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Using scanning tunneling microscopy and spectroscopy, we demonstrate that the adsorption of a minute
amount of Cs on a Pb mesa grown in the quantum regime can induce dramatic morphological changes in the
mesa, characterized by the appearance of populous monatomic-layer-high Pb nanoislands on top of the mesa.
The edges of the Pb nanoislands are decorated with Cs adatoms, and the nanoislands preferentially nucleate
and grow on the quantum mechanically unstable regions of the mesa. Furthermore, first-principles calculations
within density-functional theory show that the Pb atoms forming these nanoislands were expelled by the
adsorbed Cs atoms via a kinetically accessible place-exchange process when the Cs atoms alloyed into the top
layer of the Pb mesa.
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I. INTRODUCTION

Thin-film technology has greatly advanced over the last
few decades and plays an important role in advancing
electronic-based and spintronic-based technology. On the
fundamental side, efforts have been focused on controlling
the formation of novel nanostructures through manipulation
of strain energy, adsorbate-modified kinetics, and light
irradiation.1–5 For ultrathin metal epitaxy, emerging research
over the last decade has demonstrated that quantum confine-
ment of electronic states can have profound effects on the
growth of various metal nanostructures as well as their
physical and chemical properties.6–13 This is commonly re-
ferred to as “quantum” or “electronic growth.14”

Among various systems exhibiting quantum growth be-
havior, Pb on Si�111� is probably the most thoroughly inves-
tigated. This is due to a nearly 4:3 matching between the
�111� lattice constant and the Fermi wavelength �EF�, result-
ing in a bilayer quantum oscillation of the density of
states.15,16 This thickness-dependent modulation of the
quantum-well states �QWS� has been utilized to study the
interplay between quantum confinement and surface diffu-
sion of Fe adatoms as well as quantum size effect �QSE�-
induced oscillations of surface reactivity for adsorbed O
atoms.17,18 However, for these specific cases, there is no ex-
perimental evidence showing that adsorbates induce modifi-
cations to the underlying quantum growth phenomena. Fur-
thermore, this thickness-dependent modulation, where the
interplay between classical surface energy �which favors a
smooth �111� surface� and the QSE energy �which favors
bilayer stability�, gives rise to rich phenomena in atomic pro-
cesses of film growth as well as kinetic phenomena.19–25

In this paper, we report on observations of a set of intri-
cately related atomic processes as we use a combined experi-
mental and theoretical approach to explore the surface alloy-
ing and restructuring of quantum metal films. We use
scanning tunneling microscopy and spectroscopy �STM/
STS� aided by first-principles simulations within density-
functional theory �DFT� to demonstrate that the adsorption

of a minute amount of Cs on a Pb mesa grown in the quan-
tum regime can induce dramatic morphological changes in
the mesa, characterized by the appearance of populous
monatomic-layer-high Pb nanoislands on top of the mesa.
The edges of the Pb nanoislands are decorated with Cs ada-
toms, and the nanoislands preferentially nucleate and grow
on the quantum mechanically unstable regions of the mesa.
Our DFT studies further show that the Pb atoms forming the
nanoislands are expelled by the adsorbed Cs atoms via a
kinetically accessible place-exchange process after Cs atoms
alloy into the top layer of the Pb mesa.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

All experiments were carried out using a home-built low-
temperature 4 K STM at a base pressure �1�10−10 Torr.
PtIr tips and single-crystal Ir tips were used for all experi-
ments. STM measurements were performed between T
=5.2–6.5 K where indicated. Vicinal Si�111� samples �1.1°

miscut toward �1̄1̄2�� utilized were n-doped �Sb� with a re-
sistivity of 0.022–0.06 � cm.26 Pb was deposited on
Si�111�-7�7 from a thermal evaporator with typical growth
rates of 0.5 ML per minute at room temperature, resulting in
flat-top mesas.19,27,28 Cs was deposited from a resistively
heated SAES getter source and calibrated relative to the 1
�1 unit cell of Pb, where 1 ML Cs is equivalent to 1 Cs
atom sitting at each Pb surface lattice site. Pressure during
Cs deposition was kept below 5�10−10 Torr. For Pb flat-top
mesas, Cs was deposited at a sample temperature between
100 and 120 K and further annealed to 165–230 K.

