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The adsorption and diffusion of additional Pb adatoms on the 1/3 monolayer Si�111�-��3��3�R30°-Pb
surface have been investigated by means of variable temperature scanning tunneling microscopy experiments.
This surface experiences a reversible phase transition to a �3�3� symmetry at a critical temperature
Tc=86 K. Scanning tunneling microscope �STM� images, acquired below and above Tc, have allowed us to
identify the nature and adsorption sites of the additional Pb adatoms. A careful analysis of the diffusion, in
which the influence of the STM in the measurements has been addresed and discarded, has been performed at
temperatures well below room temperature but above Tc. In this way, the activation energy and the preexpo-
nential factor for the surface diffusion of single Pb adatoms on the high temperature ��3��3�R30° phase have
been obtained. Attention has been paid to the role played by the underlying �3�3� phase at these temperatures.
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I. INTRODUCTION

Many fundamental processes that take place on solid sur-
faces, such as, for example, catalytic reactions, thin film
growth, or the formation of different surface phases and
nanostructures, are strongly influenced by the diffusion of
atoms or molecules adsorbed on them.1–5 In the past few
years, scanning tunneling microscopy �STM� has enor-
mously contributed to the understanding, at the atomic scale,
of the mechanisms involved in the diffusion process.6–20

The Pb/Si�111� system is a very attractive playground for
the study of diffusion. On one hand, it has been observed
previously by Slezák et al.21 and Custance et al.22 that the
interface between the Si�111�-�1�1�-Pb and the
Si�111�-��3��3�R30°-Pb ���3��3� in the following� re-
constructions, which coexist on this surface at room tempera-
ture �RT�, is highly mobile. The borders between both recon-
structions present fluctuations, and the rate between the area
occupied by the �1�1� and ��3��3� in a certain region
oscillates with time. These fluctuations imply the cooperative
motion of a large number of Pb adatoms. Thus, the study of
the different paths and activation energies for the diffusion of
single Pb adatoms adsorbed on the ��3��3� surface can
represent a first step in the understanding of these oscilla-
tions. On the other hand, due to a temperature mediated re-
versible phase transition, the ��3��3� surface symmetry ex-
isting in this system at RT evolves toward the �3�3�
symmetry found at low temperatures �LTs�.23,24 As is well
known, the existence of surface phase transitions can affect
diffusion, originating anomalous behaviors of it.25 For ex-
ample, near a surface phase transition non-Arrhenius tem-
perature dependence has been theoretically predicted26–28

and experimentally observed.25,29–31 In particular, in the
W�100� surface, which undergoes a reversible phase transi-
tion c�2�2�⇔ �1�1�, a strong dip in the diffusion coeffi-
cient D for H adatoms has been experimentally observed31,32

close to the transition temperature Tc.
In the present work, we have investigated by means

of variable temperature STM the adsorption and diffusion
of additional Pb adatoms on the 1/3 monlayer �ML�
Pb/Si�111� surface. As is shown here, additional Pb single
adatoms diffuse at temperatures above the critical tempera-

ture of the ��3��3�⇔ �3�3� phase transition �Tc�86 K
�Ref. 24��. Therefore, Pb adatom diffusion takes place on the
��3��3� phase. We have identified the nature and adsorp-
tion sites for the additional Pb adatoms. We have carefully
examined and discarded possible influences of the STM tip
on the dynamics of the diffusion. Moreover, performing the
experiments at different temperatures, we have obtained the
activation energy and the preexponential factor for the diffu-
sion process. Finally, we have analyzed the role played by
the underlying �3�3� LT phase on the adsorption and/or
diffusion of extra Pb adatoms.

II. EXPERIMENTAL DETAILS AND ADATOM NATURE

The experiments were carried out in an ultrahigh vacuum
system whose base pressure is below 5�10−11 Torr. The
system is equipped with a homemade ultrastable variable
temperature STM which allows imaging at sample tempera-
tures in the range of 40 to 400 K,18,33 low energy electron
diffraction, and Auger electron spectroscopy. It has sample
and STM tip transfer and heating capabilities, a STM tip
cleaning system by field emission, several interchangeable
evaporation cells, a quartz crystal microbalance, and an ion
gun for sample cleaning purposes.

