
Surface Science 603 (2009) 1389–1396
Contents lists available at ScienceDirect

Surface Science

journal homepage: www.elsevier .com/locate /susc
Quantum oscillations in surface properties

A.L. Vázquez de Parga a,b, J.J. Hinarejos b, F. Calleja b, J. Camarero a,b, R. Otero a,b, R. Miranda a,b,*

a Instituto Madrileño de Estudios Avanzados en Nanociencia, (IMDEA-Nanociencia), Cantoblanco, 28049 Madrid, Spain
b Departamento de Física de la Materia, Condensada e Instituto de Ciencia de Materiales N. Cabrera, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 18 January 2009

Keywords:
Quantum size effects
Metallic films
Scanning tunneling microscopy
Scanning tunneling spectroscopy
0039-6028/$ - see front matter � 2009 Elsevier B.V. A
doi:10.1016/j.susc.2008.08.039

* Corresponding author. Address: Departamento d
densada e Instituto de Ciencia de Materiales N. Cabre
Madrid, Cantoblanco, 28049 Madrid, Spain. Tel.: +34
3973961.

E-mail address: rodolfo.miranda@uam.es (R. Miran
Many properties of metallic thin films have been shown to oscillate with film thickness due to quantum
size effects, i.e. the confinement of electrons inside epitaxial metal overlayers which causes quantization
of the electronic states. This is a very general phenomenon and it affects both bulk properties of the films,
such as resistivity or superconducting transition temperatures, and surface properties, such as chemical
reactivity, diffusivity, thermal stability, i.e surface roughening transitions. In this paper we describe some
of these thickness-dependent properties which affect the stability of nanostructures and allow us to tailor
their properties. We shall concentrate in the paradigmatic example of thin films of Pb grown on metallic
and semiconducting substrates and how one can achieve the growth of highly perfect, atomically flat, epi-
taxial films on different substrates, due to the kinetic constrains imposed by the presence of QSE, a topic
increasingly important in the production of nanoscale quantum devices.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Quantum Size Effects (QSE) in ultrathin metal films, where elec-
trons are confined in the perpendicular direction by suitable en-
ergy barriers (e.g. band gaps in the substrate and image potential
in the vacuum side), lead to oscillations in many physical properties
upon variation of the film thickness. This is produced by the sys-
tematic variation in the Density Of States (DOS) at the Fermi level
due to its periodic crossing by the Quantum Well States (QWS) cre-
ated by the confinement of electrons.

These QSE were first predicted by Sandomirskii more than 40
years ago [1], but it has taken a long time to determine experimen-
tally their existence. In the past few years many bulk properties of
thin metallic films have been predicted or observed to oscillate
with film thickness, being the periodicity (of few monolayers) dic-
tated by the Fermi surface geometry of the metal. Among them we
may mention the electron density inside and outside a metal film
[2,3], the film interlayer distances [4], the metallicity [5], the elec-
trical resistivity in tunneling [6,7], the Hall coefficient [8], the
superconducting transition temperature [9–11] or the intensity
of the electron–phonon coupling [12]. In most of the examples
above, the chosen metal was Pb and the oscillations displayed a bi-
layer periodicity and a superimposed beating period, as dictated by
the Fermi surface of bulk Pb.
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In what follows we describe the oscillation of a number of sur-
face properties in ultrathin metallic films due to the presence of
QSE, from the stabilization of certain (magic) island heights in
Stranski-Kastranov films, to the surface roughening temperature,
work function, chemical reactivity, or the surface diffusion barrier.
These oscillations appear because of a substantial contribution of
the QWS to the total energy of the system and the Density of States
at the Fermi level, in a manner completely equivalent to the oscil-
latory magnetic coupling across non-magnetic layers [13], which is
revealed in the Giant Magneto Resistance effect [14]. QSE might be
of fundamental importance in the search for methods to produce
highly organized structures at the atomic scale during epitaxy, an
active research area that holds the promise for basic discoveries
and technological applications of novel quantum devices. As an
example of the latter, we shall show that the crucial role of QSE
during epitaxial growth can be employed to stabilize atomically
flat, highly reflecting mirrors for He atoms, a crucial ingredient to
develop an Scanning Atom Microscope.

