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Silver nanoclusters arranged in quasi-one-dimensional chains with a nearest-neighbor cluster-cluster dis-
tance of 1.4 nm were prepared on the R�15�12�-C /W�110� surface. The silver cluster chains form local
thermodynamic equilibrium structures. Interactions between neighboring clusters are addressed by investigat-
ing the length distributions of silver cluster chains with scanning tunneling microscopy. Comparison with
theoretical expectations derived from a one-dimensional Ising model yields evidence for a slightly repulsive
interaction energy of about 20–30 meV.
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One of the attractive features of nanotechnology besides
mere miniaturization is the possibility to exploit quantum
size effects and to steer the properties of nanoscale structures
by choosing the proper size and shape. However, interactions
between nano-objects may also influence the properties of
the nanostructures and thus alter the simple property size/
shape relationship. Quite often these interactions are ne-
glected as the relevant distances are considered to be too
large to allow appreciable modification of the energy bal-
ance. However, this assumption may break down in the case
of tightly packed nanoparticles �i.e., with interparticle dis-
tances of only a few nanometers� on solid surfaces due to
long-range substrate-mediated interactions.1–3 Substrate-
mediated interactions between single adatoms have been
studied quite extensively in the past. For example, it has
been shown both experimentally4,5 and theoretically6 that in-
teractions between single Cu adatoms on Cu�111� are as
large as 1 meV at distances of 1–2 nm. For Ce adatoms on
Ag�111� a similar interaction energy was derived at distances
of 3 nm.7 For Re atoms on W�110� interaction strengths of
about 15 meV were reported in the distance range 1–2 nm.8

At low temperatures substrate-mediated interactions can be
exploited to arrange adatoms into nanoscale superstructures
such as two-dimensional hexagonal superlattices,7

triangular,9 or circular10 arrangements or even one-
dimensional �1D� chains.11–13 In case of clusters/islands con-
sisting of several atoms the interactions will be larger than
for single adatoms. Nevertheless studies on cluster-cluster
interactions are rare.14,15 A rough estimate of the strength of
cluster-cluster interactions can be obtained from Rudermann-
Kittel-Kasuya-Yosida �RKKY� theory, which describes
substrate-electron mediated interactions. According to this
theory the interaction between two objects scales with the
product of the perturbing strengths of the individual objects.
Assuming that this strength scales linearly with the number
of atoms at the rim of the cluster,16 for the interaction of two
clusters with seven atoms each �six atoms at the rim and one
in the center; see schematic in Fig. 1�a��, a roughly fortyfold
increase in interaction energy appears possible. Such interac-
tion energies would exceed the thermal energy kBT at room
temperature �25 meV� and hence can no longer be ignored.
In a recent work interactions between Br islands on Cu�111�
were studied and indeed an appreciable interaction strength
of �25 meV was reported for distances around 2 nm.14

In the experiments cited above particle-particle interac-

tions were derived from pair correlations or radial distribu-
tion functions, respectively, by evaluating the potential of
mean force, which in dilute systems �i.e., at low densities�
approximates the pair-interaction potential.17 In the present
study we use an alternative approach. It is based on the �one-
dimensional� Ising model, which can be used to describe
interacting objects distributed on a regular grid. We provide
evidence that in the present system, which consists of Ag
nanoclusters arranged in one-dimensional chains on a carbur-
ized W�110� surface, weak repulsive interactions exist be-
tween neighboring clusters �distance 1.4 nm�, with a strength
of around 20–30 meV.

Experiments were carried out in an UHV system �base
pressure of 1 ·10−10 mbar�, equipped with a DME �Danish
Micro Engineering� room-temperature scanning-tunneling
microscope �STM�. The R�15�12�C-W�110� template was
prepared by thermolysis of ethene at a pressure of
5 ·10−8 mbar and temperatures at 1250–1700 K, followed by
a flash to 2300 K and rapid cooling ��70 K /s�. Ag was
deposited from a resistively heated alumina crucible with
deposition rates between 0.03 and 0.3 ML/min, where 1
monolayer �ML� refers to the atom density of the W�110�
surface, i.e., 1.41·1015 atoms /cm2.

