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We have measured the electronic structure of thin Pb films grown on highly oriented pyrolytic graphite
�HOPG� by angle-resolved photoemission spectroscopy. Quantum well states �QWSs� corresponding to con-
fined Pb valence electrons are observed. Their energy positions are fixed, but their intensities evolve for
increasing Pb coverages. The results indicate that the films are rough, consisting of multiple thicknesses.
Nevertheless, the thickness distribution is sufficiently narrow to allow a unique assignment for each QWS peak
in terms of a quantum number and the exact film thickness in atomic layers. For increasing Pb coverages of up
to 10 monolayers �ML�, the even film thicknesses of 2, 4, 6, 8, and 10 ML are much more prevalent than the
odd film thicknesses of 1, 3, 5, 7, and 9 ML, thus suggesting significant differences in surface energy between
the even and odd thicknesses. These results are consistent with an available first-principles calculation of the
surface energies of freestanding films; an implication is that the interaction between the Pb film and the HOPG
substrate is weak. The in-plane dispersion relations of the QWSs are measured. The effective masses at the
surface zone center agree well with the results calculated from the bulk Pb band structure, in sharp contrast to
the strongly enhanced or anomalous effective masses in Pb films grown on Si�111� as reported previously. This
finding indicates that the anomalous effective masses in Pb/Si�111� are not caused by increased electron
correlation effects in a confined geometry, but are rather attributable to a strong interfacial interaction between
the QWSs and the substrate electronic structure.
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I. INTRODUCTION

Ultrathin metal films grown on semiconductor and metal
substrates have attracted considerable interest because of
their often novel physical behavior and properties. Electrons
in such films form standing waves, or quantum well states
�QWSs�, for energies within substrate band gaps.1–4 The dis-
creteness of the electronic structure can result in large varia-
tions in the density of states near the Fermi level as a func-
tion of film thickness, in turn affecting the charge
distribution, electronic energy, and physical properties.5

Electronic states outside the substrate band gaps are not con-
fined, but they can form quantum well resonances provided
that there is a substantial mismatch in electronic band struc-
ture between the film and the substrate. These resonance
states are essentially broadened QWSs, and they too can con-
tribute to the layer-by-layer variations in physical properties.
For both QWSs and resonances, the substrate is an integral
part of the quantum system. It provides a confinement poten-
tial or potential step as seen by the valence electrons in the
film; additionally it can affect the detailed electronic struc-
ture of the system through a variety of effects including in-
terface scattering,6 umklapp reflection,7–9 and hybridization
and coherent electronic coupling across the interface.10–13

The present work is a study using angle-resolved photo-
emission of the quantum confinement effects in Pb�111�
films deposited on highly oriented pyrolytic graphite
�HOPG�. There is considerable prior photoemission work on
Pb films deposited on the Si�111�-�7�7� surface.14–17 The
main difference between Pb/HOPG and Pb/Si is that the

former has a relatively weak interfacial interaction based on
two observations. First, graphite is a layered material with
weak bonding in-between graphene layers. When it is
cleaved to expose a surface, the electrons near the surface do
not undergo much adjustment, and the top graphene layer is
stable. By contrast, the Si�111� surface is heavily recon-
structed to minimize the dangling-bond energies. The re-
maining dangling bonds are active and can bind strongly to
an overlayer. Second, the Si band gap below the Fermi level
available for quantum confinement is typically less than 1
eV. Overlayer states below the gap can readily couple to the
Si electronic states. By contrast, graphite has a large band
gap at the surface zone center extending over the entire width
of the Pb p valence band below the Fermi level. The p va-
lence electrons of Pb are thus largely decoupled from the
substrate, but not entirely. Because the Pb and graphite lat-
tices are incommensurate, mixing of the in-plane wave vec-
tors can lead to an effective coupling when the three-
dimensional band structure of graphite is considered. Strictly
speaking, the QWSs seen in Pb/graphite are resonance states,
but this is a minor effect.