In order to properly investigate the extra Pb adatom dif-
fusion on the ��3��3� surface, it was necessary to grow as
large as possible defect-free domains of this phase. Our
sample preparation procedure was the same as the one
described in Ref. 24. Briefly, it consisted in depositing at
RT �1 ML Pb on top of a clean Si�111�-�7�7� surface.
Subsequently, Pb was desorbed by annealing the sample
at �450 °C �Ref. 34� for several minutes until a final cov-
erage of �0.6–0.7 ML Pb was obtained. With this prepara-
tion procedure the surface, at temperatures slightly below
RT, is formed by ��7��3�-Pb islands coexisting with
��3��3�-Pb domains.22,35

The surface presents, in a natural way, some additional
Pb adatoms on it. At very low temperatures, these extra
Pbadatoms are usually found near the borders with the
��7��3�-Pb phase or close to defective regions. In Fig.
1�a�, measured at 40 K, it can be observed, near a defective
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region, a triangular bright feature outlined with a circle. We
have ascribed this feature to an additional Pb adatom ad-
sorbed on the Si�111�-�3�3�-Pb surface. We have continu-
ously increased the sample temperature while scanning ex-
actly on the same region, and recorded the evolution of the
surface by measuring in this way temperature dependent
STM movies. In this kind of movies, it can be observed how
the �3�3� phase evolves to a ��3��3� one at T�86 K.24

By further increasing the sample temperature, it can be seen
that the additional Pb adatom stays immobile until a tem-
perature of �145 K is reached, and how above this tempera-
ture the adatom starts to diffuse on the ��3��3� reconstruc-
tion �see Figs. 1�b�–1�e��. This temperature is a first
indication of the onset of the Pb adatom diffusion on this
surface.

In order to confirm the nature of the adatoms �i.e., that the
triangular features really correspond to Pb adatoms� and also
to have a higher number of them compared to the naturally
occurring ones, very small Pb amounts were deposited at low
sample temperatures �T�140 K�. The same Pb evaporation
cell employed for the preparation of the Pb/Si�111� substrate
was used, which ensures good calibration and cleanness of
the Pb deposit. The deposition was made in the ultralow
coverage regime, with a coverage of �0.005 ML Pb. Figure
2 shows the result of two of these low temperature evapora-
tions. In these images, a substantial increase in the number of
bright triangular features can be observed, which confirms
that they correspond, indeed, to single Pb additional adatoms
adsorbed on the ��3��3� surface.

III. RESULTS AND DISCUSSION

A. Adsorption site and diffusion of the additional Pb adatom

Once the additional Pb adatoms on the ��3��3� surface
have been positively identified, in order to be able to inves-

tigate their diffusion, it is first necessary to determine which
are the adsorption sites in this system. STM data �see Fig. 3�
suggest that the additional Pb adatom is adsorbed on T4 type
positions. The observed triangular shape would come from
the contribution of the additional Pb adatom together with its
three first neighbors, to which the additional Pb adatom is
probably bonded. From STM images, it is not possible to
know the precise vertical position of the extra adatom, which
could be adsorbed slightly above the ��3��3� Pb adatoms
or even at the same height, forming what could be somehow
defined as a very local �1�1�-Pb �with Pb adatoms on T4

sites�. This T4 adsorption site for the additional Pb adatom is
observed both at temperatures above the critical temperature
of the phase transition �86 K�, for which the surface presents
a ��3��3� symmetry, and at temperatures below Tc, for
which the substrate symmetry is �3�3� �see Figs. 3�a�–3�f��.