The R�15�12�-C /W�110� surface has a large rectangular
unit cell of 1.37�3.10 nm, equivalent to the area of 60 W
atoms in an unreconstructed W�110� surface.18 The unit-cell
axes are oriented along the �111� and �112� directions, re-
spectively. Due to the mirror symmetry of the W�110� sur-
face two equivalent domains exist. Each unit cell of the C/W
template provides a possible adsorption site for a metal
cluster.19 Thus—due to the anisotropic size of the unit cell—
quasi-one-dimensional chains of clusters can be grown. A
representative example for deposition of silver clusters in the
temperature range of 350–600 K is shown in Fig. 1�a�. As is
evident from this figure, the clusters exhibit a narrow size
distribution. Close inspection of the nanoclusters revealed a
hexagonal shape, suggesting a preference for seven-atom
clusters.19 A tentative cluster model is indicated in Fig. 1�a�.
As discussed in Ref. 19, this strong size preference is mainly
determined by the interaction with the substrate, i.e., by the
number of strong adsorption sites within each unit cell. At
the “ideal” coverage of 0.12 ML virtually all unit cells are
occupied by such Ag heptamers.

We assign these heptamer clusters to thermodynamic
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equilibrium structures for several reasons: first, clusters are
observed in a wide temperature range �350–600 K�. Second,
for coverages below the ideal coverage, the average cluster
size is constant. Thus the cluster size is not determined by
kinetics or limited supply of Ag atoms. Third, Ag heptamers
are formed even at coverages in excess of the ideal 0.12 ML,
provided that the temperature is sufficiently high �T
�500 K� for the Ag atoms to be mobile. Under these con-
ditions excess Ag atoms �i.e., Ag atoms beyond 0.12 ML�
diffuse away and agglomerate on clean W�110� patches
�which are always present on the surface�, while the Ag hep-
tamers remain on carburized �15�12� terraces. In the lower
right corner of Fig. 1�b� such a clean W�110� patch covered
with a dense Ag film can be seen.

Having obtained convincing evidence that the Ag clusters
are thermodynamically stable entities on �15
�12�-C /W�110� terraces, we are now in the position to ad-
dress the question of cluster-cluster interactions by analysis
of the positions of missing clusters �“vacancies”� for subop-
timal local coverages ���0.12 ML�. In the absence of

cluster-cluster interactions vacancies should be randomly
distributed on the terraces. In contrast, for attractive cluster-
cluster interactions longer, noninterrupted chains of both
clusters and vacancies are expected. For repulsive interac-
tions the opposite effect will take place. In the noninteracting
case the cluster and vacancy chain-length distributions are
easily obtained analytically.20 If p and 1-p denote the prob-
abilities that a �15�12� cell is covered with a cluster or
vacancy, respectively, the probability ps for a cluster chain of
length s �terminated by a vacancy on each side� is given as

ps = ps�1 − p�2. �1�

For vacancy chains an analogous formula holds, with p and
�1-p� interchanged. In order to quantitatively asses the effect
of eventual interactions, we assume that the binding energy
of each cluster can be split into a cluster-substrate interaction
�Ez� and a cluster-cluster interaction �Ex�, i.e., Ebind=Ez
+n�Ex, where n=0,1 ,2 is the number of nearest-neighbor
clusters. In this approximation the problem is reduced to that
of the one-dimensional Ising model with nearest-neighbor
interactions only. The occupation number of a template unit
cell, i.e., 0 or 1, takes the role of the pseudospin in the
system. Since for a fixed number of clusters the total binding
strength to the substrate is independent of the cluster ar-
rangement, the chain-length distribution in thermal equilib-
rium depends only on the ratio �=Ex /kT of the lateral inter-
action energy Ex to the thermal energy kT �k denotes the
Boltzmann constant�. For the chain-length distribution in the
1D-Ising model the following analytical expression was de-
rived recently,21

ps =
�2

p
�1 −

�

p
�s−1

with � =
�1 + 4p�1 − p��e� − 1� − 1

2�e� − 1�
.

�2�

Thus in a semilog plot �log�ps� vs s� a linear behavior is
predicted. In the limit of zero interaction ��→0� Eq. �2�
reduces to Eq. �1�.

To derive the interaction strengths � or Ex, respectively,
Ag cluster chains were prepared at different deposition tem-
peratures and with different “filling factors” p. Then cluster
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FIG. 1. �Color� �a� STM image of self-assembled Ag clusters
deposited at 450 K on R�15�12�-C /W�110�, with image size of
47�47 nm. Inset: tentative cluster model. �b� 0.3 ML Ag deposited
at T�500 K, with image size of 250�250 nm. Cluster arrays are
formed, although the global coverage �0.3 ML� exceeds the cover-
age of 0.12 ML which can be accommodated in the cluster array.
Due to the high deposition temperature excess Ag atoms are trans-
ported to clean tungsten terraces where they agglomerate in large
mono- and double-layer islands �lower right corner of image�.