One reason for our interest in Pb/graphite is its weak in-
terfacial coupling that makes an interesting comparison to
Pb/Si. Our results show that the energies of the QWSs are
substantially different for the two cases. The growth mode is
also very different, even though an electronic growth behav-
ior is apparent in both cases. Furthermore, the effective
masses of the QWS subbands at the surface zone center are
substantially different. The Pb/Si system is known for its
anomalously large �or even negative� effective masses, and
the physics is still under debate.14,15 In the present work, we
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show that the effective masses in Pb/graphite are quite nor-
mal. Thus, the anomalous results in Pb/Si cannot be attrib-
uted to enhanced electron correlation effects in a confined
geometry. Rather, the strong interaction between the Pb film
and the Si substrate is the cause.

Another motivation for our work is the prevailing interest
in graphene-based materials.18 Graphene sheets and stacks
have unusual properties possibly suitable for advanced elec-
tronic applications. Metallization and film formation on
graphene/graphite is essential for integrating such materials
into useful device configurations. There is an earlier study of
Pb films deposited on a graphene-terminated SiC�0001�
surface.19 It is interesting to make a comparison and deter-
mine what differences might arise between the two sub-
strates. For the most part, the QWS structure is similar, but
there are differences in growth behavior. It should be noted
that graphene/graphite has been employed as a substrate ma-
terial in previous studies of quantum well states in Ag and
alkali-metal films.20–23

II. EXPERIMENTAL DETAILS

The photoemission measurements were performed at the
Synchrotron Radiation Center, University of Wisconsin–
Madison. HOPG pieces of grade ZYA were purchased from
Advanced Ceramics. The material is composed of graphite
crystallites highly oriented, within 0.4°, along the c axis, but
the in-plane orientation of the crystallites is completely ran-
dom. The typical crystallite size is 1 to 10 �m in the basal
plane and �0.1 �m perpendicular to the basal plane.24 A
small piece of the HOPG sample was mounted on a Si�111�
substrate, which served as a Joule heater for the sample. The
HOPG sample was cleaved ex situ using a piece of sticky
tape, and then transferred immediately into the vacuum
chamber. It was degassed at about 550 °C for several hours
and the observed reflection high-energy electron diffraction
�RHEED� pattern showed very sharp diffraction rings, char-
acteristic of a clean HOPG surface. A thermal evaporation
source was used to deposit Pb onto the sample surface at
�115 K at a rate of 0.46 Å /min as determined from a
quartz-crystal thickness monitor. The evaporation source
consisted of ultrapure Pb contained in a tungsten crucible,
which was heated by a feedback-controlled electron beam.
The thickness monitor, while quite precise, was calibrated to
only within about 20% accuracy.

The photoemission data were acquired with the sample at
�115 K using a Scienta SES 100 analyzer equipped with a
two-dimensional detector that yielded photoemission intensi-
ties as a function of electron energy and emission angle
along a selected azimuthal direction.25 The sample normal
was tilted relative to the analyzer axis in steps of 4° to create
overlapping data sets, which were later stitched together to
yield an intensity map over a wide range of emission angle.
For a determination of the effective masses of the bands, a
transformation of the data was made to convert the emission
angle into in-plane wave vector. All data shown below were
taken with a photon energy of 22 eV.

III. RESULTS AND DISCUSSION

Cuts of the intensity maps at normal emission for nominal
Pb film coverages ranging from 0.5 to 10 monolayers �ML;

in terms of the bulk Pb lattice� are displayed in Fig. 1. Al-
ready at 0.5-ML coverage, multiple Pb-derived QWS peaks
emerge. Note that the peak marked by “C” is derived from
the HOPG substrate, and its origin is unclear.26 As the Pb
coverage increases, the QWS peak intensities vary but the
peak positions remain unchanged. Generally, each peak can
be observed over a range of several MLs of Pb coverage;
thus, the film thickness corresponding to the particular peak
�marked in Fig. 1� is present over the same coverage range.
An immediate conclusion is that the film growth mode is
three dimensional involving simultaneously several thick-
nesses centered about the nominal film coverage. For com-
parison, Pb films grown on Si�111� can be atomically uni-
form under the right conditions.16

