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Creation of an Atomic Superlattice by Immersing Metallic Adatoms
in a Two-Dimensional Electron Sea
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Cerium adatoms, deposited on a Ag(111) surface, are found by low-temperature scanning tunneling
microscopy to self-assemble into large ordered hexagonal arrays covering macroscopically the entire
surface. We show that the 32 Å periodicity of the superlattice is caused by the interaction of surface-
state electrons with Ce adatoms and that the large-scale formation of the superlattice is governed by a
subtle balance between the sample temperature, the surface diffusion barrier, and the concentration-
dependent adatom interaction potential.
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copper adatoms, at low coverage, form a small island
with a local hexagonal structure. However, at distances

observe that this Ce superlattice covers the entire Ag(111)
surface at a macroscopic scale. Figure 1(b) offers a closer
The control of the geometric, electronic, and magnetic
properties of arrays of atomic-scale nanostructures is a
prerequisite for the understanding and fabrication of
new materials and devices. Two routes lead towards this
goal, the sequential manipulation of single atoms and
molecules with the scanning tunneling microscope
(STM) [1–4] or patterning using self-assembly [5–7].
One proposed mechanism for atomic self-assembly was
long-range (10–30 nm) surface-state-mediated adatom
interactions [8] that have been found on metal surfaces
[9–12]. In this scenario, the surface-state electrons at-
tempt to screen the impurity represented by an adatom,
giving rise to surface-state Friedel oscillations. Because
of the Fermi cutoff in momentum space, not all the wave
vectors contribute to the screening process [13]. As a
result, at the Fermi energy (EF) the local density of states
(LDOS) oscillates around the impurity with a wavelength
of �F=2 � �=kF, where �F is the Fermi wavelength and
kF the Fermi wave vector. This variation of the LDOS at
EF due to standing-wave formation modifies the adsorp-
tion energy of the adsorbates. For adatoms it appears to be
energetically favorable to rest in regions of high LDOS at
EF. Therefore the interaction between the adsorbates, and
consequently their mutual distance, is determined by the
LDOS at EF. The interaction energy decays as 1=�2 where
� is the distance between two adatoms, and oscillates
with a period of �F=2, half of the Fermi wavelength of
the surface-state electrons [14,15]. In these models, an
important parameter is the scattering phase shift �0 at the
Fermi level EF, which determines the position of the first
maximum in the LDOS and of the first minimum in the
adatom-adatom interaction potential.

While the experiments of Refs. [11,12] showed the
existence of the long-range interactions mediated by the
surface-state electrons, they were not successful in pro-
ducing a large ordered superlattice. Repp et al. [11] ob-
served near a step edge on a Cu(111) surface that the
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far away from a step edge, such an island was not ob-
served [16]. Knorr et al. [12] investigated the adatom-
adatom interaction of Cu and Co on Cu(111) and Ag(111)
surfaces at higher adatom concentration because they
were aware of the possibility of the creation of a super-
lattice with a lattice constant given by the first minimum
of the adatom-adatom interaction energy. However, no
superlattice was observed.

Here we report on the realization of a hexagonal two-
dimensional superlattice of metallic Ce adatoms, by
taking advantage of the long-range adatom-adatom inter-
actions mediated by a two-dimensional electron gas. In
our measurements and analysis, we determine directly
the superlattice confining potential by making a detailed
statistical analysis of the mobile Ce atoms as they hop
around the nominal threefold coordinated lattice sites,
while the earlier studies [10–12] were able to estimate
only the nearest neighbor pairwise interactions. We dem-
onstrate that a subtle balance of temperature, surface
diffusion barrier, and concentration-dependent adatom
interaction potential is decisive for the formation of the
superlattice. Therefore, our realization of a hexagonal
superlattice constitutes a novel method for achieving
ordered overlayer structures. This adatom superlattice
might be exploited in heterogeneous catalysis, thin film
epitaxy, and molecular self-assembly [17].

