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We correlate in this study the growth of Pb films on the stepped Si�557� surface at temperatures of 70 K,
studied by low-energy electron diffraction, with the properties of electronic transport, measured by a macro-
scopic four-point probe technique. Despite a large lattice mismatch, layer-by-layer growth is observed, as most
obvious from the characteristic oscillations in conductance with layer periodicity, incipient with the first
monolayer both along and across the step direction. These findings demonstrate that lateral misfits �here almost
10%� in heteroepitaxial systems can be effectively compensated by substrate steps and can change the growth
mode with respect to flat surfaces. While structurally the layers appear to be isotropic starting already with the
third layer, anisotropy is seen in transport up to at least six monolayers with functional dependencies of
conductance varying with layer thickness and measurement direction. Maxima of conductance oscillations up
to five monolayers do not coincide with completion of individual layers. They are characteristic for the close
coupling of structure and quantum effects.
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I. INTRODUCTION

Metallic thin films, and particularly monolayers, on semi-
conductor substrates are currently studied extensively be-
cause they seem to be adequate model systems for highly
correlated low dimensional electron gases.1–6 The main rea-
son is that, although chemical bonds are formed at the inter-
face, the topmost occupied electronic states mix with the
surface states of the substrate and remain within the bulk
band gaps. Thus for these states and for low-lying excita-
tions, the substrate is electronically decoupled. This opens
the possibility to investigate purely two-dimensional trans-
port behavior as well as the transition to three dimensions by
varying the layer thickness. These systems also allow a direct
correlation of transport with the structure of the film.7 It is
obvious that interface effects such as lattice mismatch, strain
effects, metal induced band-gap states, etc. must couple inti-
mately with the electronic properties.

For example, the formation of quantum well states �QWS�
as identified in spectroscopy for Pb layers on Si�111� �Refs. 8
and 9� directly modifies growth by stabilizing certain layer
thicknesses �e.g., by formation of islands with “magic”
heights� and is also measurable in conductance.8–13 In this
system at low temperatures the lattice mismatch of almost
10% results first in growth of an amorphous film but is con-
verted into crystalline growth above four monolayers.14 Os-
cillations of conductance with increasing film thickness have
been found only in the recrystallization regime and were ex-
plained in terms of classical size effects �CSE�. Precisely
speaking, this variation is due to the varying effective rough-
ness of the vacuum interface during growth, resulting in a
varying fraction of specularly reflected electrons from the
surface during growth. At the same time, this is a clear indi-
cation for layer-by-layer growth.10,11 This surface effect is
described by a specularity parameter within the Fuchs-
Sondheimer model,15,16 which is based on the Boltzmann
transport equation. For ultrathin films the discrete energy-
level spectrum becomes relevant even at room temperature,
and this approach breaks down.

As seen from this example, stress-induced modifications
of growth are crucial also for the transport properties, and in
general strongly reduce conductance through such structures.
On the other hand, lattice-matched systems are very rare.
Therefore, possibilities for compensation of stress are of high
importance. One promising strategy is the use of wetting
layers. Particularly for the Pb/Si�111� system intermediate
layers such as Au-6�6 or Pb-�3��3 reconstructions were
used in order to trigger instantaneously a layer-by-layer
growth.13,17

In the study described in this paper we stick to the com-
bination of Pb on Si and investigate again the correlation
between structure and lateral conductance but we now intro-
duce a regular periodic arrangement of steps at the interface
by use of a Si�557� surface. Contrary to the intuitive expec-
tation, we show that these regularly arranged steps provide
an important stress compensating mechanism that allows
layer-by-layer growth from the beginning and also for thick
layers. Nevertheless, the anisotropy of the interface is di-
rectly reflected in our thickness dependent conductance mea-
surements, which allow direct conclusions about the scatter-
ing properties of the steps and their role within the layers
both for conductance and growth. We focus on macroscopic
four-point probe measurements of the conductance during
growth of Pb layers on Si�557�. The morphology is con-
trolled by electron diffraction.