First-principles calculations are based on density-
functional theory as implemented in the VASP code.29 We
used ultrasoft pseudopotentials30,31 with plane-wave basis
sets and the generalized gradient approximation
�PW91-GGA�.32 For Pb and Cs, the outmost s and p elec-
trons are treated as valence electrons. STM images were
simulated using the Tersoff-Hamman approach.33,34
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III. EXPERIMENTAL RESULTS

Shown in Fig. 1�a� is a Pb mesa template with a flat-top
geometry grown on a Si�111� substrate following a room-
temperature growth procedure.19,27,28 Due to the underlying
Si surface steps, such a flat-top mesa contains regions with
different local film thicknesses, including both quantum me-
chanically stable and unstable regions. Upon submonolayer
Cs adsorption, the flat-top Pb mesa undergoes a profound
surface restructuring; this is exemplified by the formation of
monolayer height nanoislands such as those shown in Fig.
1�b� after 0.07�0.02 ML Cs deposition. Interestingly, the
distribution of such nanoislands shows strong oscillations as
a function of film thickness.

Figures 1�c� and 1�d� show STM characterization of a
spatial distribution of nanoislands for 0.07�0.02 and
0.11�0.03 ML Cs coverage, respectively. The imposed
dashed lines indicate QWS boundaries resulting from under-
lying substrate steps. As shown in Fig. 1�d�, the nanoisland
density versus thickness exhibits strong oscillations with a
bilayer periodicity. This oscillatory behavior is observed for
both coverages, with maxima appearing on odd layers be-
tween 11 and 18 ML where the highest occupied QWS is
closer to EF. This thickness dependence of nanoisland den-
sity correlates very well with the location of the QWS on a
Pb mesa prior to Cs deposition �Fig. 1�f��: that is, to say,
higher island densities occur at thicknesses where the QWS
is closer to EF �commonly referred to as “quantum unstable”
thicknesses�.7,15,16 This suggests that nanoisland formation is
strongly influenced by the underlying electronic structure of
the film. As shown in Fig. 1�d�, increasing the coverage of
Cs �0.11 ML� increases the overall size of these nanoislands.
Typical nanoisland diameters are on the order of 10–80 nm,
with the average diameter being heavily dependent on the
surface alloy density �Cs dosing�. Furthermore, as the typical
diameter of an individual nanoisland becomes larger than the
underlying terrace width, a typical nanoisland elongates par-
allel to the substrate step becoming ellipsoidal in shape
rather than crossing the neighboring boundary �substrate
step�. This indicates that it is energetically favorable for a
nanoisland to remain on quantum unstable layers.

The evolution of nanoisland shape as a function of Cs
coverage �from 0.01 to 0.11 ML� is further illustrated in Fig.
2. At a very low coverage of 0.01�0.005 ML �inset of Fig.
2�a��, one can see that circular nanoislands are decorated
with single Cs atoms along the nanoisland edge. As shown
by the line profile in Fig. 2�d�, the nanoisland height �before
incorporating large amounts of Cs� is exactly one monolayer
of Pb, which confirms that the nanoislands are Pb in compo-
sition. Moreover, STS measurements indicate that Cs-
decorated nanoislands have a local density of states identical
to +1 ML of Pb further demonstrating that these nanoislands
are Pb in composition �Fig. 2�e��. The apparent topographic
height across the isolated Cs atom near the nanoisland is
0.9 Å. This value is too small for an isolated Cs atom lying
on top of the surface. Indeed, simulated STM images indi-
cate that a Cs atom on the surface would have a topographic
height of more than 3.0 Å while a substitutional Cs atom
will result in an apparent topographic height of about 1.0 Å
�Fig. 2�f��. We thus conclude that isolated Cs atoms are in-
corporated into substitutional sites. On the other hand, the
apparent topographic height of the Cs atoms at the nanois-
land edge is about 0.6 Å above the nanoisland surface. This
value suggests that Cs atoms bind to the lower �ascending�
step edge of Pb nanoislands. Simulated STM images from
first-principles calculations with a positive sample bias of 1.0
eV confirm that Cs atoms preferentially bind to the lower
step edge and have a height profile of �0.5 Å relative to the
nanoisland terrace, which is in good agreement with experi-
mental observations �Fig. 2�g��.

We noted that the formation of Pb nanoislands is intri-
cately linked to this edge decoration of Cs impurities. The Cs
ring decoration is clearly observed for low coverages �0.01
and 0.024 ML� and remains observable for 0.07 ML cover-
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FIG. 1. �Color online� Surface alloy driven nanoisland forma-
tion: �a� three-dimensional �3D� STM example of a flat-top Pb mesa
template before Cs deposition �750�750 nm2�; Vsample=
+150 mV and I=50 pA. �b� Similar Pb mesa after 0.07�0.02 ML
Cs deposition. Nanoislands on the mesa top are the signature of
Pb/Cs surface alloy formation. Vsample=−1.5 V. �c� Bilayer distri-
bution of nanoislands for 0.07�0.02 ML Cs coverage. Dashed lines
indicate QWS boundaries resulting from underlying substrate steps.
Vsample=−1.5 V and I=30 pA. �d� Ratio of nanoisland coverage to
total terrace area for each thickness. 0.07�0.02 ML Cs square
�orange/bright�, 0.11�0.03 ML Cs circle �purple/dark�. Coverage
error �5%. �e� 0.11�0.03 ML Cs; Vsample=−0.5 V and I
=65 pA. �f� Thickness-dependent QWS energy values as deter-
mined from STS. All images taken at T=6 K.
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age, except that the nanoisland center now incorporates more
Cs. As more Cs atoms are incorporated, the apparent topo-
graphic height of the nanoisland center is raised, resulting in
the disappearance of the contrast of the edge ring. The direct
correlation between island formation and preferential Cs step
binding indicates that Cs impurities must play a key role in
this morphological transformation.

