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Pb on Si(111)-(7 × 7) shows surprising nucleation and mass transport dynamics at odds with standard
theories. To create local imbalances on stable Pb islands we use the tip of a scanning force microscope. We
enforce a short, local contact between the island and our tip. The subsequent island height growth and the
local contact potential difference are studied via scanning force microscopy and Kelvin probe force microscopy.
Though the island has a large volume increase after the contact, we observe that its surrounding wetting layer
shows the same Pb density decrease as the global wetting layer. This indicates a collective density thinning of
the wetting layer.
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I. INTRODUCTION

The diffusion behavior of metals on semiconductors is not
only of fundamental physical importance, but also relevant
for applications, e.g., in the semiconductor industry. In this
manuscript we focus on Pb/Si(111)-(7 × 7) that we study by
scanning force microscopy (SFM) and Kelvin probe force
microscopy (KPFM), which allows us to access the local
contact potential difference (LCPD). This is used to study
the mass transport in the Pb wetting layer (WL). The mass
transport is one striking feature of the Pb/Si(111)-(7 × 7) sys-
tem, which does not follow the conventional theory of random
walk diffusion, as expected from the theory of nucleation by
Stranski-Krastanov [1–5]. One expects that individual clusters
form and slowly evolve into islands. However, experimen-
tally no cluster formation is observed [6–8]. Instead, mature
crystalline islands are found as soon as a critical coverage
density is exceeded in the wetting layer (WL), i.e., the for-
mation happens “ultrafast” [6,7,9–12]. Together with laser
induced thermal desorption (LITD) experiments studying the
dynamics of the WL [13–16], this points towards a collective
movement of Pb atoms in the WL.

After the initial nucleation, Pb islands have two growth
modes. They can grow radially (parallel to the Si surface)
or in height (perpendicular to the Si surface) [17]. The latter
is known to energetically favor the growth of rings at the
edge of the island, which later close towards the island center
[18]. This follows from azimuthal diffusion on the island
edge, which is orders of magnitude faster than radial diffusion
towards the island center [19]. The growth mode is strongly
related to the initial substrate temperature during evaporation.
After evaporation at 120 K, only small islands with flat tops
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and steep edges are formed [6,7]. These then grow radially,
but only rarely in height. Therefore, ring formation is almost
never observed for low substrate temperatures. Through sub-
sequent annealing to ∼220 K small islands disappear and
the system forms only a few large, relatively stable islands.
After evaporation at room temperature, relatively large is-
lands are formed directly after evaporation. These islands
are metastable as they show ring formation and growth in
height [20]. Under either of these conditions, the initial ring
formation cannot be observed.

Recent studies have focused on the electron-phonon cou-
pling [21], the relaxation dynamics of hot carriers [22], and
the formation of charge and spin waves [23,24] in thin Pb
films on Si(111). It remains an open question to understand
the exact dynamics of the Pb atoms in the Pb/Si(111)-(7 × 7)
system and how the WL contributes to it. Are individual “free”
Pb atoms the cause for the ultrafast dynamics? Or does the
WL move in a collective fashion [13]? In order to study this
question, researchers have stimulated ring growth artificially.
One approach was to evaporate additional Pb and to image
the surface before and after the additional evaporation [6].
Moreover, island growth has been stimulated using bias pulses
[25] or by charging the islands in STM measurements [26]. In
this manuscript, we present an experiment to locally generate
imbalances by manipulating stable Pb islands. We cause a
short contact between our tip and an initially stable Pb island
in our SFM. This triggers the island to grow in height, showing
rapid formation of a ring. This process is different from initial
island growth and provides valuable information about the Pb
flux from the WL to the island as equilibrium is reached. On
a much slower timescale the ring closes towards the island
center. As this happens locally, we can analyze the mass
transport and the different timescales involved in the reshap-
ing of the island using SFM techniques. Here we present an
experiment that, in addition to SFM measurements, simulta-
neously monitors the changes in the local contact potential
of the WL via KPFM. One of our central findings is that the
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FIG. 1. SFM images of 5 ML Pb on Si(111) after an annealing time of 34 h at 300 K. In (a)–(e) the measured SFM topography and in
(f)–(j) the simultaneously measured local contact potential difference (LCPD) is shown. The first pixel after the tip-island contact sets the
measurement time to t = 0 min, i.e., 8 min after panel (a) is completely scanned. The time specifications refer to the fully scanned image,
where each panel scan takes 31 min. (a) The islands of interest are labeled I1 (orange), I2 (magenta), and I3 (blue). The inset in (b) shows a
side-view image where the spike marks the tip-island contact. In (b) the ring formation is observed immediately after the tip-island contact.
(c) After 39 min [time between contact and fully scanned I2 in (c)] the ring is fully closed and the right-hand side of island I2 is reshaped.
(d),(e) The island reshapes into a hexagonal shape and the ring closes towards the island center. After 1090 min, the island surface is completely
flat and in a new stable configuration. (f)–(j) The local changes of the LCPD �� [in a small neighborhood; see dashed black line in (h)] around
island I2 are the same as observed globally within the image boundaries [see dashed-dotted green line in (h)] throughout the measurement, i.e.,
no local depletion of Pb is indicated. The mean LCPD �� of the WL increases globally from 94 mV to 114 mV (indicated by an increase in
yellow color). In contrast, the �� of the islands remain constant (purple color). Measurement settings are � f = −37 Hz, with an oscillation
amplitude Aosc = 6.4 nm. The SFM images (a)–(e) are leveled such that the manipulated island I2 appears at constant height. In Appendix B
the data is instead leveled with respect to the Si substrate. Further, the color scale in the LCPD images (f)–(j) is chosen such that the changes
in the WL are emphasized. For a color scale emphasizing the QSE on the Pb islands, see Appendix C.