FIG. 2. �Color� Semilog plot
of Ag cluster and vacancy chain-
length distributions on R�15
�12�-C /W�110� with p=63% of
the �15�12� unit cells occupied
with clusters. Symbols denote ex-
perimental data points. Lines de-
note theoretical calculations based
on a 1D-Ising model for various
cluster-cluster interaction param-
eters �=Ex /kT. Attractive �repul-
sive� interactions are marked by
dashed �solid� lines. The blue line
indicates the interaction-free case;
the red line the best fit.
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and vacancy chain-length distributions as derived from STM
images were compared to the theoretical expectations ac-
cording to Eqs. �1� and �2�. Figure 2 depicts a representative
example for an experiment carried out with a filling factor
p=0.63 at a deposition temperature of 550 K �symbols�. For
comparison, calculated length distributions resulting from
random positioning of vacancies ��=0, blue color� as well as
for various interaction strengths � are shown as solid and
dashed lines. As expected, theoretical cluster and vacancy
distributions become broader for attractive interactions ��
�0, dashed lines�, while for repulsive interactions ���0,
solid lines� smaller chain lengths are preferred. Experimental
data points are fairly close to the interaction-free case; how-
ever closer inspection reveals that they are better described
by a slightly repulsive interaction. Fitting the experimental
data by Eq. �2� yields �=−0.32 and �=−0.55, respectively, if
cluster and vacancy chain-length distributions are fitted indi-
vidually. Fitting both curves simultaneously yields �=−0.45
�red line in Fig. 2�, corresponding to an interaction energy
Ex=−21 meV at T=550 K. The interaction energies Ex de-
rived in this way for various experiments are listed in Table
I. The energy values show some scatter; however in all cases
interaction energies are found to be small ��50 meV� and
negative. The mean value amounts to −24 meV with a stan-
dard error of �7 meV. Thus our data provide evidence for a
weak repulsive interaction between neighboring clusters. The

derived interaction strength of 20–30 meV appears reason-
able. It is in the same range as predicted by the simple up-
scaling argument for Cu heptamer clusters on Cu�111� dis-
cussed in Sec. I and it is similar to the interaction energy of
Br clusters on Cu�111� for distances of �2 nm. Since the
cluster-cluster distance of 1.4 nm in the present system
amounts to several atomic distances, these interactions have
to be substrate mediated, either by elastic strain fields or by
indirect electronic interactions. Elastic interactions decrease
with d−3 �d denotes the distance between interacting
objects�,2 whereas interactions mediated by two-dimensional
electronic surface states decrease as d−2 or even d−1 in one-
dimensional systems.4–6,22,23 Thus electronic interactions will
always dominate at larger distances. As shown in Ref. 24 for
Fe adatoms on Cu�111� electronic interactions exceed elastic
ones by more than an order of magnitude already at distances
around 1.3 nm. Thus we attribute the interactions found in
the present system primarily to indirect electronic interac-
tions. Note that bulk tungsten exhibits a Fermi surface with
portions of rather flat, parallel faces normal to �111�, i.e.,
with a quasi-one-dimensional Fermi-surface topology in the
direction along the Ag cluster rows. Furthermore, electronic
surface states and resonances have also been observed and
predicted on clean W�110�.25–28 Unfortunately, neither pho-
toemission experiments nor theoretical calculations on the
electronic structure of the carbon-modified R �15
�12�C-W�110� template are currently available. Thus, pin-
ning down the detailed interaction mechanism remains a task
for the future.

In summary, we investigated the distribution of silver
clusters and vacancies on the �15�12�C-W�110� template.
The data present evidence for a slightly repulsive cluster-
cluster interaction in the range of 20–30 meV. As expected
the interaction between clusters is considerably stronger than
between single adatoms at similar distances. Nevertheless
the interaction energy is small and at room temperature or
above yields only small deviations from the interaction-free
situation. However, we conclude that in low-temperature ex-
periments the possible influence of such interactions can in
general not be neglected and should always be considered for
tightly packed nanostructures on surfaces.
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