Ce atoms were deposited from a thoroughly degassed
tungsten filament onto a well prepared Ag(111) surface
held inside a low-temperature STM in ultrahigh vacuum
and cooled to 3.9 K by pumping on the He bath [18]. We
used a cut PtIr wire as STM tip. Bias voltages Us refer to
the sample voltage with respect to the tip.

Figure 1(a) shows a large-scale STM topograph after
deposition of about 1% of a monolayer of Ce onto Ag(111).
Surprisingly, the Ce adatoms appear to form a hexagonal
superlattice which is found everywhere on the sample,
even at sample areas separated by a distance of 3 mm. We
2004 The American Physical Society 016101-1



FIG. 2. High resolution STM images (32� 21 nm2; Us �
�100 mV, Is � 10 pA) at 3.9 K (a) and 4.8 K (b). Ce adatoms
form a hexagonal superlattice with an interadatom distance of
32� 0:5 �A. The superlattice is frozen at 3.9 K, whereas at 4.8 K
adatoms are mobile around their superlattice site and only Ce
dimers are stable.

FIG. 3 (color online). (a) The 21� 21 nm2 3D STM image of
a standing-wave pattern around an isolated Ce adatom on
Ag(111) at 3.9 K (Us � �3 mV, Is � 19 pA). (b) Dotted
line: topographic profile as a function of distance from a single
Ce adatom. Solid line: fit using Eq. (1).

FIG. 1 (color). (a) Ce superlattice on Ag(111) at large scale at
4.8 K (240� 192 nm2; Us � �200 mV, Is � 30 pA). (b) The
3D STM image at 3.9 K (64� 64 nm2; Us � �100 mV, Is �
10 pA): Ce adatoms (red), Ag(111) (blue). Insets: the Fourier
transforms of both images confirm the 2D hexagonal super-
lattice structure. (b) The horizontal line indicates the length in
reciprocal space and the peak intensity is coded according to
the color scale bar.
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quasi-three-dimensional look on a typical region of the
hexagonal Ce superlattice. The insets of Figs. 1(a) and 1(b)
show the Fourier transform of both images confirming
hexagonal order. The distance between two neighboring
adatoms is determined from the real-space image to be
32� 0:5 �A. An increase of the sample temperature has
a dramatic effect on the adatoms in their superlattice
site. As shown in Fig. 2(a), at 3.9 K the Ce adatoms ap-
pear as stable protrusions, whereas already at 4.8 K they
display a ‘‘frizzy’’ image indicating a finite adatom mo-
bility. Immobile species at 4.8 K are also observed in
Fig. 2(b), which are attributed to images of Ce dimers
representing about �5% of the number of adatoms [19].
Although the dimers appear to be close to the superlattice
sites, they are rarely found precisely at the ideal locations.
It is likely that the dimers appear to be close to super-
lattice sites because the surrounding mobile Ce atoms
have adjusted their positions to best incorporate the fixed
dimers into a superlattice. Figures 1 and 2 clearly show
that surface defects (Ce dimers, dislocations, steps) lo-
cally perturb the long-range order of the adatom super-
016101-2
lattice. Additional formation of Ce dimers was not
observed at 4.8 K, pointing towards a repulsive interac-
tion between Ce adatoms. Heating the sample up to 10 K
causes the disappearance of the hexagonal superlattice.
We note that deposition of Ce on Ag(100), which bears no
surface state, does not lead to self-assembly of a super-
lattice.

In a first step of our analysis of the experimental results
we evaluate the phase shift of the surface-state electrons
at individual adatoms and dimers.

