Mg-induced bands
along both the I -X (top) and I -F (bottom} directions, at
different coverages [0.4 ML (V), 0.6 ML (o ), 0.7 ML (4), 1

ML (0), and 2 ML (~)]. The dispersions in the first surface
Brillouin zone have been fit with a parabolic function and corre-
spond to the solid curves; the dashed lines are only for guidance.
Light with 70-eV photon energy and 70' incidence angle was
used.

0
spacing of 4.45 A perpendicular to the surface furrow
direction and 5.46 A in the furrow direction.

The change in dispersion from a localized state to a
free-electron-like band should be due to the increase of
the hybridization of electron orbitals in the overlayer by
decreasing the atomic distance with increasing coverage.
This explains, at least qualitatively, the anisotropy in the
dispersion between the two perpendicular directions (I -X
and I -F). The small bandwidth along the I -F direction
is due to the large atomic distance (4.4S A) for a wide
range of coverages. Along the I -X direction, the
compression within the overlayer reduces the atomic dis-
tance, which has a pronounced effect on the band disper-
sion. At low coverages (below 0.5 ML), the large atomic
distances prevent the electron orbitals from hybridizing,
thereby keeping the electrons in the overlayer localized.

As the coverage increases beyond a half monolayer,
there is a possible commensurate-incommensurate transi-
tion of the overlayer structure and the atomic distance
along the substrate furrow shrinks to 2.73 A at the com-
pletion of the erst monolayer. Obviously, the band
dispersion qualitatively reflects the structural transitions
and the metallization within the overlayer. The onset of
substantial dispersion as well as the dispersion of the
Mg-induced band across EF clearly indicate that there is
a nonmetal-to-metal transition between a half and one
monolayer of coverage, consistent with previous con-
clusions. ' At the very least, the data indicate that there
is one metallic phase (of two possible coexisting phases)
within the overlayer.

IV. CHANGE IN KI KCTRQN KFFKCTIVK MASS

binding energy only appears below EF away from normal
emission, although this state does disperse across EF, as
seen for the 0.7-ML overlayer (Figs. 1 and 3). For sub-
monolayer coverages, the dispersion of this band is con-
sistent with the surface Brillouin zone imposed by a
p(1X2) structure. Above a coverage of one monolayer,
this state appears with largest binding energy at I and
disperses parabolically across the EF, as does the 1.6-eV
feature. Both the 0.5- and 1.6-eV states are present for
coverages above half a monolayer. The existence of these
states in the submonolayer regime suggests that there are
two domains (coexistence of phases) in the overlayer
structure. Since there are only two valence electrons per
Mg atom, one band may correspond to the p ( 1 X2) struc-
ture and the other to the p ( 1 X 1) structure.

Such a dramatic change in the band structure can also
be accompanied by a surface-structure phase transition.
When adsorbed on corrugated surfaces of transition met-
als such as W(112) and Mo(112), many alkali and
alkaline-earth adsorbates form linear chains that are
oriented perpendicular to the furrow direction at low
coverages. At higher coverages, continuous compression
along the surface furrow direction occurs, 6nally result-
ing in the p (1 X 1) structure at the completion of one
monolayer. ' From our LEED and core-level measure-
ments, Mg overlayers form a p(1X2) structure on the
Mo(112) surface at a coverage of 0.5 ML, with a lattice

By fitting to the dispersion of the 1.6-eV (at I ) feature
with a parabolic function centered about I, the effective
mass of this band as a function of coverage has been
determined. The results for both the I -J and I - Y direc-
tions are presented in Fig. 4. The effective mass of this
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FIG. 4. The in-plane effective mass of the 1.6-eV (at I ) Mg
state along the 1 -X (~ ) and I - Y {L. ) directions, as a function of
Mg coverage. The solid curves are the results of fits of the ex-
perimental data with an exponential function, and are meant
only to be a guide.
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state changes substantially with coverage in the I -X
direction. The in-plane effective mass of this state along
the I -X decreases dramatically with increasing film
thickness from I */m, = 15.7 at 0.5 ML to 1.6S at 2 ML.
The largest decrease in the effective mass takes place in
the coverage range between a half and one monolayer. In
contrast, the change in the effective mass along the I -Y
direction is quite small and this change occurs mostly
around half a monolayer.

