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Abstract
Structural transformations at the Pb/Si(111) surface occurring upon C60 adsorption onto
Pb/Si(111)1× 1 phase at room temperature and Pb/Si(111)

√
7×
√

3 at low temperatures
between 30 and 210 K, have been studied using scanning tunneling microscopy and
low-energy electron diffraction observations. Typically, C60 fullerenes agglomerate into
random molecular islands nucleated at the surface defects. C60 island formation is
accompanied by expelling Pb atoms to the surrounding surface area where more dense
Pb/Si(111) phases form. Productivity of C60-induced expelling of Pb atoms is controlled by
surface defects and is suppressed dramatically when regular (‘crystalline’) C60 islands
self-assemble at the defect-free Pb/Si(111) surface. When Pb atoms are ejected by the random
C60 islands, extended structural transformations involving reordering of numerous Pb atoms
are fully completed at the surface within the shortest possible time (a few dozen seconds) to
reapproach and image the surface after C60 deposition. Estimations show that the observed
transformations cannot be controlled by random walk diffusion of Pb adatoms, which implies
a highly correlated motion of the Pb atom displacements within the layer.

(Some figures may appear in colour only in the online journal)

1. Introduction

Interaction of the large molecules, e.g., fullerenes, with solid
surfaces can be quite sophisticated involving not only the
effects of substrate on the structure and properties of forming
molecular layers, but also restructuring of the substrate
surface induced by molecular adsorption. In particular, on
surfaces of various noble metals (e.g., Au [1–4], Pt [5–8],
Ag [9–11], and Cu [12, 13]) adsorbed C60 creates nanopits
(vacancies) in the surface below the fullerenes. Up to seven
metal atoms can be expelled by a fullerene, as in the case
of Cu(111) surface [12]. The driving force leading to nanopit
formation is associated with enhancing C60-substrate bonding
when the fullerene is partially embedded in the metal substrate
and has more metal atom neighbors. The process is usually

triggered upon heating the sample to ∼200–550 ◦C. Mass
transport due to the C60-induced pit formation manifests itself
by the nucleation of metal islands on the surface [10–13].
Recently, a similar behavior has been detected for C60
adsorption onto the In/Si(111) reconstructions [14, 15] where
adsorbed C60 fullerenes displace In atoms to the surrounding
surface area to form domains of more dense In/Si(111) phases.
The C60-induced expulsion of In has been attributed to an
inspiration of C60 to change a relatively modest bonding with
In metal layer to a stronger bond with the Si(111) substrate.

One can expect a similar phenomenon for C60 adsorption
onto Pb/Si(111) surfaces which are known to represent
a set of various one-atomic-layer Pb phases on bulk-like
Si(111) having various structures and Pb densities. The
set includes, in particular,

√
7 ×
√

3 [16], 1 × 1 [17],
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Figure 1. Schematic representation of the unit cells of three of the ordered phases discussed: the
√

7×
√

3, the (2, 1) and the HIC A
phases. The

√
7×
√

3 and (2, 1) are DS linear phases with ordering along the [11̄0] direction. The HIC A phase is built from
√

3 triangular
domains with six-fold symmetry twisted off the [1̄1̄2] directions.

hexagonal incommensurate (HIC), striped incommensurate
(SIC) α-

√
3 ×
√

3 [18, 19], and ‘devil’s staircase’ (DS) [20]
phases. The DS phases are of especial interest bearing in mind
that the formation of DS in systems with long-range repulsive
interactions is one of the outstanding predictions in statistical
mechanics. A key signature of a DS is the formation of a
large number of ordered phases within a narrow coverage
range, built hierarchically in complex patterns out of two
generating phases, according to well-defined combinatorial
rules. Sixteen such phases were discovered in Pb/Si(111)
within the coverage range 6/5 ML < 2Pb < 4/3 ML which
is one of the best realizations of a DS in nature [20, 21].
This discovery has also settled many open questions about the
system in the literature [22]. The formation of the DS phases
is a result of the elastic interactions that become stronger with
increasing Pb coverage. The two generating phases are the
√

7 ×
√

3 with 21 = 6/5 ML and the
√

3 ×
√

3 phase with
22 = 4/3 ML denoted as

√
7 and

√
3, respectively, and shown

in figure 1. The DS phases of variable periodicity are built
from n

√
7 and m

√
3 unit cells, denoted as the (n,m) phase.