Pb density of the WL decreases globally without showing
an additional local depletion of Pb in a small neighborhood
around the manipulated island. Our results provide insight into
the nature of mass transport on Pb/Si(111)-(7 × 7).

II. EXPERIMENTAL SETUP

We use phosphorus-doped n-type Si(111) (1 to 10 � cm)
as a substrate, which we introduce into our ultrahigh vacuum
chamber with a base pressure of ≈10−10 mbar. The substrate
is cleaned by heating it to a temperature of 700 ◦C by direct
current heating. The 7 × 7-reconstructed Si(111) surface is
created by rapidly increasing and decreasing the temperature
to 1200 ◦C and back to 700 ◦C at least five times and by a
subsequent final cooling step, where the substrate temperature
is kept between 850 ◦C and 700 ◦C for around 150 s. We have
prepared several substrates to grow Pb islands, where we first
evaporate between 2 and 7 nominal monolayer (ML) Pb both
on a substrate kept at room temperature and on a cooled sub-
strate (120 K). For the experiments using a cooled substrate
during evaporation we then increase the sample temperature
stepwise to 300 K for imaging. Our samples show consistent
behavior.

For the SFM measurements we use a VT-SPM by Omicron,
with Si cantilevers by Nanosensors with a force constant of
≈60 N m−1 and a resonance frequency of ≈170 kHz. The
tip is cleaned through several cycles of Ar-ion sputtering and

annealing. Our experiment is conducted in FM-modulation
mode. In parallel to the SFM topography measurement, the
local contact potential difference (LCPD) is measured via
KPFM using an AC bias applied through a lock-in with a
modulation frequency of 440 Hz and a modulation amplitude
of 500 mV.

To induce a local imbalance of Pb we enforce a contact
between the island and the tip by decreasing the frequency
shift to more negative values until we observe a strong ad-
ditional decrease of the frequency shift, a sudden increase
in the measured topography signal, see inset in Fig. 1(b),
and a slip of the phase locked loop phase regulation. For
example, for the experiment shown here, the set point of the
frequency shift � f was slowly decreased from −21 Hz to
−47 Hz. Each image has an acquisition time of 31 min and
t = 0 min is set to the time of the first pixel measurement
after the tip-island contact. The slow scanning direction is the
y direction of the image, indicated in Fig. 1(e), while the x
direction corresponds to the fast scan direction. We show one
out of four additional realizations of the island manipulation in
Appendix E.