Most of the results to be shown in the following correspond to
the systems Pb/Cu(111) and Pb/Si(111), which have been investi-
gated by Scanning Tunneling Microscopy and Spectroscopy (STM/
STS) as well as by a number of spatially averaging techniques.
These systems have been chosen because of their peculiar growth
mode (almost layer-by-layer when grown at low enough tempera-
ture, but Stranski-Kastranov close to Room Temperature (RT)), and
electronic structure; electrons from the s–p band of Pb are effi-
ciently confined between the vacuum barrier at the film surface
and the electronic gaps at the Pb/Cu or Pb/Si interfaces. Concerning
the techniques used, reciprocal space techniques have the weak-
ness of emphasizing the most probable configuration averaging
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Fig. 1. 500 nm � 500 nm STM image of the morphology of 2 ML of Pb deposited on
Cu(111) at 300 K. The insets show atomically resolved images of the 4 � 4 wetting
layer (right) and the (111) face of Pb on top of the crystallites (left).
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over lateral length scales difficult to determine precisely; on the
other hand, real-space, local techniques such as STM/STS, offer a
invaluable insight on these nanosystems, often challenging the
view obtained from averaging techniques, as illustrated recently
in relation to the thickness dependence of the superconducting
Fig. 2. Tunnelling spectra recorded at 300 K on top of Pb(111) islands of different
height.
temperature for nanometer-thick films of Pb on Si(111) [11],
where a real-space view of the superconducting gap has corrected
previous inconsistencies [10].
2. Quantum well states in Pb nanostructures

As described above, crossing the Pb/Cu and Pb/Si interfaces is
forbidden for electrons at the s–p band in Pb in the (111) direction.
In the case of Si this is due to the presence of a real bandgap of
about 1 eV around the Fermi level. In spite of the metallicity of
Cu, the situation at the Pb/Cu(111) interface is very similar, since
there exist a directional bandgap around the (111) direction
around the Fermi energy going from �1 to +4 eV. The electrons
both in continuous thin Pb films or Pb nanocrystallites are thus
confined in the direction perpendicular to the film, leading to the
existence of QWS, which can be detected by local Tunneling Spec-
troscopy [15].

A system that is particularly well suited for this experiment is
Pb deposited at RT on Cu(111). As shown in Fig. 1, Pb grows on
Cu(111) at 300 K in the Stranski-Krastanov mode of growth,
whereby 3D, (111)-oriented Pb islands grow on top of a wetting
layer, just 1 ML high [16]. Accordingly, the surface appears covered
with 3D islands, most of them of similar height. Only the islands
nucleated at step bunches are significantly higher. The inset shows
an atomically resolved image of the wetting monolayer of Pb that
exists between the islands. This is a compact, hexagonal, Pb mono-
layer that forms a ð4� 4Þ superstructure with respect to the
Cu(111) substrate, easily detected also by Low Energy Electron
Diffraction [17].

The Stranski-Kastranov growth mode ensures that, not only the
electronic structure of the Pb crystallites can be obtained by STS,
but also the quantum well width is experimentally accessible as
it is given by the height of the islands in the STM images. Fig. 2
shows selected STM spectra recorded on top of islands with differ-
ent heights. A number of peaks is found is these spectra, whose en-
ergy positions vary with island height (well width), as expected for
QWS. The robustness of the effect is supported by the fact that the
spectra were recorded at 300 K. STM highlights the empty QWS,
while Angle Resolved Photoelectron Spectroscopy [18] is better
suited to detect the occupied QWS. First principle calculations of
the band structure for isolated Pb(111) slabs [19] indicate that
the QWS arise from pz states, and, thus, can be easily detected by
STM. Similar results were also obtained for Pb nanocrystallites on
Si(111) [20].
3. Magic heights and quantum well states

Fig. 3 reproduces the equilibrium height distribution of flat-top
Pb(111) nanoislands grown on Cu(111), as obtained from STM
images. The distribution shows the existence of ‘‘magic” heights,
i.e. islands with certain heights appeared much more frequently
than others in the equilibrium distribution [16]. Islands with magic
height have also been observed during the growth of Pb on Si(111)
7� 7 [21].