The paper is organized as follows: we first concentrate on
structural properties as a function of layer thickness before
turning to the conductive properties. Here the general func-
tional dependence on layer thickness is described first before
analyzing the thickness dependent conductance oscillations
in detail and correlate them with the structure of the films.

II. EXPERIMENTAL SETUP

Low-doped Si�557� samples �15�15 mm2 in size� with
eight TiSi2 contacts have been used to perform four-point
probe conductance measurements, both parallel and perpen-
dicular to the step directions of the Si�557� substrate. The
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contacts were fabricated afore by evaporation of Ti on the
hydrofloric acid �HF�-dipped samples in a vacuum of
10−4 Pa followed by annealing to around 700 °C for the
silicide formation. Thereafter, the samples were mounted on
the sample holder and transferred into the main UHV cham-
ber �base pressure 1�10−8 Pa�. Crystalline Si surfaces were
obtained by subsequent flashing the samples by electron
bombardment to temperatures around 1100 °C. The mor-
phology was controlled by spot profile analysis low energy
electron diffraction �SPA-LEED�. Figure 1�a� shows a char-
acteristic LEED pattern of a well prepared Si�557� surface.
Pb was evaporated out of a ceramic crucible and the amount
controlled by a quartz microbalance. The source itself was
accurately calibrated by means of characteristic reconstruc-
tions in the submonolayer regime18 as well as by oscillations
in transport during Pb evaporation �see below�. Since in this
study the properties of multilayers are studied, the coverage
is given with respect to physical monolayers throughout this
paper. A He-flow cryostat together with an in situ radiation
shield allowed continuous adjustment of sample tempera-
tures between 4 K �with cooled radiation shield� and 300 K.
The temperature was measured by a Si-diode mounted on the
cryostat and was calibrated using thermocouples mounted
directly on dummy samples.

III. RESULTS AND DISCUSSION

A. Structure and epitaxy

The main aim of this section is to show how quickly the
anisotropy of the original Si�557� surface is washed out by

adsorption of Pb layers. Therefore, we first show in Fig. 1�a�
a LEED pattern of the clean Si�557� surface. Instead of a
homogeneous step distribution with an average terrace length

of 5 2
3 atomic units �a0=3.32 Å� in the �1̄1̄2� direction, sepa-

rated by monosteps �3.1 Å�, bunching of three units into
larger �111� and �112� facets leads to drastic surface recon-
structions. Thus, the unit cell amounts to 17 lattice constants,
a0, as obvious from the 16 diffraction spots between the
integer order spots. The seventh-order and half-order spots
stem from �7�7� and �2�1� reconstructions of the �111�
terraces and of the �112� facets, respectively. The �7�7�
spots are sharp along the terraces, which indicates good crys-
talline quality but are streaky normal to the step direction.
This is not only a sign for a missing or very small correlation
of the �7�7� domains on adjacent terraces. The absence of
more round superstructure spots is also a sign for a homoge-
neously stepped surface, i.e., the absence of facetting of the
surface into step bunches and large �111� terraces. This is
important for the macroscopic transport studies described be-
low. Further details about the clean surface can be found in
Refs. 18–21.

The deposition of multilayers of Pb at temperatures below
100 K is shown in Figs. 1�b� and 1�c�. After deposition of
three Pb layers on Si�557� at 70 K �Fig. 1�b�� a clear LEED
pattern with spots elongated in azimuthal direction is seen.
Although the background is comparably high, the �111� tex-
ture with an azimuthal broadening around �7° is clearly
visible. As evident from this LEED picture, the Pb layer is
nanocrystalline. The spots separations correspond very
closely to the lattice constant of a pure Pb�111� layer. Since
no signs of the original Si�557� are visible, it is likely that the
layer is closed. More direct evidence is provided below by
the transport measurements. From previous studies we know
that beneath these layers the original step structure is unal-
tered. It is only modified by annealing to temperatures above
620 K. In this study the layers were never annealed above
room temperature. Surprising is the fact that already the
three monolayer thick film shows no sign of anisotropy any
more in LEED. Both the crystalline growth and the lack of
anisotropy are remarkable since the lattice constant of Pb is
8.8% smaller compared to Si. This is in contrast to Si�111�,
where the first four Pb layers grow as amorphous layers but
the system switches back to crystalline layer-by-layer growth
at higher coverages.14 In fact, crystalline layer-by-layer
growth starts from the first monolayer on Si�557� �for direct
evidence, see the transport measurements below� and growth
remains crystalline for thicker layers. This means that there
must be an efficient mechanism for strain reduction at the
steps of the vicinal surface in order to compensate the large
lattice mismatch of Pb, which forms a moderately strong
chemical bond, i.e., the Pb layer cannot float on the Si sur-
face such as physisorbed layers.