Along [11̄0] the length of the
√

7 phase is 5a0/2 and the length
of the

√
3 is 3a0/2 with a0 the lattice constant of Si(111),

so the period of the (n,m) phase is (5n + 3m)a0/2 and its
coverage 2 = (6n+ 4m)/(5n+ 4m). With heating, the linear
(n,m) phases transform into phases of different symmetry, the
hexagonal HIC and striped SIC phases [20–22].

It is worth noting, however, that no pit formation
and Pb ejection have been noticed upon formation of C60
monolayer on Pb(111) (at least, at 120 ◦C) [23] or upon
room-temperature (RT) adsorption of individual C60 onto
Pb/Si(111)1 × 1 surface [24]. But if it was to occur
under appropriate conditions, it could provide a valuable

atomic-scale information for clarifying the puzzling ultrafast
mass transport phenomena detected recently in the Pb/Si(111)
layers [25–27].

Results of the present low-energy electron diffrac-
tion (LEED) and scanning tunneling microscopy (STM)
observations have demonstrated that C60 adsorbed onto
Pb/Si(111)1× 1 at room temperature (RT) or Pb/Si(111)

√
7×√

3 at low temperatures (LT = 30–210 K) agglomerate into
random molecular islands nucleated preferentially at defect
sites. C60 island formation is accompanied by expulsion of
Pb atoms to the surrounding surface area where more dense
Pb/Si(111) phases are formed (i.e., HIC and SIC phases at
RT and DS phases at LT). Even at temperatures as low as
30–110 K, no Pb adatoms are ever seen on top of the layer
and domains of the newly formed DS phases after the Pb
ejection are fully completed within the shortest possible time
(a few dozen seconds) to reapproach and image the surface
after C60 deposition. This indicates highly correlated motion
of the Pb atom displacements within the layer. This suggests
the observed transformations cannot be controlled by random
walk diffusion of Pb adatoms.

2. Experimental details

Our experiments were performed with a variable-temperature
Omicron STM operating in an ultrahigh vacuum (∼7.0 ×
10−11 Torr). Atomically clean Si(111)7 × 7 surfaces were
prepared in situ by flashing to 1280 ◦C, after the samples
were first outgassed at 600 ◦C for several hours. Lead (Pb)
and C60 fullerenes were deposited from resistively heated
Ta and Mo crucibles, respectively. For STM observations,
electrochemically etched tungsten tips cleaned by in situ

2
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Figure 2. Result of RT C60 adsorption onto Pb/Si(111)1 × 1 surface. (a) LEED pattern (E = 74 eV) and (b) 200× 200 Å
2

STM image
from the original Pb/Si(111)1 × 1 surface. Inset shows the 1× 1 structure at a greater magnification (scale: 50× 50 Å

2
). (c) LEED pattern

(E = 74 eV) and (d) 200× 200 Å
2

STM image from the surface after adsorption of 0.015 ML of C60. The surface between C60 islands
displays the HIC structure. The main reflections and

√
3 extra spots are indicated in the LEED patterns by solid white and dashed orange

circles, respectively.

heating were employed. The experimental STM images
shown in the paper were processed using high-pass FFT
filtering to visualize the surface structure in between the
fullerenes.