The magic heights are correlated to the absence of QWS close to
the Fermi energy [16,21,18]. Calculations of the total energy (and
surface energy) of the Pb film as a function of thickness relate
the magic heights to minima in the energy of the Pb film [22,23].
The total energy of a thin metallic film oscillates with its thickness,
in the case of Pb with quasi-bilayer periodicity. Since the periodic-
ity (1.8 ML) is not exactly 2 ML, there is a beating pattern (9 ML)
superimposed on the quasi-bilayer oscillations, similar to the
supershell structure observed in nuclei and clusters, that produces
an alternation of stable layers between odd and even numbers
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Fig. 4. 200 nm � 200 nm STM image recorded (sample voltage = �0.6 V, It ¼ 0:2
nA) in situ after deposition of 5.1 ML of Pb on Cu(111) at 98 K. The inset shows
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Fig. 3. Distribution of heights experimentally observed for Pb(111) islands
deposited at 300 K on Cu(111). There are heights much more frequent than others
and they are termed magic heights.
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[22,23]. The agreement of the predictions for 1D, jellium Pb films
on Cu(111) [23] with the observed [16] magic heights for Pb/
Cu(111) nanoislands is surprisingly good1.

The QWS dictate the permitted heights of Pb crystallites by
eliminating from the height distribution those nanocrystals whose
heights would have an occupied QWS close to the Fermi level [16],
and, thus, a large contribution of the electronic states to the total
energy of the film. These observations can also be understood in
the framework of the electronic growth model first introduced by
Zhang [24] to explain the inverse Stranski-Krastanov mode of
growth discovered for Ag on GaAs(110) [25], whereby a rough
Ag film deposited at low temperature and consisting in nanoclus-
ters, above a certain critical thickness (6 ML in that case) smoothes
into a flat film (with voids) upon annealing.

4. Film stability and surface roughening

The surface roughening transition was introduced by Burton
and Cabrera [26] more than fifty years ago in the framework of
their classic theory of crystal growth. Below the roughening tem-
perature, TR, the surface of a crystal in equilibrium with its own va-
por is atomically flat, while above TR it is rough (many heights are
simultaneously exposed) because the free energy to create a step
vanishes. The roughening temperature, operationally defined as
the temperature of decomposition of every layer in favor of more
stable heights, is proportional to the surface energy per atom,
and, thus, any physical factor contributing to the surface energy
will influence TR. The roughening temperature has been shown
experimentally to depend on the surface orientation for He [27]
or Xe [28] crystals and also to be (monotonically) layer-dependent
for thin films of Xe grown on Pd(111) [29,30]. In this latter case the
population of the different layers as a function of T was deduced
from the heights of the layer-dependent photoemission peaks [29].

Recently, the layer-dependent electronic energy contributed by
QWS to the total energy of ultrathin metallic films with confined
electrons has been shown to influence the thermal stability of
ultrathin metallic films deposited on semiconducting [31,4,32]
and metal substrates [33,34].

In order to explore the layer dependence of TR due to the oscil-
latory contribution of the QWS, atomically uniform films of Pb on
Cu(111) have been prepared at low temperature (in contrast to
the previous paragraph, in which Pb deposition was done with
the substrate held at RT). Upon lowering the deposition tempera-
ture of Pb, the mode of growth changes to a layer-by-layer type,
as atomic diffusion becomes progressively frozen. Below 100 K
the growth occurs almost ideally layer-by-layer and the Pb films
cover uniformly the substrate. Fig. 4 illustrates the morphology
of a film of Pb 5.1 ML-thick deposited on Cu(111) at 98 K and kept
this temperature. Only three levels are present at the surface upon
deposition. Almost all the surface is covered with a film 5 ML-thick,
but there are small regions imaged darker, corresponding to 4 ML,
while the ramified, brighter, islands correspond to a local coverage
of 6 ML.