These statements are corroborated by results of further
adsorption of Pb. With the higher thickness, the crystalline
islands get larger and better oriented along the Si symmetry
directions but the general texture remains. A LEED pattern
of 6 ML Pb absorbed on Si�557�, again at a surface tempera-
ture of 70 K, is shown in Fig. 1�c�. The average lateral grain
size of the crystallites, deduced from the full width at half

FIG. 1. �Color online� LEED patterns at a surface temperature
of 70 K of clean Si�557� �a� after adsorption of 3 ML �b� and 6 ML
of Pb �c� without further annealing. The electron energy was 96 eV.
�d� Radial line scans taken along the dashed lines in �b� and �c�. The
dotted lines illustrate the azimuthal broadening of the Pb reflexes.
Throughout the paper the inplane crystallographic directions are
given with respect to the orientation of the mini-�111� terraces.
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maximum �FWHM� of radial scans through the Pb�01� spot
�8% of the surface Brillouin zone, cf. with Fig. 1�d��, is
around 5 nm �12 a.u.�. It is thus larger than the average width
of the �111� facets of the Si�557� substrate, i.e., the �112�
facets are partly overgrown by crystalline Pb�111� islands
with isotropic surface layers. This is in agreement with a
previous SPA-LEED study, revealing an almost identical
growth mode if postannealing above 280 K is avoided. The
only signature left of the step structure for crystalline Pb
films is a tilt of the Pb film by around 1° with respect to the
�111� direction.22 In fact, the crystallinity of the topmost lay-
er�s� of the 6 ML film as well as the amount of azimuthal
broadening of around �4° is practically identical to Pb films
with the same thickness on Si�111� substrates.14 This com-
parison proves that a thickness of six Pb layers �or less� is
able to completely shield the influence of the interface on the
growth of further Pb layers, and to effectively compensate
any strain induced by the substrate within this layer thick-
ness.

This essentially means that there should be no difference
in the properties for additional Pb layers grown on Si sub-
strates with different surface morphology. Since LEED
probes geometric properties of the topmost layers only, this
hypothesis can be tested more sensitively by a method prob-
ing the crystallinity of the entire film structure, including
interface and surface effects. Here we use dc electric trans-
port for this purpose. Indeed, this type of measurement pro-
vides a higher sensitivity to anisotropies in growth of ultra-
thin layers and reveals differences due to anisotropies up to
at least 10 ML, as shown by us recently.23 Here we want to
concentrate on the layer dependent information contained in
the dc transport properties during growth.

B. Bulk and surface dominated transport regimes

For this purpose, we monitored the conductance during
evaporation along different crystallographic directions and
compared these data with Pb/Si�111�. The data of the Pb/
Si�111� system were taken from Pfennigstorf et al.24 Since
the geometries in their and our measurements were almost
identical, the absolute values can be compared directly.

Figure 2�a� shows the conductance measured during ad-
sorption of Pb at 70 K substrate temperature along �circles,

�11̄0� direction� and perpendicular to the steps �diamonds,

�1̄1̄2� direction�. The low coverage regime is plotted sepa-
rately in Fig. 2�b�. The superimposed small but characteristic
oscillations with monolayer periodicity are due to size effects
of the Pb films which will be discussed separately in the next
subsection. They are, together with the low percolation
threshold, the clearest indication of an approximate layer-by-
layer growth of Pb layers. The appearance of these charac-
teristics is neither strongly dependent on the deposition rate
nor on the substrate temperature in the range 15–100 K.