III. RESULTS

We focus on a sample with 5 ML Pb evaporated on a cooled
Si substrate (120 K). After increasing the sample temperature
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to 300 K, we observe large stable Pb islands [see Fig. 1(a)].
We first study the islands for ≈2 h, where no growth in
height is observed. Figures 1(a)–1(e) show topographic mea-
surements of the island before, during, and after the enforced
tip-island contact. In Figs. 1(f)–1(j) the simultaneously ob-
tained KPFM images show the measured potential difference.
The step edges of the Si substrate run parallel to the y direction
of the image; see Appendix A. This causes an anisotropy
of the substrate. In the following discussion, we will mainly
focus on islands I1, I2, and I3.

Figure 1(b) shows the SFM measurement containing the
moment of the enforced tip-sample contact. A horizontal scan
line containing the spike marks the region in time where the
collision occurred. We attribute any changes that we observe
subsequently to the short and local interaction between the
tip and the island. Figure 1(g) shows the LCPD measured in
parallel to image Fig. 1(b). The measured LCPD, both on the
WL and on the island, remains unaltered after the contact.
This demonstrates that through the tip-sample contact no ma-
terial from the tip has been deposited onto the sample surface.
It also evidences that the opposite effect, i.e., Pb atoms con-
taminating or changing the tip geometry, is negligible. If this
were the case, either the work function difference and thus the
LCPD would show a strong shift immediately after contact or,
if the geometry were to change, this would have an influence
on the topographical measurement. Neither of those effects
is observed. We therefore conclude that the contact does not
change the tip in such a way that our measurement would be
compromised.

Figures 1(b), 1(c), 1(g), and 1(h) show that also the
neighboring islands have remained unchanged, i.e., with this
method we solely manipulate the island locally and do not
manipulate the WL or surrounding islands.

When we zoom out, we see that no alternations have
been caused by scanning the sample. No differences are
found between the forward and backward scan and the energy
dissipation channel, i.e., the amplitude channel, shows no
additional energy dissipation related to the tip-sample inter-
action during imaging.

The spike in the inset of Fig. 1(b) shows that for a short
time it was no longer possible to regulate the amplitude of the
tip. As a result the topographic image values are without any
quantitative meaning for one pixel (7 ms). This corresponds
to the contact between the tip and the island surface. By doing
this we introduce additional energy to the system on a short
timescale and in a strongly localized fashion. Meanwhile, no
extra Pb is deposited. Therefore, the increase or decrease of
the island volume is directly connected to changes observed
on the surface.

Already in the first scan line after the contact, we ob-
serve that a ring starts to form [see Fig. 1(b)]. In Fig. 1(c)
the ring on island I2 is fully closed and of equal height
throughout. In Fig. 1(e) the island top layer is fully closed
and I2 assumes a hexagonal shape. We observe two pro-
cesses that contribute to the filling of the ring of island I2.
First, the inner diameter decreases, such that the ring is con-
tracted towards the island center. Second, filled layers form
inside the ring. Throughout the reshaping of the island it
grows in its radial dimension and obtains a fully hexago-

FIG. 2. (a) Volumetric current flux of the incoming Pb atoms
to island I2, showing a large increase in the island volume. The
relative error is estimated to be 8%. (b) Change in the center-of-mass
(c.m.) position of islands I1 (orange), I2 (magenta), and I3 (blue); see
Fig. 1(a). (b) All three islands’ c.m. move vertically to the step edges
(positive x direction). Island I2 grows towards lower step edges,
whereas islands I1 and I3 decay from higher to lower step edges.
This leads to the same effective motion of the center of mass for
all three islands. (c) The y components for island I1 and island I3
fluctuate around the origin, while island I2 shows an effective c.m.
movement parallel to the Si step edges. The measurement time t = 0
min is set to the moment of the tip-island contact.

nal shape, which is the energetically favorable island shape
[see Figs. 1(c)–1(e)] [27].

In the topographic measurements [see Figs. 1(a)–1(e)] no
change of the WL around island I2 is observed. It is well
known that the Pb density of the WL is larger than the
Pb density of crystalline Pb, i.e., the WL contains between
1.2 and 1.3 ML Pb [7,15,18]. In general, the Pb density of the
WL depends on the temperature of the system [7]. To inves-
tigate the Pb density of the surrounding WL and to answer
the question of what the source of the additional Pb in island
I2 is, we examine the measured LCPD signal. We expect that
the LCPD is related to the chemical composition of the WL,
i.e., to the density of Pb atoms in the WL. This allows us to
observe Pb density changes in the WL, which are not resolved
in the SFM-topography measurement.