The Pb adatoms responsible for nanoisland formation are
generated by the place-exchange process between Cs and Pb
atoms which produces the surface alloy.35–37 It is unlikely
that any mesa surface has a large number of vacancy sites
before Cs exposure required for the observed Cs intermixing.
As shown in Fig. 3, numerical analysis reveals that the num-
ber of Pb atoms which makes up the nanoislands is roughly
equal to the number of surrounding Cs atoms embedded in
the mesa surface. This strongly suggests that the Pb atoms
responsible for nanoisland nucleation come from the Pb ada-
toms which are popped out of the first layer of the mesa
during the place-exchange process. No nanoislands were ob-
served without a background distribution of Cs substitutional
atoms on the mesa surface.

FIG. 3. �Color online� Mass conservation between Pb/Cs atoms:
mesa surface after 0.024 ML Cs deposition; Vsample=−1.7 V and
T=6 K. White dashed lines were added to delineate absolute thick-
ness changes. The number of atoms which makes up the displayed
Pb nanoislands is �8000. Nanoislands were approximated as hex-
agonal. The number of Cs atoms, calculated from the density of Cs
per unit area, is �6000.
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FIG. 2. �Color online� Coverage-dependent evolution of nanoislands and step decorations: �a� 0.024 ML Cs; Vsample=+1 V; �inset� 3D
rendered STM image of a nanoisland at 0.01�0.005 ML Cs coverage; Vsample=+1 V. �b� 0.07�0.02 ML Cs; Vsample=−1.5 V and �c�
0.11�0.03 ML Cs; Vsample=−500 mV. �d� Cross-section profile of the nanoisland in inset �dashed line�. �e� STS taken on/off the nanoisland
indicated in the inset. The QWS on the nanoisland �orange/bright� top correlate with a more quantum favorable thickness compared to the
adjacent terrace �blue/dark�. STS was taken using lock-in amplification with Vmod=5 mV and fmod=1.7 kHz. Simulated STM images of �f�
a Cs atom bound to a surface substitutional site and �g� a Cs atom bound to the lower step edge of a Pb film. Both images were simulated
at Vsample=+1 V. Insets indicate top and side views of the atomic structures.
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This source of Pb adatoms is unlike the case where Pb
adatoms diffuse up the sidewall of the mesa forming edge
islands as demonstrated in Refs. 19, 27, and 28. If edge-
island diffusion is responsible for island nucleation, then
there should be a strong correlation between the island cov-
erage and edge-island nucleation. However, STM images
show nearly uniform island distributions along the direction
parallel to the underlying substrate step with negligible edge-
island nucleation regardless of island density or Cs exposure.

It is important to characterize the role of both kinetics and
thermodynamics in the formation of the observed Cs-
decorated Pb nanoislands and the specific role Cs atoms play
in modifying this energetic balance. To elucidate the impor-
tance of Cs in stabilizing Pb nanoislands preferentially on
quantum unstable layers, 0.1 ML of Pb was deposited on an
impurity-free Pb mesa and was annealed to 160 K identical
to the procedure utilized for Cs deposition. Figure 4 illus-
trates the resultant mesa after additional Pb deposition.
Monolayer-high Pb islands can be seen distributed across the
mesa surface. Differential conductance maps �dI /dV�, illus-
trated in Figs. 4�c� and 4�e�, demonstrate that these Pb is-
lands remain +1 ML in height but can easily span two to
three different layers which include both quantum stable and
unstable layers. This is in stark contrast to the Cs-decorated
nanoislands which show strong preference to quantum un-
stable layers and show a circular geometry. This contrasting
behavior suggests that the Cs step decoration plays an impor-
tant role in the formation of Pb nanoislands which preferably
reside on the quantum unstable layers.