After deposition of around 0.5 ML Pb, conductance G
raises significantly above the conductance of the substrate
��10 �S� both parallel and perpendicular to the step direc-
tion. This percolation threshold is close to the theoretical
value for random adsorption and indicates that only one Pb
layer but no second layer or even three-dimensional clusters,

is formed at these low coverages. As Pb is deposited further,
the conductance G� along the steps shows very different be-
havior compared to G� normal to the steps. Neglecting the
conductance oscillations just mentioned in a first step, G�

increases with varying but characteristic functional depen-
dencies on layer thickness, d. While above 5 ML the conduc-
tance varies quadratically with d, in the low coverage regime
the data are reasonably well described by G� �d3 as shown in
Fig. 2�c�. The constant introduced there is the residual sub-
strate conductance. On the contrary, the conductance G�

measured across the steps remains significantly lower than
G� and increases linearly with d �see also Fig. 4 bottom�, i.e.,
the conductivity ���G� /d remains constant up to 6 ML.
Above 7 ML the increment as a function of d is approxi-
mately the same parallel and perpendicular to the steps and
reflects the isotropy already found with LEED for the growth
of further crystalline layers in this coverage regime �cf. Fig.
1�. For thinner layers, however, the apparent isotropy of lay-
ers found with LEED is not reflected in the conductance
data. This is an example where electronic and geometrical
properties do not correspond with each other.

Before we try to give an explanation for this discrepancy,
we first want to estimate typical elastic electron mean-free
path, �, taking data from angle-resolved photoelectron
spectroscopy8 and from magnetotransport measurements23

on crystalline Pb multilayer structures. From these data we
determined the Fermi velocity �averaged over all subbands�
to be vF�1�106 m /s. In Ref. 23 was found to be
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FIG. 2. �Color online� �a� Conductance, G, during Pb evapora-
tion on Si�557� at 70 K measured in various directions: G� parallel

to Si steps ��,red�, i.e., along the �11̄0� direction, G� across the
step direction ��, blue�, and on Si�111� ��,gray, data from Ref.
24�. �b� Magnification of the low coverage part. The curves are
shifted for better visibility. The dashed lines denote zero conduc-
tance. The percolation threshold �perc.� depends on the substrate
orientation. �c� Log-log plot of G�. The regime up to 5 ML follows
a const.+d3.1 behavior while above the conductance varies as d2.1

�dashed�. For better visibility both fits are shifted. For further details
see text.

ANISOTROPIC CONDUCTANCE OSCILLATIONS IN Pb… PHYSICAL REVIEW B 82, 045401 �2010�

045401-3



�0�5�10−15 s almost independent of layer thickness. Thus
the elastic mean-free path is of the order of l0�5 nm, which
corresponds to the average lateral size of the crystallites de-
termined with LEED at 6 ML. This means that � is always
much larger than the layer thickness at least up to 10 ML, the
thickness range investigated here. Consequently conductance
is largely determined by interface properties but also by
changes in the electronic band structure, as explained in
more detail below.

Indeed, the nonlinear dependence of G� with increasing
coverage, in particular, in the regime below 6 ML, points
toward surface related scattering of electrons. According to
Refs. 25 and 26 the conductivity is predicted to follow a
power law ��d	 caused by elastic electron scattering at the
interface roughness, if d
�0, which is fulfilled here as just
demonstrated. The exponent 	 was found to be around 2.1
for metals and typical metallic electron concentrations down
to a minimal thickness of approximately 10 Å.25,26 Recently,
Vilfan et al.27 have shown that this power law is modified to
a ��d	−1 behavior by the quantized electronic structure and
the corresponding increase in the density of states at the
Fermi energy with increasing film thickness. As obvious
from the log-log plot in Fig. 2�c�, the conductance
�G� ���d� increases as a function of d with an exponent
close to 2, and thus follows perfectly this modified power
law for a layer thickness between 5 and 15 ML. Below 5 ML
the exponent is slightly higher. Best agreement was obtained
assuming an const.+d3.1 background. The offset stems from
the residual conductance of the substrate �around 10 �S�, as
mentioned. Indeed, as analyzed in detail by Calecki et al.25,26