Surprisingly, the KPFM measurements before, during, and
after the tip-island contact [Figs. 1(f)–1(j)] show that the WL
density decreases uniformly in the whole measurement im-
age. Additionally, between Figs. 1(f) and 1(j), we observe an
increase of the mean LCPD �� of the WL from 94 mV to
114 mV as shown by the color shift of the “background” from
dark orange to yellow. For details see Appendix D.

The color scale in Figs. 1(f)–1(j) emphasizes the changes in
the WL. Therefore, the quantum size effect (QSE) is difficult
to recognize. To show that the QSE is resolved in our mea-
surement, we present the same data with a different choice of
color scale in Appendix C.

In order to study the mass transport more quantitatively,
we have additionally calculated the magnitude of the mass
transport from the images. This is done by normalizing the
data by subtracting the mean value level and then summing
over the measured island’s pixel values. The results are shown
in Fig. 2(a). After the contact it takes 7 min 40 s to fully
scan island I2 in Fig. 1(b). In this time we observe a massive
increase in the island volume of almost 30%, compared to
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island I2 in Fig. 1(a). This corresponds to a volumetric current
of ∂V ≈ 0.29 × 103 nm3/s or 2360 atoms/s [see Fig. 2(a)].
This strong increase in the island volume raises the following
question: where does the additional Pb come from?

IV. DISCUSSION

During imaging the tip interacts with the sample causing
mechanical stress on the sample. It is known that this force
causes small distortions of the surface atoms, which can be
reversible or irreversible [28]. In the experiment presented
here all our observations point to a reversible motion, when
the frequency shift is large, i.e., −37 Hz. The exception is
the enforced tip-island contact with � f = −47 Hz, which is
irreversible. In the literature such irreversible atomic motions
have been studied in the context of atomic jumps [29] and
atomic manipulations [30].

During the short and localized contact mechanical stress
is applied to the island, which leads to its deformation and
pushes Pb atoms onto the island top. Directly after the contact
more Pb material moves to the island top independent of the
SFM tip. It is reasonable to assume that this occurs to reach a
new equilibrium island shape, which is strongly driven by the
interplay between the classical step effect and the quantum
size effect (QSE) [25]. It has previously been shown that ring
formation is the (energetically) favored growth mode for Pb
islands [17–19,31]. The ring that is formed on top of island
I2 adds another 14 ML to the island height, as shown in
Figs. 1(b) and 1(c). This is consistent with the prediction
of the QSE [31–38], i.e., a reversal of stable island heights
(even-odd oscillation) for islands with heights larger than
10 ML. Hence the new island height of 23 ML is a stable
island height [31]. In comparable experiments, height changes
usually range from one to two ML (e.g., see Ref. [31]). At
temperatures above T = 240 K, multilayer (4 to 5 ML) ring
growth has been observed [19,39].

The start of ring formation is observed in the first scan line
after the contact [Fig. 1(b)]. In Fig. 1(c) the ring on island
I2 is fully closed and of equal height throughout. We find
an upper bound of the ring formation time τring � 39 min,
given by the acquisition time of the measurement setup. In
contrast, the ring closure towards the island center is orders
of magnitude slower (i.e., τradial ∼ 1100 min); see Figs. 1(d)
and 1(e). In addition, after the initial ring formation, the volu-
metric current drops to ∂V ∼ 0.08 × 103 nm3/s [Fig. 2(a)].
In Ref. [19] the radial diffusion of Pb atoms towards the
island center is assumed to be 1000 times slower than the
azimuthal diffusion along the edge on top of the Pb island.
This highly anisotropic diffusion behavior is also observed
here for island I2, as τring � τradial. Therefore, the manipu-
lation of islands does trigger physical processes that occur on
the same timescales as discussed in previous studies [18,19].
This means that our method can explicitly be used to study
these dynamics.

Our KPFM measurements allow us to study changes of the
wetting layer around the manipulated island I2. The changes
in the mean LCPD �� observed in a small neighborhood [see
black dashed line in Fig. 1(h)] around island I2 are similar to
the changes observed in the small neighborhoods of islands
I1 and I3. This is remarkable considering the changes in the

shape and height of island I2 after the local tip-island contact.
In fact, instead of finding a local depletion around island I2,
we observe a “global” thinning of the WL throughout our
measurement frame [where the “global” scale is indicated by
the green dashed-dotted line in Fig. 1(h)]. As the number of
Pb atoms in the system remains constant, the mass transfer
to the island occurs solely via the WL. From Fig. 2(a), it is
evident that the volume of the manipulated island increases
as the volumetric current is positive (∂V > 0) throughout the
observation time.