In general local-density approximation theory, the
effective mass can be expressed as

m /m, ~ [I+OX(k, E)/Bek]

from the zone center and exhibits a parabolic free-
electron-like dispersion with an effective mass m */m, of
1.04.' Even for metallic Mg overlayers ( ~2 ML thick-
ness), the effective mass of the 1.6-eV band is still larger
than that of the corresponding band of the Mg(0001) sur-
face (1.68 compared to 1.04). This is not surprising since
the inhuence of many-body effects on the quasiparticle
band structure should be larger in two dimensions than in
three, as shown both theoretically' ' ' and experimen-
tally.

V. THE CORRELATION BETWEEN THE SCREENING
AND EFFECTIVE MASS

where X(k, s) is the electron self-energy function involv-
ing many-body effects. In ordinary metals (near-free-
electron systems), the contribution to the effective mass
from the electron-electron interaction is small. On the
other hand, according to the Gutzwiller approach to the
Hubbard'd model, there is not only a transition from a lo-
calized to a delocalized state expected in a strongly corre-
lated system, but the effective mass and the screening
length, as well as the static spin susceptibility, are found
to be divergent when the system exhibits a Mott-insulator
phase. ' ' The change of the effective mass is found to
be related to the change of the electron-correlation ener-

gy (due to many-body efFects). ' ' As can be seen in
Fig. 4, the gradual decrease of the effective mass implies a
gradual change in the electron-electron interaction in-
stead of a discontinuous change as expected from simple
models. Yet, this change causes a transition from a bond-
like (localized) to a bandlike (delocalized) electronic
phase, i.e., a nonmetal-to-metal transition.

The nonmetal-to-metal transition for Mg on Mo(112) is
a gradual transition (instead of an abrupt transition as ex-
pected for the Wilson-type transition), as is evidenced by
the gradual evolution of the band structure (this work
and previous results ). As we postulate that there are
domains of two overlayer structures in the coverage
range between a half and one monolayer, the overall
effects of the two domains on the electronic structure
from both domains provide a continuous evolution in
metallicity even though there may exist an abrupt change
for a perfect single domain structure within the over-
layer. The gradual nonmetal-to-metal transition for the
Mg two-dimensional overlayer that we observe is similar
to that predicted for Mg clusters by Gong, Zheng, and
He. In the case of Mg clusters, theoretical calculations
for small clusters show that there is an energy gap as high
as 2.3 eV. With increasing cluster size this "band" gap
gradually narrows and finally closes at a cluster size of 33
atoms. As with mercury overlayers, there is a surpris-
ing similarity between the development of electronic
structure with increasing film thickness and increasing
cluster size of free clusters.

Stronger electron-correlation effects in a two-
dimensional layer than that in bulk system are observed
for Mg. This is clearly seen by comparing the effective
mass in metallic Mg layers on Mo(112) with that of the
Mg(0001) surface. For Mg(0001), the corresponding state
(1.7 eV at I ) disperses toward Ez when probed away

We seek to find the connection between the effective
mass of electrons within the Mg overlayer and the screen-
ing parameter. Increasing metallicity will increase the
density of free electrons so as to increase the screening
effects within the overlayer. By application of Thomas-
Fermi screening theory to a two-dimensional sys-
tem, ' a relationship between the screening parame-
ter l, (which is the inverse of the screening length) and
the density of free electrons n, can be obtained as

xl, =(2~e /k~ )n, T, (2)

where ~ is the dielectric constant and T the temperature
of the system. Furthermore, increasing metallicity
reduces the localization and effective mass of the elec-
trons in the overlayer as well as strongly affecting the
screening. A quantitative relationship between the
effective mass and the screening parameter (or the screen-
ing length) should give an indication of the nature of the
metallization of the overlayers.