higher exponents are expected if the number of occupied
subbands �induced by quantum well states� is extremely low.
Therefore, the experimentally found thickness dependence of
G� is clearly dominated by interface scattering. As it turned
out, it is even semiquantitatively consistent with the results
from free-electron-gas models used in Refs. 25 and 26 for
the direction parallel to the steps, although anisotropy was
not considered there.

This is clearly different for the conductance G� in the
direction normal to the steps, where a linear increase up to
7 ML is seen. Such a behavior is expected within a Drude
model for ��d. This assumption, however, would be incom-
patible with the findings for G� since interface scattering at
rough interfaces cannot be that anisotropic. It is also incom-
patible with the conductance oscillations seen as a function
of layer thickness. Therefore, the mechanism perpendicular
to the steps that reduces the conductance for these Pb layers
far below the value in parallel direction and causes a modi-
fied thickness dependence must be directly related to the
electronic transmission probabilities in the direction normal
to the steps. Indeed, we found recently in an experiment on a
single Pb wire with monolayer height an approximately ten-
fold increase in resistance per unit length when a substrate
step was crossed by the wire.28 We therefore conclude that
the strong electron scattering normal to step edges is not only
the reason for the reduced conductance in this direction but
that the linear dependence of G� on layer thickness also
reflects the thickness dependent change in electronic trans-
mission probability in this direction. As soon as the thickness
exceeds 6 ML the steps are again screened for all additional

layers and the increment of conductance turns back to close
to isotropic.

Finally, we compare our results on Si�557� with those on
isotropic Si�111�. Similarly to G�, two linear regimes can be
discriminated. Furthermore, faint oscillations were seen only
for coverages above 7 ML.24 The linear increase in the con-
ductance in the low coverage regime for Pb/Si�111� was ex-
plained by electron scattering which is limited by bulk de-
fects even in these ultrathin layers rather than by an
enhanced interface scattering.11 This conclusion is compat-
ible with the amorphous film growth for Pb/Si�111� up to 4
ML.14 The threshold for recrystallization of Pb/Si�111� sets
in around 6 ML �Ref. 24� and conductance oscillations were
found only in the crystalline regime. The conductance mea-
sured for multilayers on Si�111� above 6 ML has the same
slope as both G� and G� on Si�557�, i.e., in the isotropic
crystalline regime we find the same conductive properties on
Si�557� and Si�111�. However, there is a clear “memory”
effect for the properties of the first six monolayers. On the
Si�557� surface it was identified as being due to the step
induced anisotropy. On Si�111� it is caused by the amorphous
interlayer. The memory effect on Si�111� clearly indicates
that this amorphous interlayer is not recrystallized by adsorp-
tion of additional layers. Otherwise the multilayer conduc-
tance should be much closer to G�. In any case, the reappear-
ance of crystalline growth, here demonstrated by identical
values of differential conductance above 6 ML of Pb, clearly
indicates that appropriate interlayers, even of the same ma-
terial in our case, can be used in order to efficiently reduce
stress effects at the interface in heteroepitaxial systems.13,17

C. Classical size and quantum size effects

We now return to the conductance oscillations superim-
posed on the general trends discussed so far. In order to
accentuate these oscillations first in G� more clearly, we sub-
tracted a smooth function proportional to d3 up to 6 ML and
to d2 for higher coverages from G� according to the consid-
erations described above. The difference �G divided by G� is
plotted in Fig. 3. This plot reveals several intriguing features
and supports the model of a step induced stress compensa-
tion: first, incipient with the first monolayer, oscillations are
seen up to 8 layers. Second while above 5 ML the oscillation
maxima coincide with our monolayer calibration, the pro-
nounced peak structure below this coverage is clearly out-of