3. Results and discussion

3.1. C60 interaction with Pb/Si(111) surface

Figure 2 illustrates the structural transformation occurring
at Pb/Si(111) surface upon RT adsorption of 0.015 ML of
C60. (1 ML (monolayer) = 7.8 × 1014 cm−2, the topmost Si
atom density at non-reconstructed Si(111)1 × 1 surface.) The
original surface corresponds to the Pb/Si(111)1 × 1 phase
as evidenced by LEED and STM (figures 2(a) and (b)). The
surface was prepared by RT deposition of ∼1.2 ML of Pb
followed by annealing at 200 ◦C for 1 min. After such a
preparation, the surface was almost completely covered by
1× 1 phase with very seldom inclusions of small β-

√
3×
√

3
domains (with 1/3 ML of Pb). The above ‘overheating’ was
specially done to minimize the uncontrolled amount of Pb
adatoms present at the surface at RT. Indeed, cooling this

surface to low temperatures (e.g., below 270 K) converts
1 × 1 structure to pure

√
7 ×
√

3 without any domains
of DS phase present. Note that features of β-

√
3 ×
√

3
structure are faintly present in the RT LEED pattern in
figure 2(a). According to the reported phase diagram [19], the
thus-prepared surface contains slightly less (due to presence
of a small number of small β-

√
3×
√

3 domains) than exactly
1.20 ML, the coverage of the

√
7 ×
√

3, but this minute
fraction is not involved in the transformations described in
the current work. After RT adsorption of 0.015 ML of C60
the surface structure changes for α-

√
3 ×
√

3 HIC phase
[18, 19] as evidenced by LEED and STM (figures 2(c) and
(d)). The LEED observations prove that transformation takes
place globally over the whole surface and are not associated
with any tip effects which cannot be ruled out safely when
one is limited by sole STM observations. Since HIC phase
is known to contain ∼1.25 ML of Pb [19], one obtains an
estimate that each C60 fullerene (0.015 ML) expels on average
(1.25–1.20)/0.015∼3 Pb atoms. The ejection rate of the Pb
atoms by C60 is a function of both the surface defect density
and temperature. At low temperature the defects play the
major role (as will be shown below) but at RT C60 islands
nucleate also at defect-free regions with Pb ejection possible

3



J. Phys.: Condens. Matter 25 (2013) 395006 A V Matetskiy et al

Figure 3. Sequence of 1000× 1000 Å
2

STM images acquired from the same surface region (a) before C60 deposition and after depositing
(b) 0.0015 ML, (c) 0.0075 ML, (d) 0.010 ML, (e) 0.012 ML, and (f) 0.019 ML of C60. Insets show the structure of the outlined regions at a
greater magnification. C60 deposition and STM image acquisition were conducted at 210 K. (h) STM profile along the line in (g) showing
the height difference of C60 fullerenes in the ‘crystalline’ and random C60 islands.

even at these regions. One can notice that the C60 molecules in
figure 2(d) have a characteristic three-lobe appearance which
means that they are tightly bonded to the substrate in an
orientation with a hexagon on top. The STM height profile
analysis shows that the apparent height of such a C60 is only
∼4 Å above the HIC surface, indicating that the fullerenes are
embedded into the Pb layer and bound to the Si(111) substrate.

As mentioned above, cooling the Pb/Si(111)1× 1 surface
to LT transforms it to Pb/Si(111)

√
7 ×
√

3 phase. As an
example, figure 3(a) shows an STM image of such a surface.
The image displays a large

√
7 ×
√

3 domain surrounded
by a circle-like domain boundary containing, in particular,
structural defects (most of which originate from small
inclusions of β-

√
3×
√

3 phase). Figures 3(b)–(f) demonstrate
the structural transformations occurring in this surface region
with C60 deposition. One can see that C60 islands are mostly
random in shape and nucleate preferentially at the surface
defects indicating that the adsorbed C60 are free to migrate on
bare Pb/Si(111)

√
7×
√

3 surface over distances of, at the least,
∼50 nm at 210 K. At the initial stage of C60 deposition (e.g., at
0.0015 ML of C60, as in figure 3(b)), the

