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Mapping potential energy landscape of a probing atom in a complex surface environment
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We have mapped the potential energy landscape for a Ag atom around Ag clusters on Si(111), via positioning a
probing atom in the vicinity of clusters and monitoring the subsequent thermal motions with scanning tunneling
microscopy. Both the probing atom’s modulated diffusion and its combination with the clusters are quantitatively
measured in a wide temperature range, showing strong dependence on the cluster size as well as specific sites. The
atom-cluster interactions, as large as over 200 meV, are determined and found to alternate between attraction and
repulsion at different separations. The demonstrated ability of studying atomic scale dynamics of single adsorbates
in complex environments can provide opportunities to understand various phenomena in nanostructure growth

and nanocatalysis.
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The potential energy landscape of single atoms/molecules
in the vicinity of interacting nanostructures and the resultant
dynamics are critically important for many subjects of physics,
chemistry, and biology. In nanostructure growth [1,2], it
dictates various phenomena such as cluster coalescence [3],
Ostwald ripening [4], oriented attachment [5], and variations
in morphologies [6]. In nanocatalysis, the dynamics of the
reacting atom/molecule near the catalytic active sites of
nanoclusters controls the reaction rate and even the reaction
pathway [7,8]. Quantitative information on such dynamics
not only contributes to the understanding of the vast phe-
nomena but further helps develop control on them [9-12].
Conventionally, single-adsorbate dynamics has been obtained
in an averaged way by analyzing the resultant morphologies
in growth or chemical reaction products [1,8]. Alternatively,
tracing individual atom/molecules could provide direct knowl-
edge in the atomic scale [13—15], which is especially important
for structure- and site-sensitive properties that prevail in
nanoscale materials. Unfortunately, most previous studies on
the dynamics of surface adsorbates limit the environment to flat
terraces or straight step edges of metal surfaces, and the focus
is at most on the interidentical adsorbate interactions [6,16].
Comparing to these relatively ideal cases, experimental study
on the interactions in complex environments are still rare.
Because of the lack of control in the atomic scale systems, the
dynamic behaviors of adsorbates in complex surface structures
or at energetically unfavorable configurations could hardly be
measured.

In this Rapid Communication, we demonstrate that the
complex potential energy landscape of a Ag atom adsorbed
near a Ag cluster on a Si(111) — (7 x 7) surface could be
mapped by positioning a probing Ag atom to designated
sites and tracking its subsequent thermal motions with scan-
ning tunneling microscopy (STM), whose power in atomic
resolution imaging and atomic manipulation has been well
proven [17-21]. The precise single-atom positioning enables
repetitive construction of isolated atom-cluster systems with
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identical initial settings as well as controlled environments.
They could be far beyond thermal equilibrium and therefore
could hardly be produced by thermal growth. The affected
diffusion of the probing atom near the cluster and its com-
bination with the cluster were quantitatively measured in a
wide temperature range. The atom-cluster interaction energy
showed a strong dependence on both cluster size and their
specific sites, and manifested alternation between attractive
and repulsive substrate-mediated interactions in the distance
range before forming a chemical bond.

We prepared a number of Ag clusters on a n-type
Si(111) — (7 x 7) surface in an ultrahigh vacuum chamber.
Silver on Si(111) is a model system for metal cluster
growths [22] and the behavior of a single Ag atom on it
has been well studied [23,24]. Both the faulted half unit
cells (FHUCs) and the unfaulted half unit cells (UHUCs) of
Si(111) — (7 x 7) can serve as identical template traps for
Ag cluster construction. The Ag clusters could be formed
either by thermal growth [22] or by assembly via atomic
manipulation [25]. In this study, the latter method was used.
We first deposited Ag atoms onto the Si surface by electron-
beam evaporation and then used a functionalized STM tip
to repetitively transfer Ag atoms in a one-by-one fashion
via vertical atom manipulation from elsewhere to a target
FHUC trap [25]. Thermal motion of these Ag atoms at room
temperature would lead to the formation of a stable Ag cluster
with known cluster size through counting the number of Ag
atoms used in the assembly. With the sample cooled or heated
in situ to a designated temperature, a single probing Ag atom
was then intentionally transferred to one of the neighboring
UHUCs of the constructed cluster, again by vertical atom
manipulation. The detailed conditions of the vertical atom
manipulation were reported in Ref. [25], which works well
between 100 and 340 K in this study. Such operation can
well control the zero time of the dynamic observation in
addition to controlling the environments by keeping the studied
atom-cluster system far away from defects and other Ag atoms
and clusters. Two types of dynamic behaviors of the probing
Ag atom, one concerning the dynamics within the UHUC and
the other concerning the final combination with the cluster,
were investigated. Once the probing Ag atom was merged
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FIG. 1. (Color online) (a—d) STM images showing Ags, Ags, Agio, and Agys clusters. “a,” “b,” and “c” label the three nonequivalent
UHUC:Ss next to Agy or Ags. (e-h) Examples showing the dynamicsof a probing Ag atom next to various Ag clusters. The “F” and “U” in (c)
represent FHUC and UHUC, respectively. The dashed rectangle in (e) is a closeup STM image and the arrow at its upper left side shows the
scan direction. The fuzzy feature in (h) is a result of the probing Ag atom hopping into and out of the Ag,s cluster at a time scale comparable
to the STM scan speed. Tunneling conditions for all images: V, = +2V; [, = 3pA.