FIG. 3. �Color online� Relative change in conductance �G /G
along the step direction. In order to visualize qualitatively the su-
perimposed oscillations on the conductance curve in Fig. 2�a� d3

and d2 background was subtracted from the low and high coverage
regime, respectively. Only above 5 ML the maxima coincide with
the monolayer calibration. Details of the low coverage regime �1–4
ML� are shown in Fig. 4.
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phase, i.e., the maxima appear before the layers are com-
pleted. Third, as will be discussed in context with Fig. 4, the
shift of the maxima with respect to complete layers depends
on the crystallographic direction in the coverage regime be-
tween 1 and 4 ML, i.e., in the direction across the steps, the
maxima in conductance concur with the completion of indi-
vidual Pb layers at all coverages. Fourth, amplitudes and
widths of the oscillations in G� vary nonmonotonously with
layer thickness.

The oscillations can be associated with oscillating inter-
face roughness but also with quantum size effects �QSE� of
the Pb film structure, depending on the transport regime and
the layer thickness. In the regime, where surface scattering
represents a large contribution to the electrical resistance
��d�, surface effects can be incorporated via a roughness
dependent reflectivity. This so-called CSE can be described
quantitatively by the Fuchs-Sondheimer model and the oscil-
lations in the high coverage regime are induced by the peri-
odic variation in the reflectivity factor.15,16,29 The gradual
damping of the oscillations, as seen in Fig. 3, reflects the
increasing global roughness, i.e., a less and less strict layer-
by-layer growth as a function of layer thickness. In the low
coverage regime, however, this classical approach by Fuchs-
Sondheimer is inappropriate. In addition, the quantized elec-
tronic structure of the film needs to be considered and QSE

are expected. For a layer-by-layer growth and a ballistic
transmission of the electrons along the film, each new layer
results in a new subband, together with relaxations of the
already existing subbands.27 These relaxations lead to varia-
tions in the effective band filling, i.e., to dominant p- or
n-type conductance as a function of layer thickness, as obvi-
ous from the alternating sign of the Hall resistance,27 which,
however, is not visible in a dc conductance measurement.
Although this model is based on ab initio calculations for
free-standing Pb films,27 and details of the interaction with
the interface may modify the transport properties quantita-
tively, particularly of the first layer, this subband model
should remain qualitatively valid for the first few layers. It
means that a new transport channel is opened when the layer
starts to be contiguous. Hence the conductance should in-
crease strongly when the percolation threshold of a new layer
is reached and should quickly form a new plateau of conduc-
tance by further increase in coverage. This phenomenon will
be repeated for each layer so that again oscillations with
monolayer periodicity are expected but with maxima that do
not necessarily coincide with the completion of individual
layers, in agreement with our findings. With increasing thick-
ness above five monolayers reduced band splitting and in-
creased overlap of bands seem to modify this simple
picture17 but this range of layer thickness was not considered
in detail here. In any case, it is obvious from this short dis-
cussion that both CSE and QSE contributions must occur
simultaneously in the very thin Pb layers under investigation
here, and that separation of these effects may be difficult.

These considerations were taken as a basis in order to
describe the conductance curve quantitatively, shown in Fig.
4. Taking first G�, there appears indeed a plateau shortly after
the onset of conductance around a coverage of 0.7 ML,
which is compatible with QSE. Similarly, the strong and
nonmonotonous changes in amplitudes and half widths of the
oscillations are hard to be explained by CSE. The model of
ballistic transport channels is also to some extent supported
by the fact that the amplitudes for the modified Gaussian
functions are around the conductance quantum G0=77 �S.
However, this value depends on the procedure of determin-
ing the smooth background function, which was subtracted.
It is therefore quite uncertain.