√
7 ×
√

3 surface

remains essentially unchanged. However, after deposition
of 0.0075 ML of C60 (figure 3(c)) the whole domain area
converts mostly to (3, 1) DS phase having Pb coverage of
1.2222 ML [20]. At 0.010 ML of C60 (figure 3(d)), the (2, 1)
DS phase with 1.2307 ML of Pb fills the interior of the
domain and the HIC phase starts to develop at the domain
rim. At 0.012 ML of C60 (figure 3(e)), the HIC phase having
1.25 ML Pb occupies the whole surface. With further C60
deposition (e.g., at 0.019 ML of C60, as in figure 3(f)) the HIC
phase remains unchanged. Meanwhile, the newly formed C60
islands adopt an ordered ‘crystalline’ structure instead of the
random shape typical of the earlier stages of C60 deposition.
This behavior is similar to that reported for C60 adsorbed
onto In monoatomic layers on Si(111) [14] where fullerenes
were unable to dig into the most dense In layer (i.e., the
so-called quasi-rectangular rec-

√
7 ×
√

3-In reconstruction)
and agglomerate into ‘crystalline’ islands on its top. Another
essential feature of this stage is that all defective regions are
already occupied by C60 and the remaining Pb/Si(111) is free
of surface defects. Line profile analysis demonstrates that C60
fullerenes in the ‘crystalline’ islands are ∼2 Å higher than

4
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Figure 4. Effect produced by a given C60 island on the structure of the surrounding Pb/Si(111) surface region. (a) 315× 315 Å
2

STM
image of the random C60 island formed at the defected area upon C60 deposition onto Pb/Si(111)

√
7×
√

3 surface held at 110 K. (b) The
same image is shown again in which 11 C60 fullerenes forming the island and the surface area where transformations from original
√

7×
√

3 structure with 1.20 ML Pb to the (2, 1) DS phase with 1.23 ML Pb takes place are outlined.

fullerenes in the random islands (figures 3(g) and (h)), which
observation supports the assumption that the ‘crystalline’
islands are located atop the Pb layer while C60 in the random
islands are embedded into the Pb layers. It is worth noting also
that ‘crystalline’ islands adopt various azimuth orientations
without apparent relation to the surface lattice. This probably
indicates that van der Waals interaction between C60 in the
‘crystalline’ island prevails over C60 interaction with a HIC
surface.

To monitor the effect produced by a single C60 island,
we carried experiments over a lower temperature range of
30–110 K. As an example, figure 4(a) shows how formation
of the island containing 11 C60 fullerenes induces the
transformation in the adjacent area converting its structure
from
√

7×
√

3 to (2, 1) DS phase (i.e., Pb coverage increases
from 1.20 to 1.2307 ML). From the area of the transformed
region (which equals ∼233 nm2 or ∼1824 Si(111)1 × 1
unit cells), one obtains that the region adopts (1.2307 −
1.20) × 1824 ∼ 56 additional Pb atoms, hence each of 11
C60 fullerenes in the island expels ∼5 Pb atoms in average.
Consideration of the transformed area for the numerous C60
islands has shown that productivity of a C60 fullerene (i.e., the
number of Pb atoms expelled by a given C60) varies from 0
to 10 depending on the particular island. Most likely this is a
consequence of the fact that C60 islands nucleate at the surface
defects which have various atomic arrangements. Moreover,
C60 fullerenes occupy non-equivalent sites within an island
as evidenced by the difference in their apparent heights.
As a result, each C60 can expel very different numbers of
Pb atoms.

Experiments with the adsorption of small amounts of C60
onto the Pb/Si(111) surface which contains such a low density
of defects that it looks almost defect-free have revealed that
the presence of defects plays a key role for Pb atom extraction
by C60 fullerenes. The C60 islands forming on the defect-free
surface differ substantially from the islands nucleated at the
defects. First, the C60 islands on the defect-free surface
display regular (‘crystalline’) close-packed arrays of C60

Figure 5. 245× 245 Å
2

STM image showing self-assembled C60

islands nucleated at the defect-free Pb/Si(111)
√

7×
√

3 surface at
95 K. The islands have a regular (‘crystalline’) structure of
close-packed arrays of C60 having the same apparent heights. The
original

√
7×
√

3 surface structure around islands remains intact
indicating that no Pb atoms are expelled by C60.