A relative change in the screening effects across the
nonmetal-to-metal transition in a thin film can be mea-
sured by resonant photoemission. In resonant photo-
emission like CIS, a core electron is excited to an unoccu-
pied state near the EF, forming a transient excited state
or exciton. The decay of the exciton in the final state is
identical to the direct photoemission process and drives a
resonant enhancement of valence-band photoemission
features at the characteristic photon energy (i.e., the reso-
nance photon energy). The formation and decay of a
core exciton in the resonant photoemission process can
be affected by the screening. Such effects are rejected by
the changes of resonance photon energy, intensity, and
half-width. ' Generally, increased screening (due to in-
creasing metallicity of the overlayer, in our case by in-
creasing the Mg coverage) will cause a decrease in the
resonance photoemission intensity and an increase in
both resonance photon energy and half-width. For Mg
overlayers on a Mo(112) surface, dramatic changes in in-
tensity and position (i.e., the resonance photon energy) of
Mg 2p ~cd shape resonance have been observed with in-
creasing Mg coverage. This is consistent with the results
obtained for the evolution of the band structure with in-
creasing magnesium coverage. The resonant photoemis-
sion also indicates that there is a gradual nonmetal-to-
metal transition in the Mg overlayers in the coverage
range between 0.5 and 1.0 ML.
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To obtain the correlation between the effective mass
and the screening across the nonmetal-metal transition,
the effective mass of the electrons in the Mg-induced
state with the binding energy of 1.6 eV and the intensity
of Mg 2p~cd shape resonance have been plotted as a
function of Mg coverage in Fig. 5. Dramatic decreases of
both the efFective mass and the resonance intensity can be
seen in the nonmetal-to-metal transition range between
half and one monolayer. In order to obtain quantitative
relations between these two physical quantities and the
Mg coverage, the decay of both the effective mass and the
resonance intensity with coverage has been fitted to an
exponential function of coverage for the transition range
0.5 —1.0 ML, and can be expressed as

m *(8)/m, =a +b exp( —5.028),

I(8)/Ib =c +d exp( —2.498),

(3a)

(3b)

where I, is the screening parameter of the overlayer. Ac-
cording to Eqs. (4) and (5), the empirical relationship
characterizing the nonmetal-to-metal transition in the
Mg overlayers can be expressed as
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FICi. 5. The in-plane effective mass of the Mg-induced state
at 1.6 eV (at I ) along the I -X (0 ) and the intensity ( A) of Mg
2p —+c,d shape resonance as a function of Mg coverage.

where m, is the free-electron mass, II, the resonance in-
tensity for the fully metallic (bulklike) layer, and 8 the
Mg coverage. One of the most important results is that
the exponential decay parameter for the effective mass
(with fitting value of 5.02) is about twice that of the reso-
nance intensity (with fitting value of 2.49), so that there
exists an experimental scaling relationship:

m'(8)/m, ~ II(8)/Ib J

across the nonmetal-to-metal transition in the overlayers.
Generally, the resonance intensity is inversely propor-
tional to the screening parameter (which is the inverse of
the screening length), 5 i.e.,

m *(8)/m, a:
I I, (8)/I& I

where Ib is the screening parameter when the overlayer is
bulklike and fully metallic. This result is exactly the
same as that predicted by Brinkman and Rice' ' based
on the Mott-Hubbard model. According to Gutzwiller's
variational approach as applied to the Hubbard model,
both the effective mass of electrons and the screening
length diverge at a critical value of the intra-atomic
Coulomb interaction Uc, which corresponds to a metal-
insulator transition. In the metallic phase and near the
transition, there exists the following scaling relationship:

q, o- 1 —
( U/Uc ) ~ ( m ' /m, ) (7)

as U~Uc, where q, is the screening length (q, =1/1, )

and U is the intra-atomic Coulomb interaction in the
Hubbard model. The Hamiltonian of the system is sim-
ply expressed as

H= g t,,c; c, +Urn, tn, g,
(i,j,o ) (i)

where n =—e+c, the occupation-number operator. The
first part is the kinetic energy due to hopping between
sites i and j and the second part is the Coulomb interac-
tion energy. According to this model, m*~m„U~O,
and l, —+lb —+ ~ in the free-electron-like metal system and
m *~~, U~ U&, and l, ~0 in the Mott-insulator
phase.