Even if the films cover continuously the substrate, the exact lo-
cal thickness of the deposited Pb films can be accurately deter-
mined experimentally by comparing the energy position of the
corresponding QWS detected by Scanning Tunneling Spectroscopy
with those observed on top of the Pb islands of various heights that
appear upon deposition on Cu(111) at 300 K [16]. The inset of
Fig. 4 shows the tunneling spectra recorded on top of the regions
with local coverage of 5 and 6 ML. Notice that 6 ML (like all the
thickness with an even number of atomic layers) presents a char-
acteristic QWS at +0.65 eV [6,15].
1 The Pb thickness as counted here includes the ð4� 4Þ wetting layer.
These experiments raise the question of why the QWS keep
their energy position even very close to the interfaces between
areas with different local thickness. The reason is that the QWS
are well separated in energy, and thus, they can not easily mix. This
tunnelling spectra recorded at 98 K on regions of the surface with local thicknesses
of 5 and 6 ML of Pb. The tunnelling gap was stabilized at a sample voltage of �0.4 V
and It ¼ 0:2 nA. The spectra have been shifted vertically for clarity.
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leads to their localization in the lateral direction, which allows
their direct visualization in the real-space. To quantify this effect,
I–V curves were recorded at each pixel of the STM images in order
to construct spatial images of the current at different sample bias
voltages in the �1.5 V to +2 V range. Some of them, corresponding
to a 2.9 ML-thick film deposited and imaged at 98 K, are shown in
Fig. 5. The regions with local thicknesses differing by one mono-
layer display QWS well separated in energy and, accordingly, they
appear bright or dark as the corresponding QWS enter the energy
window of the tunneling current images. The island at the lower
left is bright at �1 V, while the one in the center is dark. Their rel-
ative contrast is inverted at +0.1 V, with the region at the upper left
of intermediate brightness. At +0.8 V the relative contrast of upper
and lower left regions have changed and at +2 V they reverse again
as their corresponding QWS enter or exit the energy window.

STM at variable temperature can be used to follow the evolution
of the morphology of the films during a quasi-static annealing with
a temperature ramp of 1 K per minute. Fig. 6 shows large-scale
STM images that illustrate the morphological changes observed
in a 5 ML-thick Pb film as its temperature increases. The images
during the annealing process have been recorded with the tip suf-
ficiently far away from the substrate to minimize a possible influ-
ence of the tip electrical field in the observed mass transport. The
film, is clearly rough at 220 K, and mostly 8 and 10 ML-high areas
can be seen.

Films of different thicknesses have been grown at low temper-
ature and their thermal stability determined by STM. From a large
number of images, the fraction of surface area covered by each
thickness has been evaluated and the roughening temperature cor-
responding to each layer obtained [34]. A summary of the roughen-
ing temperatures for each film is shown in the upper panel of Fig. 7.
Each Pb layer becomes unstable at a different temperature and the
roughening temperature oscillates with the thickness with bilayer
periodicity. Films with a number of layers corresponding to the
Vb=  -1.0 V Vb= +0.1 V

Vb= +0.8 V Vb= +2.0 V

Fig. 5. 20 nm � 20 nm images of the spatial distribution of tunnelling current at
specific bias voltages for a 2.9 ML-thick Pb film deposited and measured at 98 K on
Cu(111). The color code reflects the tunnelling current al the bias voltages specified
in each image.

Fig. 6. 350 nm � 350 nm STM images recorded (sample voltage = �0.6 V, It ¼ 0:2
nA) in situ after deposition of 5.1 ML of Pb on Cu(111) at 98 K (upper panel) and
after heating to 220 K.
non-magic heights [15] (i.e. 2, 4, 5, 7 or 9 ML), which are flat at
low temperatures because they are trapped by kinetic constraints,
becomes rough and decompose into more stable heights (i.e. 6 and
8 ML-high islands) at lower temperatures. Pb films whose thick-
ness correspond to magic heights (i.e. 3, 6, 8 or 10 ML) are stable
to higher temperatures. The thermal stability of a film of N-layers
thickness is proportional to the total energy of the film, E(N), or to
be more specific, a film is stable if 2EðNÞ < EðN � 1Þ þ EðN þ 1Þ. The
lower panel of Fig. 7 shows the calculated energy for isolated slabs
of Pb(111) [22,23]. The minima in the calculated total energy of
the system predict the relative stability of the different thick-
nesses. The calculated differences in surface energy are 10–
20 meV/atom [22]. There is excellent agreement for most layer
thicknesses, but there is a minor misplacement of the first beating.
The disagreement is probably due to the fact that the reflection of
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Fig. 8. The inset shows a 100 nm � 100 nm STM image of 5.1 ML-thick Pb film
heated to 217 K (Vb ¼ �3 V, It ¼ 0:08 nA). The corresponding histogram of heights
obtained after careful substraction of the plane in the STM images illustrates the
procedure to determine the apparent step heights hN .