Figure 3(a) presents a STM image of an isolated Ce
adatom at 3.9 K measured near the Fermi level at a tunnel
bias of �3 mV. The circular electron density oscillations
correspond to the well know standing-wave patterns near
adsorbates on the (111) surfaces of noble metal surfaces
[20]. The variation in the local density of states (� LDOS)
at the Fermi level originating from the interference of
incident and scattered surface-state electrons at adatom
016101-2
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sites is given by [20]
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is the Fermi surface wave
vector (0:0813 �A�1) with the surface-state band edge
E0 � �63 meV for Ag(111) [21], � is the distance from
the position of the center of an adatom, and m
 � 0:40me
[22] is the effective mass with me the free electron mass.
The periodicity of the standing-wave oscillations at EF is
given by �F=2 � 38 �A. However, the distance of the first
maximum of the LDOS from the adatom is determined by
the scattering properties of the adatom. For a perfect
scatterer, �0 � �=2, the position of the first maximum
of the LDOS oscillations at EF would be at 38 Å. Our
analysis, shown in Fig. 3(b), yields a value of �0 �
�0:37� 0:05��. Consequently, the scattering properties
of the Ce adatoms determine the position of the first
maximum in the electron density oscillations at EF to
be at a distance of 32 Å instead of 38 Å from the adatom.

Figure 4(a) presents a STM image of a hexagonally
ordered domain of Ce adatoms and Ce dimers.
Subsequently, the tip was used at increased tip-sample
interaction (Us � 1:5 V, Is � 20 pA) to remove the Ce
adatoms, but not dimers, from this area. The constant
current image shown in Fig. 4(b) and taken near the
Fermi level at a tunnel bias of �3 mV of the same region,
reveals circular electron density oscillations near Ce
dimers. The comparison between Figs. 4(b) and 4(c),
which shows a modeling of the standing-wave pattern
induced by the dimers with a phase shift �0 � �0:37�
0:05��, indicates good agreement between experiment
and model. Thus, the phase shifts for Ce adatoms and
Ce dimers are practically identical.

Next, we model the observed hexagonal superlattice of
Ce adatoms on Ag(111) by considering the interaction
energy �Eint mediated by a Shockley surface-state band
between two adatoms at a distance � on Ag(111) [14]:

�Eint��� ’ �AE0

�
2 sin��0�

�

�
2sin�2kF�	 2�0�

�kF��2
; (2)
FIG. 4. (a),(b) Successive constant current STM images
(20 nm� 17 nm) of Ce on Ag(111). (a) Hexagonal super-
lattice (Us � �100 mV, Is � 30 pA). (b) Standing wave pat-
tern near Ce dimers (Us � �3 mV, Is � 20 pA). (c) Calculated
local electron density (see text).
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where A is a scattering amplitude as defined in Ref. [12]
that expresses scattering from surface into bulk states. For
�Eint to have its deepest minimum at the measured Ce
adatom distance of 32 Å, we need �0 � 0:37�, in excel-
lent agreement with the analysis of the standing-wave
oscillations at the Fermi energy.