As was mentioned above, these additional Pb adatoms
start to diffuse at temperatures �145 K. Their diffusion was
studied by means of STM movies, i.e., large series of suc-
cessive STM images acquired on the same region of the
sample. In order to scan the same region for long enough
times, residual thermal drifts were corrected in real time by a
procedure described elsewhere.10 Moreover, to analyze the
additional Pb adatom diffusion, we developed a software
tool33 that, once the experimental data were acquired, auto-
matically tracked and recorded the �x ,y� position of a certain
structure, in the present case the Pb extra adatom, along the
different frames of a STM movie. Figure 4 shows an ex-
ample of one of these STM movies measured at a sample
temperature of 150 K. The movie is made up of 631 frames
and its total length is 8290 s. Figures 4�a�–4�c� show three of
these frames, in which the Pb adatom can be observed in
three of the different positions occupied during the whole
movie, in particular, �a� the initial, �b� an intermediate, and
�c� the final ones. Figure 4�d� illustrates the result obtained
after processing the STM movie with the automatic tracking
software introduced above. As can be observed, the addi-
tional Pb adatom moves randomly, occupying always T4 sites
of the ��3��3� reconstruction. Therefore, its motion takes
place inside the honeycomb lattice formed by these T4 posi-
tions. Moreover, the adatom jump takes place between first
neighbors; i.e., the Pb adatom always jumps to one of the

40 K 140 K 145 K

145 K 145 K
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d) e)

T
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FIG. 1. �Color online� �a� STM image, measured at 40 K, show-
ing an additional Pb adatom �outlined with a circle� which exists in
a natural way on the Si�111�-�3�3�-Pb surface. �b� STM image
showing the region squared in �a� but at a sample temperature of
140 K. It can be observed that the ��3��3�⇔ �3�3� phase tran-
sition has taken place and that the Pb adatom is still in the same
position as in �a�. ��c�–�e�� STM images, measured in the same
region as in �b� but at 145 K; at this temperature it is possible to
observe how the additional Pb adatom starts to diffuse on the ��3
��3� phase. Time elapsed for each image since the acquisition of
�a�: �b� 6 h, 28 min; �c� 6 h, 55 min; and �d� 7 h, 37 min. Image
sizes: �a� 15�15 nm2 and ��b�–�e�� 6.5�6.5 nm2. The sample volt-
age and tunneling current are −1.5 V and 0.2 nA for all images.

a) b)

FIG. 2. �Color online� STM images showing the typical mor-
phology of the samples after the LT deposition of �0.005 ML Pb.
Triangular protuberances correspond to additional Pb adatoms ad-
sorbed on the ��3��3� surface. �a� Image size 13�13 nm2, T
=145 K. �b� Image size 14�14 nm2, T=140 K. Sample voltage
and tunneling current for both images: −0.5 V and 0.1 nA.
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three T4 positions which are closer to it �exceptionally appar-
ent double jumps can be observed, but these jumps corre-
spond, indeed, to two individual jumps that take place faster
than the time elapsed between two consecutive frames�.

B. Analysis of the STM influence

The possibility of a tip-sample interaction that modifies
the dynamics of the diffusion was carefully investigated in
order to perform the experiments under such tunneling con-
ditions where the diffusion was not influenced by the STM
tip. With this purpose, we acquired STM movies at 148 K, in
which the hopping rate of the Pb adatoms was measured as a
function of the tunneling conditions. It was observed that
when high sample voltages were applied, the adatom hop-
ping rate significantly increased. This increase in the hopping
rate was even higher at positive sample voltages, increasing
by more than 1 order of magnitude at +1.0 V. The influence
of the tunneling current was much smaller. It was necessary
to reach very high currents ��10 nA� to observe any varia-
tion in the hopping rate of the adatoms. Figure 5 summarizes
the result of such analysis. As can be observed, depending on
the tunneling conditions employed, the motion of the adatom
was affected or not due to an interaction with the STM tip. In
short, it was observed that for sample voltages between −1.0
and +0.5 V and tunneling currents below 1 nA, the hopping
rate was not affected. Thus, working in such a range of tun-
neling conditions, the Pb adatom diffusion is not modified by
the presence of the STM tip. In the present work, a sample
bias of −0.5 V and a tunnel current of 0.1 nA were used,
which ensure that the dynamics of the diffusion was not in-
fluenced by the STM.