This three-dimensional growth mode does not allow a
simple assignment of the QWS peaks to different thick-
nesses. Nevertheless, a unique assignment can be reached
based on several constraints. The energies of the QWSs are
determined by the Bohr-Sommerfeld quantization rule,2

2k��E�Nt + �i�E� + �s�E� = 2n� �1�

where k��E� is the perpendicular component of the wave
vector of the electron at energy E, N is the film thickness in
monolayers, t is the monolayer thickness, n is a quantum
number, and �i and �s are the phase shifts at the interface
and surface, respectively. k��E� is determined by the bulk
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FIG. 1. �Color online� Normal emission spectra for Pb films
grown on HOPG at various nominal Pb coverages. The photon en-
ergy used was 22 eV. The QWS peaks are marked by the corre-
sponding film thicknesses. Peaks that are marked by the solid lines
are analyzed to yield the results shown in Fig. 3. The peak marked
by “C” is derived from the HOPG substrate. The inset is an en-
larged view of the 8-ML spectrum to show the weaker peaks.
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band structure of Pb along the �111� direction. �s�E� is avail-
able from a first-principles calculation.27 �i�E� is not known,
but it should be a smooth function and not too different from
�s�E� because of the weak interaction between the film and
the substrate; we employ a second-order polynomial as a
fitting function. With a reasonable guess of �i�E�, QWS peak
positions from Eq. �1� are in fairly good agreement with the
observed peak positions for the range of N expected based on
the nominal Pb coverage. The peak assignments in terms of
N and n are then made, and the polynomial coefficients in
�i�E� are varied for a best fit to the observed peak positions.

The experimentally observed QWS peak positions and the
results from the fit are shown in Fig. 2�a�; the agreement is
excellent. No peaks are observed for N=1 and 3, which will
be addressed in connection with the growth behavior below.
�i�E� determined from the fit and �s�E� from a first-
principles calculation are both shown in Fig. 2�b�. Indeed,
the two functions are not very different. In a sense, the Pb-
graphite interface is not too different from a Pb-vacuum in-
terface. Figure 2�c� compares the QWS peak energies with
those for Pb films grown on graphene-terminated SiC�0001�
and Si�111�.16,19 The results for Pb/HOPG and Pb/SiC are
very close. The main difference is that the QWS peaks for
N=5, 7, and 9 are clearly seen in Pb/HOPG, but not in Pb/
SiC. The results for Pb/Si are quite different. Only peaks
within about 1 eV below the Fermi level are observed. This
observation can be related to the relatively small gap in Si
available for quantum confinement. Resonances at lower en-
ergies are too broad to be detected. The significant differ-
ences in the observed QWS energies can be attributed to a
different phase-shift function �i�E� in Pb/Si; this phase shift
is expected to change rapidly near the Si band edge.

The growth behavior can be deduced from the QWS peak
intensities, each of which should be proportional to the sur-
face area of the corresponding film thickness. The spectra in
Fig. 1 are fitted with Voigt line shapes, and the resulting
intensities of the most prominent peaks, marked by the solid
vertical lines, are plotted in Fig. 3�a� as a function of the
nominal film coverage. In general, each peak for thickness N
reaches its maximum intensity at a Pb coverage around N, as
expected. The peaks corresponding to even-N thicknesses are
much more intense than the odd-N thicknesses. Since some
of the peak intensities �odd ML cases� are too small to be
displayed clearly in this plot, the data are replotted in Fig.
3�b�. Here, the intensity of each peak is self-normalized to its
maximum peak intensity within the range, and the results for
different N are offset vertically to show the relative peak
intensity evolution. In each case, the peak intensity goes
through a maximum with a width of 2–4 ML, which is ap-
proximately an indication of the width of the film thickness
distribution.