into the Ag cluster, the dynamic observation was terminated.
To increase the statistical events for observation, we took
advantage of the atom manipulation to remove one Ag atom
from the resultant new Ag cluster and placed the picked Ag
atom back into the designated UHUC. In such a manner,
identical initial configuration could be repetitively established
and new measurement on an identical system with identical
environment could be repetitively performed.

We have chosen Agy, Ags, Agio, and Agys as representative
clusters to study their influence on the dynamics of the
probing Ag atom and map their potential energy landscape
for the atom. Agjp and Agps are the most stable clusters
and possess geometrically close atom shells [26]. Both of
them register well with the substrate and have threefold
symmetry, making the three neighboring UHUCs equivalent,
as shown in Figs. 1(c) and 1(d). Ag4 and Ags on the other
hand have three nonequivalent neighboring UHUCs which
are distinguished by the labels “a,” “b,” and “c” in Figs. 1(a)
and 1(b). In the following discussion, the respective UHUCs
and the related results will be designated as Ag,-a, Ag,-b,
and Ag,-c (n = 4,5). The different sizes and different shapes
of the chosen clusters can provide various manifestations to
the dynamics of the probing Ag atom, which can be precisely
investigated by the method described above.

Figures 1(e)-1(h) show examples of the dynamics mea-
surement at room temperature. In Fig. 1(e), right after the
probing Ag atom was placed in the Agy-a UHUC, a smaller
area was fast imaged at a scan speed of 0.1 s/line. As seen
in the inserted rectangular image, the probing Ag atom first
randomly hopped within this UHUC, as shown by the time
averaged bright features, and then suddenly disappeared from
this UHUC to combine with Agy, as recorded by the sudden
change of the bright feature. The residence time of the probing
Ag atom in this UHUC could be measured by counting the

number of scan lines. In Fig. 1(g), the STM image shows
the random motion of the probing Ag atom in one of the
neighboring UHUCs of Agjo. The residence time of the
probing Ag atom in such a case was much longer and could
be measured by counting the number of image frames, and
multiple events could be monitored at the same time, as shown
by the two Ags-b 4 Ag; in Fig. 1(f). Figure 1(h) shows the
fast combination of the probing Ag atom with Agys and the
spontaneous dissociation of the produced Agye, as impliedby
the fuzzy features. By exploiting the spontaneous dissociation
of Agye into an Agys and a neighboring Ag atom, we here
no longer needed to use atom manipulation to repetitively
create the identical initial configuration. The residence time
of the probing Ag atom in the UHUC next to Agys could be
measured by the time-dependent current spectroscopy [27], in
which the STM tip was placed stationary above this UHUC
and the appearance and absence of the probing Ag atom in the
UHUC were reflected by different tunneling current levels. In
contrast to imaging, the time-dependent current spectroscopy
allowed a residence time measurement shorter than 1 ms (see
the Supplemental Material [28]).

The dynamics of combination of the probing Ag atom with
the neighboring cluster can be represented by the temperature-
dependent residence time in the concerned UHUCs. The
results are plotted in the Arrhenius form in Fig. 2. As a com-
parison, the free inter-half-cell hopping result of the probing
Ag atom from a UHUC into a neighboring FHUC with no Ag
cluster around is also plotted and labeled as “free.” Each data
point in Fig. 2 represents an average of 10—100 measured com-
bination events. The highest temperature for Ags-c was limited
to 340 K in order to avoid thermal change of Ag, orientation,
which rendered the three nonequivalent neighboring UHUCs
meaningless. We use 1/7 = vgexp(—E,/kT) to fit each set of
data and the deduced activation energy E, and prefactor v are
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FIG. 2. (Color online) Arrhenius plot of the combination rate for
the probing Ag atom to combine with the neighboring Ag,, Ags,
Agyo, or Agys clusters. Together is plotted the inter-half-cell hopping
rate of a free Ag atom from a UHUC to a neighboring FHUC away
from defects and other Ag atoms or clusters.

summarized in Table I. The good fitting quality verifies that
the measured processes come from thermal excitation.