Due to the local tip-island contact, we do not directly
modify the WL. Changes in the WL are either caused by the
transformation of island I2 after the tip-island contact or by
the small increase in our sample temperature �T = 1.28 K
over the measurement time of 15 h. It remains unclear how
strongly the temperature change influences the WL density;
however, it is reasonable to assume that such small changes
do not significantly alter the LCPD.

In contrast to other experiments, e.g., Ref. [15], we suggest
here a collective thinning of the WL. This means that the
density of the Pb atoms in the WL appears to locally stay
constant, similar to Ref. [14]. Despite that, there is an effective
mass transport happening, which causes the island growth. As
we have no “free” Pb atoms, due to our long annealing time,
our experimental evidence points at a collective transport of
Pb atoms from the WL towards island I2.

To rule out the possibility that this effect is caused by the
tip, we contrast the changes �� in the mean LCPD of the WL
with the islands; see Appendix D. We find that the island mean
LCPD remains constant over the entire measurement period,
hence indicating that the thinning of the WL is due to intrinsic
processes on the surface.

Focusing on the neighboring islands I1 and I3 [see
Figs. 1(a) and 1(f)], we observe that they decay. Island I1
shows a decrease in volume from V1(t = 95 min) = 334 ×
103 nm3 to V1(t = 1040 min) = 247 × 103 nm3 or by roughly
26%. This decay can be seen by comparing island I1 in
Fig. 1(d) with Fig. 1(e), where the side on the higher step
edge fades away. Similarly, island I3 decreases from V3(t =
126 min) = 183 × 103 nm3 to V3(t = 630 min) = 132 ×
103 nm3 or by 28%. The changes in the volume of these
neighboring islands cannot account for the absolute volume
increase of island I2, as more additional material is needed.
Additionally, we find that the decays of island I1 and I3
are time-delayed compared to the growing of island I2, e.g.,
the volume of I1 remains constant for about 10 h after the
island manipulation, V1(t = 95 min) ≈ V1(t = 591 min) =
334 × 103 nm3. We propose that the unbound Pb atoms of the
decaying islands replenish the thinning WL. In addition, we
conjecture that the thinning of the WL results in a change of its
chemical potential. This favors the decay of energetically less
stable islands [40]. Other islands, outside of our measurement
frame, may also contribute to the replenishing of the thinning
WL.

To quantify the changes of the growing and decaying is-
lands (I1–I3), we calculate the movement of their center of
mass. For that, we need a drift-free reference frame, which
we determine using fixed points on the Si substrate, i.e., step
edges. These fixed points are identified in each measurement
image and their mean position becomes the center of origin of
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the new reference frame. The relative changes in the center-
of-mass positions are shown in Figs. 2(b) and 2(c).

The manipulated island grows along the x direction to-
wards lower step edges and tends to grow parallel to the
step edges along the negative y direction. The decay of the
energetically less stable islands I1 and I3 results in a shift of
the center of mass (c.m.) towards island I2 in the x direction
[see Fig. 2(b)]. In contrast, the y component of the c.m. of
island I1 and island I3 shows no effective change, but only
fluctuates around the initial y coordinate [see Fig. 2(c)]. The
similarity between the c.m. motion of island I1 and island I3
might indicate a correlated movement of the Pb atoms to lower
step edges in the WL due to the surface anisotropy [6].

V. CONCLUSION

We successfully generated a local imbalance on a Pb is-
land by enforcing a contact between measurement tip and
island. We find that this leads to the rapid formation of a
ring on the manipulated island. We observe two characteristic
timescales—one for the formation of the ring (t � 39 min)
and one for the radial closure towards the island center and the
radial growth of the island (t > 1000 min). One key advantage
of our local manipulation is the conservation of Pb atoms in
the system.

By simultaneously carrying out KPFM measurements, we
are able to observe an increase of the wetting layer LCPD
for some time after the tip contact. This indicates a global
thinning of the WL, instead of a local Pb depletion around
the locally manipulated island.