We next discuss the role of kinetic processes such as
thickness-dependent surface diffusion, island coarsening, or
mesa edge barrier fluctuations on the observed bilayer island
density oscillation.17,24 Surface diffusion of Pb adatoms is
relatively slower on quantum stable regions,24 therefore a
higher island density is expected to be observed on quantum
stable regions.17 Furthermore, bilayer oscillations in Pb sur-
face diffusion are small in energy suggesting that the ob-
served nanoisland distribution oscillations should be heavily
temperature dependent. However, the observed thickness-
dependent nanoisland distributions are very robust as this

phenomenon is insensitive to annealing parameters and
rather sensitive to the Cs coverage. Embedded Cs atoms,
which generate Pb adatoms, are uniformly distributed across
the mesa surface independent of thickness, indicating that Pb
adatoms responsible for island nucleation nonpreferentially
originate from both quantum stable and unstable regions.
Nevertheless, observed Cs-decorated Pb nanoislands are dis-
tributed with a strong thickness dependence. At the utilized
preparation temperatures, where kinetically driven place ex-
change is active, both Pb and Cs adatoms are highly mobile
allowing Pb adatoms to nucleate and Cs adatoms to step
decorate these nucleated nanoislands. No nanoislands were
observed without accompanying Cs step decorations. More-
over, all Cs-decorated nanoislands are nearly circular in
shape indicating that they are at a local equilibrium. Thus,
while kinetics definitely play a role in island nucleation and
shape relaxation, the resulting bilayer oscillation of nanois-
land distribution is a quasiequilibrium phenomenon at the
preparation temperature.38

IV. THEORETICAL MODELING

To understand why nanoislands form preferentially on the
quantum mechanically unstable layers, we consider two con-
figurations, as shown in Fig. 5: �i� the initial state, where
isolated Cs atoms are on top of a flat N-layer Pb film and �ii�
the final state, where the Cs atoms replace the first-layer Pb
atoms and the popped out Pb atoms nucleate to form a
nanoisland. By neglecting the step formation energy of the
nanoisland, the total-energy difference �E per Pb atom in the
two configurations can be estimated as �ECs-embedded�N�
+EPb-film�N+1��− �EPb-film�N�+ECs-top�N��, where EPb-film�N�
represents the total energy of an N-layer Pb film and
ECs-embedded, ECs-top represent the total energy of an N-layer
Pb film with a Cs atom embedded in the surface and on the
top of the surface, respectively. The calculated values of �E,
from first principles, are plotted in Fig. 5 for film thicknesses
ranging from 4 to 16 ML. This calculation, which does not
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FIG. 4. �Color online� �a� 0.1 ML of Pb deposited on an
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islands form on top of a mesa after Pb deposition, �b� topography;
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take into account the underlying interface, can produce dif-
ferences in absolute thickness between experiment and
calculation.16 Positive �negative� values of �E correspond to
energy cost �gain� for the nanoisland formation. The results
demonstrate that on quantum mechanically unstable layers
the configuration with embedded Cs atoms accompanied by
nanoisland formation is energetically more favorable than a
flat-top geometry with a distribution of Cs adatoms.

We also find that Cs island step decorations further pro-
mote island stability by lowering the overall cost of the step
formation energy. First-principles calculations indicate that
Cs adatoms repel each other on the Pb�111� surface. There-
fore, the step energy lowered by the Cs step decoration can
be estimated by comparing the total energy of a stepped Pb
film with a Cs atom binding at the lower step edge with a Cs
atom on a flat terrace far away from the step. The calculated
energy difference for �111� and �100� faceted steps is around
200 meV per Cs atom. For a clean Pb�111� surface, the step
formation energy was calculated to be around 88 meV per
step unit.39 In our system, the average interatomic spacing
per Cs step atom is �8.5 Å which is slightly less than three
times the step unit length of Pb�111� �3.5 Å�. Therefore, step
formation energy cost is greatly lowered by the Cs step deco-
rations, which enhances island stability and plays a signifi-
cant role during the initial island formation. However, the
step energy is proportional to island radius r while the sur-
face energy is proportional to r2. For sufficiently large is-
lands as observed in our experiments, the surface energy
term is dominant and therefore responsible for the observed
bilayer island distribution.

V. SUMMARY

The combined theoretical and experimental investigations
reveal an intricate interplay between surface alloy formation
and quantum size effects, which results in the restructuring
of Pb flat-top mesa surfaces in the quantum growth regime.
More specifically, by introducing a minute concentration of
alkali adsorbates on the surface of a Pb mesa, the energetic
balance between the classical and QSE energetic terms can
be controllably altered, leading to the formation of
monolayer-high Cs step-decorated Pb nanoislands predomi-
nately on quantum unstable regions. Such systems, where
electron confinement can be controlled by growth conditions,
offer interesting platforms for elucidating the underlying
physical origins of the enhanced chemical reactivity of bime-
tallic alloys formed at the two-dimensional surface, poten-
tially offering a new route toward quantum design of cata-
lysts.
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