It is clear from Fig. 2 that at a given temperature the combi-
nation rate in many cases is orders of magnitude faster than the
free inter-half-cell hopping rate. These results demonstrate that
the Ag clusters in the neighboring FHUC greatly influence the
combination process and both their sizes and orientations play
anindispensable role. Table I provides quantitative comparison
between the clusters and the free hopping: Ags and Ags seem
not to influence E, for Agy-c, Ags-b, and Ags-c much, but
substantially reduce E, for Ags-a, Ags-b, and Ags-a by 170,
140, and 150 meV, respectively. Agjo and Ag,s also reduce
E, by 130 and 350 meV each. Such results imply that the
Ag clusters attract the neighboring Ag atoms, consistent with
previous reports [22,29,30]. Qualitatively, the closer the cluster
is to the probing Ag atom, the lower the activation energy.
Between Agys and Agyg, since the former occupies not only
the inner but also the outer shell sites, it lowers £, more. For
Ag., the average distance between the cluster and the probing
Ag atom in Agy-c, Agys-b, and Agy-a progressively decreases
[Fig. 1(a)], and so does E,. A similar claim can be qualitatively
made for Ags. Within the experimental uncertainty, vy does not
seem to change much from the free case of 1022 Hz, except
that a clear decrease to 10'%° Hz for Ag,s is observed.

The effect of the clusters on the intra-UHUC hopping of the
probing Ag atom can be well demonstrated by low-temperature
images in Figs. 3(a)-3(e), in which the free hopping is also
shown for comparison. Away from the cluster by just one unit
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cell, the hopping of the probing Ag atom already recovers the
threefold symmetry [“free” in Fig. 3(d)], indicating negligible
interaction by the cluster. In contrast, the hopping behavior of
the probing Ag atom is clearly modified by the neighboring
cluster. The center image spots at the edge of Ags-a, Ags-b,
and Ag;o-UHUC next to the clusters clearly become dimmer,
whereas the according corner image spots of Ag;o-UHUC are
obviously brighter. For Ag,s, we had to image at 1 V to better
view the probing Ag atom [Fig. 3(e)]. It can be seen that the full
edge of UHUC next to Agys becomes almost transparent so that
the three underlying Si adatoms clearly appear in the image.
The observed brightness changes indicate that the probing Ag
atom is repelled from the sites related to the dimmer spots,
but attracted to the sites related to the brighter spots. The
quantitative measurement will be detailed in the later parts.

To quantitatively evaluate the adsorption energy change
AE of the probing Ag atom due to the interaction of the
clusters, we used time-dependent tunneling spectra to record
the site-specific occupancy at 100 K and employed the relation
that the ratio of site occupancy is proportional to exp(AE/kT)
to calculate A E for each site (Supplemental Material [28]). At
such low temperature, the inter-HUC hopping measured above
225 K in Fig. 2 would be completely frozen out, whereas the
intra-HUC hopping is slowed down to a measurable range. As
shown in Figs. 3(f)-3(h), there are nine adsorption sites where
the probing Ag atom can reside within the UHUC [22]. In
a clean environment, these nine adsorption sites have almost
equal adsorption energy, with about 4.5 meV less on sites
near the center Si adatoms than on sites near the corner
Si adatoms, consistent with previous results [24]. Shown in
Figs. 3(f)-3(h) are the measured results of AE at each site
for clusters Agy, Agio, and Agys, respectively. While the AE
values at sites far enough from the clusters become negligible
(<10meV), they show significant changes at sites neighboring
the clusters. There is an obvious effect from cluster size as well
as from orientation; both of them alter the distance between
the probing Ag atom and the clusters. For Agys, the four
adsorption sites near the cluster show a dramatic adsorption
energy decrease, which reduces the frequency with which the
probing Ag atom visits them. Such an occupancy change has a
direct consequence to the prefactor of combination rate since
it is expected that the probing Ag atom must diffuse to Agys
via one of these four sites. The deduced decrease of 10'3 in
Vo for combination with Agys compared to the free case in
Table I directly reflects such an effect. In contrast, for Agy,
Ags, and Ag), the clusters only repel the probing Ag atom at
the two sites near the center Si adatom but slightly attract it
at the other two sites near the corner Si adatoms. Presumably,
the probing Ag atom can combine with the related clusters via
these corner sites and thus slightly increases (not discernible
from experimental errors) their respective prefactors.

TABLE 1. Fitted activation energy E, and prefactor v, for data in Fig. 2. The values for v, are the respective exponent k.