As is well known, the metal-insulator transition pre-
dicted from the above theory was originally applied to a
half-filled system (one electron per site, like the alkali
metals). However, a recent theory based on the funda-
mental interplay between kinetic and Coulombic energies
and the van der %'aals interactions, proposed by Garcia
and co-workers, ' has been successfully used to explain
the transition from localized to delocalized electronic
states in divalent metal clusters.

The good agreement between the empirical relation-
ship derived for the Mg overlayer system and that de-
rived from the Mott-Hubbard model suggests that, even
though a divalent metal system is not exactly the system
originally described by the Hubbard model, this model
may be helpful to understand the nonmetal-to-metal tran-
sition in our divalent layer system. It also suggests that
unlike a simple one-particle picture (i.e., noninteracting
electron model) like that in a Wilson-type transition for
bulk divalent metals, many-body (electron-correlation)
effects play a very important roIe in the nonmetal-to-
metal transition in both monovalent and divalent sys-
tems. From this point of view, a gradual nonmetal-to-
metal transition in divalent metal layers [as has been ob-
served for Hg/Cu(100), (Ref. 4) Ba/Ni(111), (Ref. 4)
Hg/W(110), (Ref. 3) and also Mg/Mo(112) (Refs. 6 and 7]
is not unreasonable. This is particularly true since it has
been concluded that the many-body effects are enhanced
in low-dimensional systems. ' '

Applying Eq. (6) to the metallization of Mg overlayers,
and to the experimental data of the electron effective
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ative changes in the Coulomb repulsion U of Fig. 6 do
not, in fact, resemble what is generally expected for a
Mott-Hubbard system. Problems with the changes in the
Coulomb repulsion energy are not confined solely to this
system. Experiments with a system that exhibits a
nonmetal-to-meta1 transition that should, in principle,
more closely resemble a Mott-Hubbard system also can
be seen to exhibit behavior that is difficult to explain.
%'e can speculate about two possible sources of these
problems: difficulties may be due to the dimensionality
effects on the electron-electron correlation, or the origin
of the difficulties may be due to the simplicity of the Hub-
bard model.

VI. CONCI USION
FIG. 6. The relative changes of the Coulomb repulsion U ()

and the screening parameter (o ) {inverse of screening length) as
function of Mg coverage on Mo(112). Uo is assumed to be the
electron-electron correlation at zero coverage and lb the screen-
ing parameter for bulk magnesium.

mass, a relative change of the Coulomb repulsion U and
the screening parameter l, (inverse of screening length) as
function of coverage can be obtained. The results have
been plotted out in the inset of Fig. 6. The validity of Eq.
(7) and a general application of the Mott-Hubbard model
to this system needs to be questioned, in spite of the ap-
parent superficial agreement of the data to the theoretical
work of Brinkman and co-workers. ' ' More theoreti-
cal study is needed if we are to understand how much of
the Mott-Hubbard model can be legitimately applied to
this and other divalent metal overlayer systems. The rel-

In summary, in divalent Mg overlayers a gradual
nonmetal-metal transition is confirmed by the change in
the Mg band dispersion and the electron effective mass
with increasing Mg coverage. An empirical relationship
between the effective mass and the screening parameter
across the nonmetal-to-metal transition has been ob-
tained from angle-resolved and resonant photoemission
experiments. This relationship resembles the scaling
theory for the Mott-Hubbard transition surprisingly well.
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