The weak odd-N peak intensities indicate that the system
favors the formation of even-N thicknesses. This can be un-
derstood in terms of Fig. 4�a�, which displays the surface
energies for different thicknesses of freestanding Pb films
based on a first-principles calculation.27 While Pb films on
HOPG are not freestanding, the results should be similar.
The damped bilayer oscillations in surface energy as shown
in the calculation are well-known effects—the one-
dimensional equivalent of the “shell effect.”5 It is related to

the quantum well electronic structure of the Pb films, and the
bilayer period is just one half of the Fermi wavelength of Pb
along the �111� direction. The calculated surface energies for
odd N are generally higher than those for nearby even N,
which accounts for the preference of even N thicknesses.
Furthermore, the surface energies for N=1 and 3 are much
higher than the rest, thus accounting for the absence of QWS
peaks corresponding to N=1 and 3 in the data. At higher
thicknesses, the even-odd selection becomes less pronounced
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FIG. 2. �Color online� �a� Experimental and fitted energies of
QWSs as a function of film thickness. �b� Phase shifts at the surface
and interface, in units of �. �c� Comparison of QWS energies for Pb
films on HOPG, SiC, and Si.
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because of the damping of the quantum oscillations in sur-
face energy. Note that film growth is not just affected by the
energetics; kinetics can also play a role.28 In the present case,
energetics alone explains the major features of the growth
behavior.

The trend of growth for Pb/HOPG is very similar to that
found for Pb/SiC. The main difference is that the N=5, 7,
and 9 peaks are completely missing in the latter case. It is
also interesting to note that for Pb growth on Si�111� at simi-
lar temperatures, N=1 and 6 �or N=1 and 8, depending on
the exact growth conditions� are very much preferred.16,29–31

The reason is that the Pb-Si interface corresponds to a very
different boundary condition. The bilayer oscillations in sur-
face energy have a different phase shift. As a result, the
lowest surface energies occur at N=1 and 6, as shown in Fig.
4�b� based on a first-principles calculation.29

The in-plane dispersion relations for the QWSs are shown
in Fig. 5 for a number of nominal film coverages; each case
corresponds to a few different N. The spectral peaks as a

function of energy are quite sharp near �̄, but they become
blurred at large emission angles. Since the crystallites in
HOPG are randomly oriented within the surface plane, the
Pb domains are also randomly oriented. The in-plane disper-
sion relations of the QWSs generally depend on the azi-
muthal direction relative to the Pb lattice. The random align-
ment is at least partly the reason for the blurring of the
spectra at large emission angles.

For reference, Fig. 6 shows the projected bulk band struc-
ture of a 9-ML Pb�111� slab, which should be a good ap-
proximation for the general shapes of the QWS dispersion
relations �aside from a phase shift�. The lowest fully occu-
pied band is an s band. The p band starts at about −4 eV and
spans the Fermi level. The QWSs derived from the p band
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FIG. 3. �Color online� �a� Intensity evolution of the QWS peaks
marked by the solid vertical lines in Fig. 1 for different film thick-
nesses as a function of the nominal Pb film coverage. �b� Self-
normalized QWS peak intensities as a function of the nominal Pb
film coverage.
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have nearly the same dispersion relations along the two ma-
jor symmetry directions �̄M̄ and �̄K̄ near the zone center �̄,
but the results differ at large emission angles. The overall
shapes of the QWS dispersion relations look very similar to
the projected band structure.

Since the symmetry of Pb�111� at �̄ is high �threefold�,
the effective masses of the QWS subbands are isotropic
within the surface plane. An analysis of the curvatures at �̄
of the most prominent bands in the data yields the corre-
sponding effective masses. The results, normalized to the
free-electron mass me, are presented in Fig. 7�a� for different
N, plotted as a function of energy. The solid curve is the
effective mass calculated from the projected bulk band struc-
ture; this is equivalent to assuming that the phase shift �i
+�s is independent of the parallel component of the momen-
tum of the electron. The bulk band results are seen to corre-
spond closely to the experimental results. The effective
masses in Pb/HOPG are thus quite normal. The results imply
that the phase shift is indeed nearly independent of the par-
allel component of the electron momentum. This is reason-
able as the band gap of graphite is very large near the zone
center, and coupling between the Pb p band with the sub-
strate electronic states is expected to be weak. Since the Pb-
graphite interface is incommensurate, accurate calculations
of the phase-shift function would be difficult and are cur-
rently unavailable.