Free Agy-a(Ags-a) Agy-b(Ags-b) Agy-c (Ags-c) Agio Agos
E, (meV) 970 £+ 20 800 £ 50 830 £+ 50 910 + 150 840 + 40 620 £ 20
(820 + 30) (960 + 60) (980 + 70)
vo(10F Hz) 122 + 0.6 12.7 £ 0.8 12.5+0.8 11.0+£2.0 13.0+0.8 109 £ 0.6
(13.2 £ 0.8) (12.5+£1.0) (122 £ 1.0)
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FIG. 3. (Color online) (a—e) STM images showing the intra-UHUC hopping of the probing Ag atom influenced by the nearby Ag clusters.
All traces of the probing Ag atom are highlighted by dashed triangles. The imaging conditions are +2 V at 175 K for (a—d) and +1 V at 155 K
for (e). An unaffected Ag atom moving in a UHUC is also displayed in (d). (f,g) The deduced adsorption energy changes A E (in meV) of the
probing Ag atom at the given sites in the neighboring UHUCS, together with the density functional theory optimized models of Ags, Agio, and

Agos.

Figure 4(a) elaborates the interaction and the dynamics of
the atom-cluster system: Inside the UHUC next to the cluster,
the probing Ag atom hops quickly among various adsorption
sites. The repulsion due to the cluster reduces the adsorption
energy of the probing Ag atom at site(s) (labeled with “1”)
next to the cluster, in particular, at sites near the center Si
adatom. At the boundary between two neighboring HUCs,
the attraction due to the cluster, however, lowers the saddle
point (possibly the site labeled “2” [22]) barrier energy for
combination. For Ags, the probing Ag atom at the saddle point
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FIG. 4. (Color online) (a) Sketch of a probing Ag atom next to a
Ag cluster. Two solid arrows show the distance from the cluster to
the adsorption site “1” and to the saddle site “2” of the probing Ag
atom. The black curve in the lower panel sketches the original energy
landscape of the probing Ag atom and the blue and pink curves sketch
the modulated energy landscape due to the cluster. (b) The deduced
energy change AE versus separation. Circles are results from the
adsorption sites inside the UHUC next to the clusters, and squares are
results from the inter-half-cell barrier sites. Positive value represents
“attraction,” and negative value represents “repulsion.” The dashed
line is a guide to the eye.

is ~3.1 A away from the cluster edge Ag atom, comparable
with the Ag-Ag bond length of 2.88 A, and can possibly
interact directly with the cluster Ag atom to provide strong
attraction—but for Ags, Ags, and Ag, the probing Ag atom
at the saddle point is still far away from any Ag atoms in
these clusters and cannot significantly directly interact with
the cluster Ag atoms. The reduction of barrier energy must
dominantly originate from the substrate-mediated interaction.
Without getting into the detailed structural dependence, we
plot in Fig. 4(b) the deduced A E as a function of atom-cluster
separation, defined by the distance between the position of the
probing Ag atom and the closest cluster Ag atom (Figs. 3(f)—
3(h) and Supplemental Material [28]). It should be noted
that the atom-cluster separations are largely determined by
the apparent configurations in the STM images and therefore
should not be sensitive to detailed atomic models. As seen from
the data, as the separation increases, A E starts with attraction
below 6 A, decays and changes sign to repulsion before 10 A,
and becomes small in magnitude and featureless afterwards.
The initial oscillating behavior is reminiscent of Friedel
oscillations between adsorbates on metal surfaces mediated by
free-electron-like surface bands [16]. For Si(111) — (7 x 7)
substrate with its electrons in the surface bands near the
Fermi level practically localized on adatoms, the mechanism
of substrate mediation may be different and demands further
investigation. It is likely that the charge redistribution and/or
lattice relaxations induced by the cluster give rise to the
short-range and alternating interactions.

In summary, we used atomic manipulation to position
single probing Ag atoms to the vicinal sites of Ag clus-
ters to construct identical as well as energetically unstable
atom-cluster configurations on Si(111) — (7 x 7). Quantitative
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measurement on the thermal motions of the probing atom
revealed the complex potential energy landscapes of a Ag
atom adsorbed near Ag clusters. This is a viable study of
atomic motions in an arbitrary environment on a nonmetal
surface. In the future, not only the complex environment can
be extended to arbitrary nanostructures, irregularly shaped or
composed of different elements on the same substrate, but
also the demonstrated methods and results are expected to
have broad applicability in studies on atom/molecule dynamics
near other complex nanostructures considering a large variety
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of atoms/molecules has been reported to be manipulable on
different surfaces. This will further advance our understanding
of various physical and chemical processes in an atomic
view.
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