In the third step of our analysis we determine directly
the superlattice confining potential by making a detailed
statistical analysis of the mobile Ce atoms as they hop
around the nominal threefold coordinated lattice sites.
Figure 5(b) presents a 2D map of the calculated poten-
tial Epot obtained by superposition of six external adatom
two-body interaction energies of the hexagonal superlat-
tice at the location of the central adatom. Since at 4.8 K
the Ce adatoms randomly hop from one atomic position to
another within the well, we can estimate A (and hence the
well depth) by measuring the statistical distribution of
adatom positions x and fitting to a Boltzmann distribu-
tion, e�Epot�x�=kBT . To this end, we analyzed about 3700
adatom topographic cross sections (about 16 per adatom)
and made a histogram of an adatom’s displacement rela-
tive to its average position, as shown in Fig. 5(a). This
measured distribution should approximate the true ada-
tom distribution provided �tip � �hop � �atom, where
�tip � 30 ms is the time to scan over a single adatom,
�hop is the characteristic adatom hopping time from one
Ag(111) threefold site to another, and �atom � 16 s is the
total time during which a given adatom is monitored. We
estimated �hop � 300� 100 ms at 4.8 K from the statis-
tical probability of observing a hop during �tip, and the
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FIG. 5. (a) Histogram of measured Ce adatom displacements
at 4.8 K with respect to the hexagonal superlattice sites and
statistical analysis (full curve). (b) The 2D representation of the
deduced potential induced by the six external atoms of the
hexagonal superlattice at the location of the central Ce adatom.
The filled circles arise from the divergence of the two-body
potential at the adatom position. (c) Two-body interaction
energy of Ce adatoms on Ag(111). The position of the first
neighbor adatoms at 32 Å is marked. (d) Cross section of the
potential (b) along the horizontal line (see text).
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probability of observing no jumps during the 1 s between
successive scans over a given adatom. The measured
Gaussian distribution is consistent with the approxi-
mately parabolic potential well [see Fig. 5(d)], and the
measured full width at half maximum of 5:8� 0:2 �A in-
dicates a value of A � 0:27� 0:03. Our analysis of the
interaction energy including two- and three-body inter-
actions [14,15] yields essentially the same result. This
allows us to quantify the energy scale in Fig. 5(d), from
which we find a potential well depth of 4:9� 0:5 meV
and a trapping barrier height of 11:8� 1:2 meV. Our
values of A � 0:27 and �0 � 0:37� are in good agree-
ment with values obtained by Knorr et al. [12] for Co on
Ag(111) by analyzing the pair correlation function at very
low Co coverage. Our experiments show that an adatom
phase shift of �0 � 0:37�, which is close to the value
�0 � �=3 for Co=Ag�111�, permits the formation of the
Ce superlattice on Ag(111). We note that the time �hop �
300 ms at 4.8 K suggests an adatom diffusion barrier of
11 meV, assuming a 1012 s�1 diffusion prefactor. In this
situation, it is possible to find a temperature (�4:8 K in
our case) at which the adatoms can hop between adjacent
Ag(111) sites many times at a reasonably fast rate without
leaving the potential well, thus favoring superlattice for-
mation. These barrier heights correspond well to the
measured hopping rate at 4.8 K, and to the experimentally
observed disappearance of the superlattice at T � 10 K.

The deduced two-body interaction energy �Eint��� is
presented in Fig. 5(c). At small adatom separation a
strong repulsion between the adatoms prevents dimer for-
mation. The first minimum at 32 Å and �0:8 meV depth
corresponds to the position of the first neighbor adatom of
the hexagonal superlattice, which is formed because the
thermal energy at 4.8 K is sufficient to overcome the
repulsive barrier (�0:3 meV) at 55 Å. Our analysis shows
that the hexagonal superlattice is most stable at 4.8 K if
practically all available superlattice sites are occupied by
Ce adatoms. Consequently, and in agreement with our
experimental observations, at low Ce adatom concentra-
tion (�10�2 ML) the hexagonal superlattice does not
self-organize. Thus, sample temperature, low adatom
diffusion barrier and adatom concentration are the key
parameters for successful self-assembly of the atomic
superlattice. In a kind of autocatalytic process, the Ce
adatoms need sufficient thermal energy to overcome the
outer potential barriers and, simultaneously, high enough
concentration to form the necessary potential well depth
to lock in the first minimum at nearest neighbor distance.

We have created a two-dimensional self-assembled
hexagonal superlattice of metallic Ce adatoms. In fact,
this superlattice may represent a 2D Kondo lattice where
the electrons in the 2D surface-state band of Ag(111) are
also involved in the indirect exchange coupling between
the spins of the magnetic adatoms. Variation of support
and of magnetic adatoms may allow us to tune the lattice
constant of the superlattice thereby forming ferromag-
netic or antiferromagnetic adatom pairs at different sepa-
016101-4
rations. Evidently, the success of such an approach will
crucially depend on the relative strength of the electronic
versus the magnetic interactions. A recent calculation for
Co=Ag�111� [23] predicts oscillatory magnetic interac-
tions to be about 2 orders of magnitude smaller than the
electron density mediated ones. An observation of the
spin-spin interactions would therefore require tempera-
tures in the milli-Kelvin range. However, such a 2D
Kondo lattice may be of interest for electron-spin based
quantum computing. The ability to control the long-range
order of magnetic adatoms opens new possibilities for the
investigation of two-dimensional magnetism and for the
development of atomic-scale magnetic devices.
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