Fig. 9. (a) Schematic drawing of the origin of the thickness-dependent apparent
step heights hN measured by STM. DN

vac is the electron spillage length into the
vacuum, which is controlled by the DOS at the Fermi level. dN is the interlayer
distance.
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electrons at the 4 � 4 Pb monolayer/Cu(111) interface, and, there-
fore, the phase shift of the oscillatory behavior, is not correctly de-
scribed by the oversimplified model used in the calculations. First
principle calculations by Wei and Chu [22] for free-standing
Pb(111) slabs, predict the existence of the QWS at +0.65 eV for
an even number of layers, which the jellium model does not, high-
lighting the role of the band structure in determining the energies
of the QWS. For Pb/Si(111), both X-ray reflectivity [35] and STM
measurements [32] indicate that 3–5 atomic levels are almost
equally occupied for a film grown at low temperatures. The inten-
sity of the QWS in Photoemission has been used to ascertain the
degree of roughness of the Pb film upon annealing [31]. The popu-
lation of the different layers has been deduced from fits to X-ray
reflectivity measurements as a function of temperature [35]. The
decomposition temperature of the Pb film depends on its number
of layers. The maximum stability is observed for 6 and 8 ML-thick
films, which are stable up to 250 K. No film of Pb has been reported
so far to be stable up to room temperature. The TR values reported
showed a single oscillation in the range of thicknesses explored
[31], in general agreement with the data for Pb/Cu(111).

5. Apparent step heights

A role of QSE in crystal growth was first postulated to explain an
apparent alternation of single and double layer growth detected by
means of He scattering during the low temperature deposition of
Pb on Cu(111) [36]. The effect was also related to an oscillatory
behavior of the apparent step height deduced from He scattering
[37]. The apparent step heights can directly be measured by STM
as illustrated in Fig. 8 for an initially flat 5.1 ML-thick Pb(111) film.
The film was thermally decomposed by applying a temperature
ramp of 1 K/min, while STM images were continuously recorded
in tunnelling conditions chosen not to disturb the morphology of
the film by electric-field-induced mass transport [38] and to in-
clude the effects of the relevant occupied QWS. As we have seen,
the initial morphology of the film changes upon increasing the
temperature, since not all thicknesses are equally stable. The film
roughens and new heights appeared in the images. The inset in
Fig. 8 shows that, at 217 K, the percentage of the surface covered
by a 5 ML-thick film has decreased (compare with Fig. 4), while
layers of other thicknesses with lower total electronic energy, e.g.
3 or 6, increase their presence. Fig. 8 reproduces the particular his-
togram of heights corresponding to the image in the inset. From
such histograms, the apparent step height for the Nth layer, hN ,
can be obtained. It is evident that hN is not constant. The measured
step heights are independent of the tunneling conditions for nega-
tive sample biases, where the tunneling current from the occupied
states reflects the DOS at the Fermi level. The values change
strongly, however, for positive bias voltages, in particular, across
the empty QWS in the +0.6 to +3 V range. Fig. 9 illustrates that
the apparent step height measured by STM in a constant current
topographic image, which results from scanning the tip over con-
stant electron density contours in neighboring atomic terraces,
contains both an electronic and a geometric contribution. The step
height of layer N is defined as hN ¼ ½tN � tN�1� þ DN