C. Variable temperature experiments and discussion

As was mentioned above, Pb adatoms move between the
available T4 type positions of the surface that form a honey-

a) b)

d) e)T < Tc

c)

Pb ( 3x 3)R30º

Extra Pb adatom

First Si layer

Second Si layer

Pbup (3x3)

Pbdown (3x3) f)

T > Tc

FIG. 3. �Color online� Simultaneously mea-
sured STM images suggesting that the additional
Pb adatom is adsorbed on a T4 type site both ��a�
and �b�� at T�Tc and ��d� and �e�� at T�Tc. ��c�
and �f�� Top views of the atomic model of the
additional Pb adatom adsorbed on the high and
low temperature phases, respectively. Sample
voltage of ��a� and �d�� −0.5 V and of ��b� and
�e�� +0.5 V. The tunneling current and image size
of �a�, �b�, �d�, and �e� are 10 nA and 6.7
�6.7 nm2. The sample temperatures are 100 K
for �a� and �b� and 40 K for �d� and �e�.
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FIG. 4. �Color online� �a�–�c� Frames extracted from a STM
movie measured at 150 K. �d� Initial frame of the same STM
movie, in which all positions occupied by the extra Pb adatom
during the movie are shown by circles linked by lines that connect
two consecutive positions. Tunneling conditions: −0.5 V, 0.1 nA.
Image size: 5.7�5.7 nm2. Total movie length: 8290 s, number
of frames: 631, and number of jumps: 71. �e� Top view showing
a schematic atomic model of the ��3��3� surface with an addi-
tional Pb adatom adsorbed on it and a hexagon of the honeycomb
lattice formed by the T4 sites through which this additional adatom
moves.
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comb lattice. In the ��3��3� unit cell, there are two kinds of
T4 sites available, which are, therefore, the two possible ad-
sorption sites of the system. In order to determine if, as could
be expected, these two adsorption sites are energetically
equivalent, we performed a statistical analysis of the mean
residence time distribution probability for each of the two
positions. This statistical analysis consisted in obtaining his-
tograms of the time elapsed between two consecutive jumps.
If the distributions so obtained fit to a decreasing exponential
function of the form N�e−�t/�, where N is the number of
events, �t is the time between jumps, and � is the mean

residence time, then diffusion takes place by means of statis-
tically independent events. From the fit of the experimental
data, it is possible to obtain the mean residence time for each
of the two T4 positions. As can be seen in Figs. 6�a� and 6�b�,
the histograms for both T4 positions of the unit cell fit
perfectly to this decreasing exponential function. Moreover,
within our experimental error, both residence mean times
are identical. Therefore, both adsorption positions are
equivalent and Pb adatom diffusion takes place above a
single activation barrier by means of statistically independent
jumps.
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FIG. 5. �Color online� �a� Graph showing the hopping rate of the additional Pb adatom as a function of sample bias for a sample
temperature of 148 K and a tunneling current of 0.1 nA. �b� Graph of the hopping rate as a function of the tunneling current for a sample
temperature of 148 K and a sample bias of −0.5 V. In both graphs, the arrows indicate the range of tunneling conditions for which the STM
does not affect the Pb adatom diffusion.
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FIG. 6. �Color online� The upper part shows
two histograms, obtained from a STM movie ac-
quired at 150 K, of the time elapsed between
consecutive jumps considering the two possible
T4 adsorption sites of the ��3��3� unit cell �see
inset in the lower part with a schematic view�. As
the mean residence time obtained for both T4

sites is identical, both sites are equivalent. In the
lower part, a histogram considering a unique ad-
sorption site is shown. All distributions fit per-
fectly to a decreasing exponential function, which
indicates that diffusion takes place by means of
statistically independent events.
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In order to determine if the diffusion process was ther-
mally activated and to obtain its activation energy as well as
the preexponential factor, the experiments where performed
at different sample temperatures. Figures 7�a�–7�c� show all
the positions occupied by two different Pb adatoms at �a�
160 K and �c� 150 K. In these figures, it can again be ob-
served how Pb adatoms move inside the honeycomb lattice
formed by the T4 sites. This was the situation observed in the
whole temperature range used in our investigation
�145–165 K�. Moreover, when the sample temperature was
raised, an increase in the Pb adatom jump frequency was
detected, which confirms that it is a thermally activated mo-
tion. To quantitatively analyze this motion and thus obtain
the activation energy as well as the preexponential factor, we
acquired a high number of STM movies, from which we
obtained the jump frequency as a function of temperature.
From the fit of the experimental data to an Arrhenius expres-
sion of the form �=�0e−Ed/kT, an activation energy Ed
=0.45±0.01 eV and a preexponetial factor �0=1013.0±0.4 Hz
were obtained.