Understanding the mechanisms (experimentally and the-
oretically) of this collective, global evolution of the WL is
crucial to further characterize the diffusive mass transport
of Pb/Si(111)-(7 × 7). For example, it remains a task for
future experiments to study the temperature dependence of
the WL density. Improved resolution will also allow us to
use quantitative models and analysis tools [41,42] to study in
more detail the question of whether the motion in the wetting
layer is superdiffusive [39] and/or correlated, as well as to
pinpoint the parameters of the island center-of-mass motion as
a function of island size, temperature, and lifetime [6,43,44].
The results will be also relevant to answer the outstanding
question about the “ultrafast” initial island nucleation [6,9].
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APPENDIX A: STEP EDGES OF THE Si SURFACE

In Fig. 3, we show the step edges of the Si surface.

APPENDIX B: HEIGHT PROFILES OF ISLAND I2

In Fig. 4 we show the same SFM-topography data as
in Figs. 1(a)–1(e), but here leveled with respect to the Si
substrate.

FIG. 3. Here we show a 3D representation of Fig. 1(a), with
focus on the Si substrate. The y direction is defined parallel to the step
edges and the x direction downwards the step edges. For comparison
see coordinate frame in Fig. 1(e) of the main text.

Moreover, in the lower row of Fig. 4, we plot the height
profiles of the manipulated island I2. The position of the cross
section of each plot is indicated by the red-dashed line in
the SFM images above. The profiles themselves are centered
around the island midpoint. The y axis on the left depicts the
island height measured in nanometers above the Si substrate.
The y axis on the right, together with the dashed gray lines,
indicates the island height in monolayers of bulk Pb(111), i.e.,
one monolayer corresponds to a height of 0.285 nm.

APPENDIX C: QUANTUM SIZE EFFECT (QSE)

In Fig. 5 we show the same LCPD data as in Figs. 1(f)–1(j),
but we adjusted the color scale such that the QSE is amplified.
The QSE leads to an oscillation of the measured LCPD of the
Pb electrons with an increasing number of Pb monolayers of
the island. This is due to the confinement of the Pb electrons
between the vacuum and the Si substrate along the direction
perpendicular to the sample surface. The ratio between the
Fermi wavelength of the Pb electrons (λF = 0.394 nm) and
the thickness of a ML of PB (d0 = 0.285 nm) is given by
2d0 ≈ 1.5λF. This results in a bilayer oscillation of stable (low
LCPD) and unstable (greater LCPD) island heights, i.e., odd
heights are stable and even ones are unstable. This behav-
ior is reversed after around 10 to 12 ML, due to the slight
mismatch of the ratio between the Fermi wavelength and the
ML thickness of Pb. In addition, for increasing island heights
the difference between the measured LCPD of odd and even
island heights decreases.

The QSE creates a contrast (between white and red areas)
observed on the islands in Fig. 5. In Fig. 5(a), the steps under
the substrate ensure a different number of Pb monolayers
within island I2, which results in a changing white-red con-
trast along the x axis. This is emphasized by the line profile
along the green-dashed line plotted below Fig. 5(a), where
the differences in the LCPD are observed. Though the island
spans six terraces, only two distinct areas are observed. This
is due to a double step under the island and spatially narrow
terraces near the edges of the island.
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FIG. 4. Same SFM images of 5 ML Pb on Si(111) as in Figs. 1(a)–1(e). Here the plane leveling is such that the Si substrate has the same
height throughout the image and the different island heights are emphasized. The lower row shows the height profiles of island I2 measured
along the y direction indicated by the red dashed line (parallel to the step edges). The y axis on the left measures the island height in nanometers
and the y axis on the right shows the island height in monolayers of bulk Pb(111) (emphasized by the gray dashed lines in the background).
The formation of the ring, its closure towards the island center, and the increase in the total island volume is clearly observed. Measurement
details are given in Fig. 1.

With the creation of the ring three distinct areas become
visible [in the LCPD data and in the corresponding line pro-
files, see Figs. 5(b)–5(d)]. The positions of the developing ring
are highlighted with blue color in the line profiles. The island
height (including the ring), on the left of island I2, is 28 ML
(left blue bar in the line profiles). The inner hole has a higher
LCPD, as shown in the line profiles and by the red center area

on island I2 [see Figs. 5(b)–5(d)]. The ring on the right edge
of the island shows again a lower LCPD (second blue bar in
the line profiles).