However, both QSE and CSE cannot explain the position
of the maxima before layers are completed. It is likely that
they are of kinetic origin. Indications for anisotropic growth
of Pb is seen already in Fig. 2�b�. While the percolation for
Pb on Si�111� is around 0.8 ML,11,24 on Si�557� already
around 0.5 ML transport sets it along the step direction. Ac-
cording to the oscillations shown in Fig. 4 the maximum of
the conductance along the step direction is around 0.7 ML,
which is in good agreement with the fraction of the Si�557�
surface covered by �111� facets ��9+2 2

3 � /17=0.68, see also
inset in Fig. 4�. From our experiments with annealed layers
of Pb on Si�557� it is well known that Pb adsorption at the
step edges is less favorable than on the terraces so that steps
are only covered after saturation of the �111� terraces.18

Since the step structure is the same on both annealed and
nonannealed surfaces, we expect that this chemical quantum
effect �adsorption with different coordination to the sub-
strate� is similar here. This means that the �112� facets be-

FIG. 4. �Color online� Conductance measured parallel ��, top�
and perpendicular ��, bottom� to the Si�557� steps at 70 K. Dashed
lines indicate the continuous increase in conductance neglecting the
discrete layer-by-layer growth. The difference between measured
data and the dashed lines is plotted at the bottom. Vertical lines
mark positions of maxima. The inset shows a simplified growth
model of the first two Pb layers on Si�557� deposited at 70 K.
Please note, the oscillations are not normalized contrary to those
shown in Fig. 3. For details, see text.
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come fully occupied only after the �111� terraces are filled.
The selectivity is of course reduced with increasing layer
thickness so that the phase difference shrinks with increasing
number of layers, as observed. This scenario directly ex-
plains, why in G� the oscillation maxima appear always at
the completion of physical monolayers, in contrast to G�. The
inset shows only a simplified scenario for the first two mono-
layers to elucidate the growth of Pb islands with different
substrate step densities at the interface. A different growth
mode is found for thick layers,22 where relaxation take place
and larger but still inclined crystallites are formed, which
were seen by a weak shoulder in their radial scans through
first-order spots. The sizes of the tilted crystallites, depend-
ing on kinetics, e.g., evaporation rates, etc., and turn out to
be smaller in our experiments, as a splitting in the radial
scans through the first-order Pb reflexes �cf. Fig. 1�d�� were
not clearly resolvable.30

For the variation in oscillation amplitudes as a function of
film thickness, the formation of standing waves at a layer
thickness corresponding to multiples of half the Fermi wave-
length is an alternative possibility not yet discussed. Since
there are n subbands crossing the Fermi level at very thin
layers, there is no unique Fermi wavelength and this model is
hard to apply quantitatively to only a few atomic layers.
Nonetheless, as obvious from Figs. 3 and 4, the second maxi-
mum is reduced and broadened, which is expected since
QWS can lower the spectral weight at the Fermi energy.
There are indications for an even-odd modulation in the am-
plitudes. A reduction in the fourth maximum, however, is not
as pronounced as for the second one since due to damping by
the increasing roughness in the films. A 2 ML modulation for

Pb films has been found by DFT calculations and also seen
in photoemission spectroscopy.31,32 Similar results have been
obtained by Jal/ochowski et al.13 for Pb growth on
Si�111�-�6�6�Au. Although the additional interaction with
the substrate modifies the electronic state of the first Pb
monolayer, even this Pb layer takes part in this modulation,
which is compatible with the phase accumulation model for
the formation of QWS �Ref. 33� including stress effects.

IV. SUMMARY AND CONCLUSION

In summary, we presented transport measurements during
growth of Pb on Si�557� at low temperature. Contrary to
growth of Pb/Si�111�, size effects were found incipient with
the first monolayer and were discussed in terms of a CSE for
coverages higher than 5 ML, where the mean-free path of the
electrons become comparable with the thickness. In thinner
layers both CSE and quantum size effects are present. This
interpretation is consistent with results from LEED and re-
cent temperature dependent transport measurements.23

Both LEED and transport measurements have revealed
that stress effects due to the large lateral lattice misfit be-
tween Si and Pb, which cause amorphous growth on nomi-
nally flat substrates, is largely compensated by the high step
density on Si�557�. This finding is interesting as it could be
another strategy for growing nanoribbons with metallic sig-
natures by self-assembly.
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