From our experimental results, two conclusions can be
extracted. First, the value obtained for the activation energy
�Ed=0.45 eV� implies that Pb adatoms should present a very

high mobility at RT, which is compatible with the hypothesis
that the existing fluctuations between the �1�1� and ��3
��3� phases at this temperature are due to the cooperative
motion of a high number of Pb adatoms on the ��3��3�
phase. Second, as can be seen in Fig. 7�d�, in the temperature
range between 145 and 165 K, experimental data perfectly fit
to an Arrhenius behavior and no anomalous dip of the hop-
ping rate can be observed. Moreover, the value �0
=1013.0 Hz obtained for the preexponential factor is within
the range of what is usually considered as normal in simple
surface diffusion of single adatoms.36 Thus, apparently, the
underlying �3�3� LT phase is not affecting the dynamics of
the diffusion. This is not so surprising, bearing in mind the
temperature range studied. The diffusion coefficient can be-
have in an anomalous way due to the divergence of friction
at temperatures close to the critical temperature of the
transition.26,31 In our experiments, the temperatures for
which the frequency of the adatom jumps is compatible with
STM measurements are, to some extent, distant from the
critical temperature of the phase transition �Tmin/Tc�0.6� as
to be able to cause any appreciable effect on the mobility of
single Pb adatoms. However, as we showed in a very recent
publication,37 the presence of the additional Pb adatoms in-
duces a local modification of the substrate which can be un-
derstood in terms of the underlying �3�3� LT phase. More-
over, when a second Pb additional adatom is present in the
region modified by the first adatom, an adatom-adatom inter-
action mediated by the substrate takes place. Therefore, al-
though we did not detect any anomaly in the behavior of the
diffusion for single Pb adatoms in the temperature range
studied, even at these temperatures the existence of a surface
phase transition affects the adsorption of a single Pb adatom
and has a strong influence when the adatoms are not com-
pletely isolated.

IV. SUMMARY AND CONCLUSIONS

The adsorption and diffusion of additional Pb adatoms on
the Pb/Si�111�-��3��3�� system have been studied. STM
data suggest that these additional adatoms are adsorbed on T4
type sites. By acquiring STM movies in real time, the diffu-
sion of these Pb single adatoms has been analyzed, observing
that it takes place inside the honeycomb lattice formed by the
T4 sites. The measurement of the hopping rate in a tempera-
ture range from 145 to 165 K has allowed us to obtain the
energy of the diffusion barrier, Ed=0.45 eV, and the preex-
ponetial factor �0=1013.0 Hz. The relatively low value of the
activation energy indicates that these Pb adatoms should be
highly mobile at RT. Moreover, although the additional Pb
adatoms locally modify the substrate due to the existence of
a surface phase transition at lower temperatures, no anoma-
lies in the value of the hopping rate of single Pb adatoms
have been detected for this temperature range.
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FIG. 7. �Color online� �a� and �c� Initial frames of two STM
movies, in which all the positions occupied by an extra Pb adatom
during the movies are shown by circles linked by lines that connect
two consecutive positions. It can be observed how the mobility is
much higher �a� at 160 K than �c� at 150 K. �b� Schematic view
showing one possible diffusion path �between T4 sites� for the ad-
ditional Pb adatom on the ��3��3� surface. �d� Arrhenius plot of
the Pb adatom hopping rate �. The activation energy Ed and the
preexponetial factor �0 were obtained from the best fit to the
Arrhenius expression �represented by the solid line�.
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