vac � DN�1
vac

h i
,

where tN is the total thickness of a film with N layers of Pb.
tN ¼

PN
ı¼1di , with di being the different interlayer distances for a

film N-monolayer thick. DN
vac is the electron spillage length into

the vacuum for a N-layer film, which depends on its electronic
structure, in particular, on the DOS at the Fermi level. If tN in-
creases linearly with N and the electronic structure is independent
of N, the apparent step height should be simply the bulk interlayer
distance, i.e. hN ¼ dbulk. This is what happens for bulk crystals, even
when multilayer relaxations [39] are taken into account. If, how-
ever, either tN does not increase linearly with N, or DN

vac depends
on N because of the QWS, hN will show a non-monotonous behav-
ior. This is precisely the case at hand. Notice that for a film with an
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Fig. 11. 500 nm � 500 nm STM images at increasing temperatures for a 8 ML-thick
Pb film deposited at 98 K on Cu(111).

Fig. 12. 2000 nm � 2000 nm STM image of a 8 ML-thick Pb film deposited on
Cu(111) at 98 K and heated to 300 K and kept there for 24 h. Most of the steps
visible simply reflect those already present in the Cu substrate.
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occupied QWS close to the Fermi level, the DOS and the electron
spillover, Dvac, are larger and, accordingly, the apparent step height
will be larger than the bulk interlayer distance. Fig. 10 shows that
the apparent step height, hN , (solid circles) for Pb(111) films grown
on Cu(111) at 100 K oscillates with N, the number of Pb layers,
around the ideal (111) interlayer distance in bulk Pb. Note that
N includes the ð4� 4Þ wetting layer. hN is clearly smaller than
the bulk interlayer distance for N = 3, 4, 6, 8, 10 and 13 ML, and lar-
ger for N = 2, 5, 7, 9 and 12 ML. The oscillations have bilayer peri-
odicity with a longer beating period that produces a phase slip
every 8 ML. Five oscillations and two phase slips have been de-
tected. The typical amplitude of the oscillation is 0.5 Å, but it
reaches 1.2–1.4 Å for 7–10 ML. This observation is a clear indica-
tion that electronic effects are very important in this system. The
apparent step height measured by STM reflects the different
electronic structure of islands differing by just one atomic layer,
in particular the different amount of charge spilling in the vacuum.
The oscillatory behavior with bilayer periodicity is consistent with
earlier observations of oscillations in the apparent step height de-
duced from He atom scattering during the growth of Pb films on
Cu(111) at 140 K [37] or with STM [39] and XRD [4] observations
for Pb on Si(111). Notice that since the QWS dominates the elec-
tronic structure of the film, the specific values of the apparent step
height depend on the tunneling voltage used for imaging.

6. Quantum-stabilized mirror for atoms

As shown above, for a metallic film deposited on a substrate
that confines efficiently the electrons, not all film heights are
equally stable. Certain heights might be particularly stable, be-
cause the energy barriers to jump to the next stable height are lar-
ger. This can be exploited to stabilize at 300 K atomically flat films
of Pb with specific heights, initially deposited at low temperatures.
Fig. 11 illustrates the point for 8 ML-thick film of Pb/Cu(111). The
film surface reproduces the steps of the substrate. The film can be
heated to 300 K and still remains atomically flat, except for the
regions around the step bunches of the substrate, where it decom-
poses slowly into 3D islands. The decomposition may often last
many hours. Fig. 10 shows some selected snapshots from the mo-
vie corresponding to the heating of a Pb film 8 ML-thick. The upper
image was recorded at 236 K, i.e. well above the decomposition
temperature of the 9 ML film, and the film still shows only the
8th layer at the surface. In fact, the 8 ML Pb film is stable at
300 K except close to the step bunches of the substrate, a feature
notably difficult to avoid in standard (111) fcc metallic single crys-
tal substrates. When the Cu(111) substrate is prepared without
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step bunches and the deposited coverage carefully adjusted to
8 ML, a metallic film atomically flat over lateral distances of mi-
crons can be stabilized at 300 K for days. Fig. 12 shows an 2 mi-
cron-wide STM image of a film of Pb deposited at low
temperature, heated to and kept at 300 K (and imaged continu-
ously) for more than 24 h. Only 1 ML-high atomic steps corre-
sponding to the step height and density of the Cu substrate can
be seen. This quantum-controlled, kinetic pathway to metastable,
long-lived, ultrathin films can find applications in many different
fields requiring atomically flat metallic films grown on semicon-
ductor or insulators. It can also be used to fabricate a template of
metallic wires of identical thickness [38]. In order to further im-
prove the stability of the metallic film, a Si(111) crystal with a
low density of steps have been used as a substrate. The resulting
film of magic height do not show a single step in images that are
500 nm wide (Fig. 13). This has been used to fabricate a quan-
tum-stabilized mirror for He atoms of unprecedented structural
perfection composed of a film of magic height of Pb deposited on
a 50 micron thick Si(111) wafer. It has been claimed that atomi-
cally uniform films of Pb on Si(111)have also been prepared at
low temperature benefiting from the quantum confinement [31],
but the lateral scale of the atomically flat regions was not reported.