having equivalent heights (figure 5), which is in contrast
to the random C60 islands at the defects (figure 4(a)) but
similar to the ‘crystalline’ islands which develop when all
defective regions are already occupied (figure 3(f)). Second,
C60 molecule in the ‘crystalline’ islands have an apparent
height of ∼9 Å over

√
7 ×
√

3-Pb surface which implies that
they reside atop the Pb layer. Third, C60 island bonding to
the defect-free surface is much weaker than that to the surface
defects: the latter islands are always stable while the former
are sensitive to the tip effects. Such a behavior resembles
that of C60 adsorbed onto inert surfaces, e.g. graphene [28],
where island formation is driven mostly by the intermolecular

5
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van der Waals interaction. Fourth, when a regular island
self-arranges at the defect-free surface at low temperature, no
structural transformations occur in the surrounding Pb/Si(111)
region, indicating that no Pb atoms are expelled by C60
there. Thus, one can conclude that the surface defects are
not only the preferential sites for C60 island nucleation but
also the places where C60-induced expulsion of Pb atoms is
strongly facilitated (at least, at low temperatures). However,
irrespective of the details of the ejection process, after local
coverage increases, the transformation to the next DS phase is
practically completed by the collection time of the next STM
image.

3.2. Ultrafast structure reordering at the Pb/Si(111) surface

In addition to the study of the Pb ejection rate after
C60 deposition, as already noted, it is remarkable that the
pattern formation of the DS phases is completed at such
low temperatures. This shows a novel type of collective
mass transport. Collective processes have been found in
other systems, with nanoislands and nanoscale complex
patterns built exceedingly fast [29–33, 25, 26, 34]. The
competition between the energy cost of domain boundaries
and long-range elastic interactions in Pb/Cu(111) results
in intricate patterns at 900 K of droplets or meandering
stripes [29]. In Pb/Ge(111) [30] the low-temperature dense
β-
√

3×
√

3 phase with2 = 4/3 ML and the high-temperature
disordered 1 × 1 phase, phase separate within several ms
after cooling the system below the coexistence line. In other
systems, such as Au/W(110) [31] and Pd/W(110) [32], where
domain pattern formation is controlled by the competition
between strain and domain wall energy, the domain pattern
persists over much longer time after the critical temperature is
reached.

In addition to the lower temperatures for Pb/Si(111)
several other effects have been related to this unusually fast
mass transport. It has been shown that growth at higher
coverage (2 > 1.5 ML) is controlled by quantum size
effects which lead to preferred island heights, with odd
heights stable and even island heights unstable. Originally
the non-classical and exceedingly fast mass transport was
observed in coarsening experiments with surface x-ray
scattering [33]. These results were further studied in the
STM [25] and LEEM [26] experiments which have revealed
the remarkable properties of the Pb wetting layer. The wetting
layer moves in a superdiffusive motion x ∝ t (instead of
x ∝ t1/2 expected from classical random walk motion). This
fast moving wetting layer is the same as the α-

√
3 ×
√

3 and
DS phases shown to form exceedingly fast in the current C60
experiments.

A more recent experiment with LEEM [27] has shown
an even more intriguing and unexpected result about the
collective nature of the motion. Extending the experiment
of [26] over the macroscopic distance ∼0.1 mm it was
observed that the refilling of the initially vacant area not only
follows x ∝ t and is non-dispersive, but a second coverage
discontinuity is observed propagating in the opposite direction
to the inward moving refilling front. The motion of the two

fronts is highly correlated with the mass generated at the
outwards moving front appearing at the inward refilling one in
a mechanism reminiscent of the very fast formation of the DS
phases in the current C60 experiments. In [27] whole DS rows
extending over mesoscopic distances between the two moving
fronts seemingly slide coherently similar to the way the DS
rows form so quickly only on one side of the C60 islands.
These unusual results about collective diffusion have also
been seen in Pb/Ni(111) [34]. Theoretically work has been
carried out to address the question of superdiffusive motion
but there is still no clear understanding as to its origin [35–40].