By contrast, anomalously large effective masses, and even
negative effective masses, have been reported in a number of
systems including Cu/Co�001�,32 Ag/V�100�,33 Ag/Si�111�,
Ag/Si�100�,11 Cu/Co/Cu�001�,34 and Pb/Si�111�.14,15 The
common occurrence has suggested possibly a generic expla-
nation. In one proposal,14 lateral electron localization was
put forth as the cause for the enhanced effective masses in
Pb/Si. This localization idea was also proposed earlier in a
scanning tunneling microscopy study of the same system.35

Conceptually, localization could occur in thin films for two
possible reasons. One is that the confined geometry could
force overlap of the wave functions, resulting in enhanced
correlation effects and a modified dispersion relation. The
other is that interfacial scattering in incommensurate film
systems could potentially lead to Anderson-type localization.

Our results for Pb/HOPG rule out the first of the two
interpretations because the same confined geometry in Pb/

HOPG does not yield enhanced effective masses. The lattice
mismatch between Pb and HOPG is large, about 30%. How-
ever, the interaction between Pb and HOPG is relatively
weak; so interface scattering could be weak. For this reason,
the Pb/HOPG results do not necessarily address the question
of Anderson localization.

Another interpretation of the anomalous effective masses
in Pb/Si is a hybridization interaction between the film and
substrate electronic structures.15 It has been shown that such
hybridization interaction can substantially modify the QWS
subband dispersion relations, resulting in anomalous effec-
tive masses near the substrate band edge. The data for Pb/Si
from a previous study are presented in Fig. 7�b� for
comparison.15 Indeed, the anomalous behavior is quite pro-
nounced, but only near the Si band edge. Furthermore, it has
been demonstrated that a QWS subband crossing the sub-
strate band edge can even split into two pieces under certain
conditions, thus making an analysis based on Eq. �1�
dubious.12 One should generally speak of a spectral function
associated with the combined film-substrate system instead
of treating the film as an independent quantum well system,
with the substrate effects simply included as a phase shift.
The Pb/HOPG results are fully consistent with this interpre-
tation. Because of the weak electronic interaction at the in-

terface and the large gap in HOPG near �̄, the effective
masses are little affected by the substrate electronic structure.
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IV. CONCLUDING REMARKS

This study is to explore and document the electronic
structure and growth behavior of Pb films on HOPG, and to
examine the relevant physics in terms of quantum well ef-
fects. The growth mode is found to be a good example of
electronic growth, for which electronic energy minimization
leads to preferred film thicknesses. Despite the three-
dimensional growth with several film thicknesses present si-
multaneously, it is possible to make a unique assignment for
each of the QWS peaks in terms of a quantum number and
the exact film thickness in atomic layers. Overall, the elec-
tronic structure of Pb/HOPG is well described by a weakly
interacting interface, with the results closely resembling
those for freestanding films based on a first-principles calcu-
lation. The energies of the QWSs are fairly close to those in
Pb/SiC, but several peaks observed in Pb/HOPG are com-
pletely missing in Pb/SiC. Comparing Pb/HOPG with Pb/Si,
there are significant differences in the quantum well elec-
tronic structure. The total energies also differ, leading to the
different preferred film thicknesses in these two systems. The
effective masses at the zone center are also very different,

with the results for Pb/HOPG being normal �bulklike�, while
those for Pb/Si being anomalous. As graphene sheets and
stacks are gaining interest for possible electronic applica-
tions, the present work provides useful basic information
about the formation of interfaces and films involving a
simple prototypical metal.
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