7. Other magnitudes that oscillate with thickness

7.1. Oscillatory surface chemical reactivity

The chemical reactivity of a crystalline surface is known to de-
pend on the crystallographic orientation, but since the DOS at the
Fermi level is strongly affected by the energy location of the QWS
in confined films, the surface reactivity is expected to oscillate with
the thickness [40,41]. Indeed an oscillatory layer-dependent
amount of adsorbed oxygen has been recently detected on Pb
nanomesas grown on Si(111) [38]. This is in line with previous
observations of layer-dependent oxidation of Mg thin films [40].
The difference in adsorption energy between adjacent layers has
been estimated to be 9 meV [38]. Notice that this type of local
experiment eliminates uncertainties associated to differences in
Fig. 13. 500 nm � 500 nm STM image of a 8 ML-thick Pb film deposited on Si(111)
at 98 K and heated to 300 K. Notice that not a single step of the substrate is visible.
exposure, but quantitative estimations of sticking coefficients are
hard to extract from STM data. This, nevertheless, indicates that
it might be possible to use metal films of different atomic thickness
to deposit selectively certain molecules forming quantum-con-
trolled nanostructures, such as organic wires.

7.2. Layer-dependent surface diffusion

The kinetics of surface diffusion can also be affected by QSEs.
Recently it has been found that the activation barrier for self-diffu-
sion of Pb adatoms on the surface of ultrathin Pb films oscillates
with the thickness of the underlying films [38]. For films of Pb on
Si(111) the critical temperature of superconductivity [10,11] or
the surface diffusion barrier [42] have been shown to oscillate, re-
lated to the QWS periodicity imposed by the Fermi surface of Pb.

7.3. Oscillatory work function

The average work function has been predicted to oscillate with
the thickness [43,22]. The local tunneling barrier, which is related
to the local work function, as given by PAX [44] has been shown to
oscillate between 3.5 and 3.7 eV for Pb films deposited on Si(111).
The local tunneling barrier tracks the energy position of the High-
est Occupied QWS, i.e. it is larger when the HOQWS is far away
from the Fermi level. These oscillations in the tunneling barrier en-
hance the oscillations of the apparent step height mentioned
above.
8. Outlook

Pb islands grown in Cu(111) display quantized energy levels,
known as Quantum Well States (QWS), that can be detected by
STM. These QWS’s play a decisive role to determine the structural
and thermal stability of the Pb layers grown on Cu(111). At 300 K,
Pb forms 3D nanostructures with magic heights, that correspond to
islands having a QWS far from the Fermi energy. Below 100 K Pb
grows in a quasi layer-by-layer fashion. The quantum well states
that develop in the films determine their total energy and, accord-
ingly, their thermal stability. Films of particularly magic thickness
are stable upon heating to 300 K over lateral distances of microns,
as visualized with STM. Financial support by the Ministerio de
Ciencia e Innovación through projects FIS2007.61114 and CONSOL-
IDER on Molecular Nanoscience, and the Comunidad de Madrid,
under grant NANOMAGNET S-0505/MAT-0194, is gratefully
acknowledged.
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