In Fig. 5(e) the inner ring has fully vanished and the whole
island has reached a flat top. The island consists of areas
between 23 ML and 28 ML, at which the QSE becomes
weaker and weaker.

FIG. 5. Presented LCPD data is identical to the data shown in Figs. 1(f)–1(j) with a different color scale. Here we have adjusted the color
scale such that the focus is on the QSE, instead of focusing on the changes in the WL. In (a)–(d) the QSE is clearly visible, by the measured
differences of the LCPD on the island top, i.e., the different colors on the same island top. Line profiles of the measured LCPD are shown in
the second row. Their locations are indicated by the green dashed lines above. The light blue background indicates the position of the ring in
the profiles. Compared to the LCPD of the island center, the LCPD measured at the ring is lower, indicating a stable island height.
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FIG. 6. (a) Mean LCPD �� over the WL (yellow squares) and
(b) the islands (blue squares). We observe that �� of the WL in-
creases over time. In contrast, the �� of the islands stays constant,
with the mean of the data points indicated by the purple-dashed line.
The drop of �� at around 750 min is due to a tip artifact. The
error bars indicate the systematic error of our measurement setup,
i.e., ≈3 mV.

APPENDIX D: MEAN LCPD OF THE WETTING LAYER
AND THE ISLANDS

In order to show that there is an effective change of the
WL density, we compute the mean LCPD ��̄ over the WL
(yellow squares) and over the islands (blue squares) for each
measurement frame; see Fig. 6. Throughout the measurement
we observe an increase of ��̄ from 94 mV to 114 mV. In
contrast, we observe a constant mean LCPD over the islands,
which shows larger fluctuations due to the oscillatory behavior
of the LCPD caused by the QSE. The averaged ��̄ over time
is indicated by the purple-dashed line [Fig. 6(b)].

This implies that the changes observed in the WL are not
caused by the tip, which would lead to the same changes in
the WL and on the islands. As mentioned in the main text, we
conclude that the density of the WL decreases and provides
Pb atoms for the reshaping of the manipulated island I2.

As ��̄ is an averaged quantity over Nislands ≈ 30000 px
and NWL ≈ 220000 px, the statistical error of the mean is
of the order of ≈0.2 mV and ≈0.03 mV, respectively. The
systematic error of our measurement apparatus is ≈3 mV,
which is indicated by the error bars in Fig. 6.

APPENDIX E: ADDITIONAL EXPERIMENTAL DATA

In Fig. 7, we present an additional experiment in which we
have enforced a contact between the cantilever and a stable
island [right island in Fig. 7(a)]. We evaporated 2 ML of Pb
on Si(111) at 120 K. Subsequently, the cooling was stopped
and the sample equilibrated to room temperature, i.e., 296 K,
over an annealing time of 19 h.

Similar to the experiment discussed in the main text, right
after the contact the island starts to grow in height by the
formation of ring(s); see Fig. 7(b). Over the time of the
measurement the ring closes toward its center [Figs. 7(c) and
7(d)] and the island reaches a new stable configuration [see
Figs. 7(e) and 7(f)].

We emphasize that the observed physical mechanisms are
comparable, even though the amount of evaporated Pb, the
annealing time, and the strength of the tip-island contact are
different. This indicates that our experimental technique is
able to reproduce the above discussed results and can be used
to purposefully manipulate Pb islands.

FIG. 7. SFM measurement and manipulation by SFM tip of 2 ML Pb on Si(111), which was deposited at a substrate temperature of 120 K.
(a) The measurement is performed after an annealing time of 19 h, during which the sample equilibrated to room temperature, i.e., 296 K.
(b) Compared to the experiment discussed in the main text, the enforced tip-island contact is much stronger. The formation of a ring is again
observed right after the contact. (c)–(f) Similar to what is discussed above, the ring first forms and then closes towards its center. In the end,
the manipulated island reaches a new equilibrium state at a stable island height of 19 nm. Measurement settings are � f = −37 Hz with an
oscillation amplitude Aosc = 7.9 nm, an eigenfrequency of f0 = 155.81 kHz, and a spring constant of cL = 41 N/m.
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