The results from the present study complement the
unusual mass transport results obtained with other techniques
and provide a clear local picture of the speed and efficiency of
the atomistic processes involved. As noted previously, these
include: no diffusing adatoms seen on top of the layer, the
DS rows are practically completed (within the shortest time
∼100 s to collect the STM image as in figure 3 or to record
the LEED pattern in figure 2) and the DS rows mysteriously
develop only on one side of the C60 island (figure 4).

Within the previous discussion, the C60 experiments can
be further analyzed to show more quantitatively how classical
diffusion is ruled out to be responsible for the observed pattern
formation. The LEED study of figure 2 shows how after
depositing 0.015 ML of C60 the Pb/Si(111)1 × 1 RT phase
which has 1.20 ML Pb changes to the HIC phase which
has 1.25 ML after the production of Pb adatoms. This is
an even more elaborate transformation than the change from√

7 ×
√

3 to linear phase because the affected area is bigger
and because the arrangements to form a hexagonal out of a
linear phase involve more extended adatom correlations. As
discussed before [18], the HIC phase is built from

√
3 ×√

3 unit cells on the interior of triangular domains and the√
7 ×
√

3 phase at the ‘corridors’ separating the triangular
domains. The transformed area must be at least as large as
the coherence length of the LEED diffractometer, l ∼ 40 nm,
since a well-developed diffraction pattern of the HIC phase is
observed.

We can estimate the time needed for a Pb adatom starting
somewhere randomly within the transformed area and at the
last stage of the transformation to reach a specific location
within the domain. This time will be shorter than the time
to build the HIC phase since many more Pb adatoms should
have diffused already to complete the transformation. If
diffusion was a classical random walk this last adatom has
many possible trajectories to follow in 2D, to start from
an initial position and reach a final position different from
the site dictated by the new pattern. But if we assume that
the diffusing adatom is only performing a 1D random walk
within the [112̄] ‘corridors’ (which are at the boundaries
of the HIC domains), this probability to reach the final
position will be overestimated. Even with this restrictive
favorable assumption, it will be seen that a stochastic
uncorrelated random walk cannot account for the speed of
the transformations at such low temperatures. Because both
assumptions of 1D random walk and considering only the
last Pb adatom to form the HIC phase underestimate τ , they
will overestimate the diffusion activation energy E of single
adatom hops.

6
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We can take as the average distance of the diffusing
Pb adatom the radius of this transformed area l/2 ∼ 50
sites (since its initial position can be anywhere within the
‘corridor’). The probability of this adatom to reach a specific
location in the shortest possible time is p = (1/2)50 and the
time to reach the final position within the HIC pattern is
(pν0 exp(−E/kT))−1; therefore this time must be less than
the experimental time 100 s for LEED pattern acquisitions in
figure 2 showing how the 1 × 1 transforms to the HIC phase
after C60 deposition. Using a normal prefactor ν0 = 1013 s−1

this implies that (1.1 × 1016) × 10−13 exp(E/kT) < 100, so
exp(E/kT) < 0.1 which gives E = −8.2 meV at T = 40 K a
negative activation energy.

This simple estimate, based on the motion of individual
Pb adatoms moving stochastically, indicates that the
formation of the new HIC pattern over at least the area of
size l error-free (so a well-developed LEED pattern forms) is
highly unlikely. A novel collective process must be operating
whereby the incorporation of the Pb adatoms and the transport
to the correct final site is done in a highly correlated way.

4. Conclusions

In conclusion, the current experiments have shown primarily
how the C60 interaction on metal-covered semiconductor
surface operates at such unusually low temperatures of
30–200 K to eject Pb adatoms and how defects in the substrate
enhance the extraction process. Despite the low temperature
the extraction of the Pb atoms leads to the formation of perfect
DS phases in times limited by the data acquisition speed.
This further illuminates the atomistic mechanisms operating
on the recently discovered collective diffusion processes that
result to efficient self-organization. Further theoretical work
is needed to understand why C60 is so efficient in extracting
Pb adatoms and what is the origin of the correlations and the
self-organization in the Pb/Si(111) wetting layer.
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