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Noble metals exhibit a Shockley state that can be confined in one direction due to the interaction with steps
in vicinal surfaces. We observe here that self-organized Co islands on Au�788� can also confine the surface
state to the orthogonal direction. The two-dimensional confinement of the surface state is studied by scanning
tunneling spectroscopy as well as photoemission. Several confined states are revealed by the standing-wave
pattern which appears between the Co nanodots. The band dispersion shows the opening of three gaps. These
gaps report on the magnitude of the surface potential, which is drastically different from that of the Au
substrate. These results show how self-organization modulates the electronic potential, leading to a periodical
confinement of the surface state.
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Tailoring electronic states in nanostructures presents both
fundamental and technological interest. Quantum size effects
control the lasing properties in complex structures1,2 or trig-
ger novel phenomena in low dimensions: oscillatory mag-
netic coupling,3 structural transitions,4,5 spin-charge separa-
tion in Luttinger liquids,6 oscillation of the superconducting
temperature,7,8 etc. Noble-metal �111� surfaces are particu-
larly suitable for exploring low-dimensional physics, since
they display a Shockley surface state easily affected by
changes in the surface structure. One-dimensional �1D� sur-
face superstructures have revealed very successful to drive
2D systems towards 1D electronic confinement. This transi-
tion appears, for instance, in metallic vicinal surfaces,9–12

periodically faceted surfaces,13,14 and epitaxial Ag films de-
posited on reconstructed Si�111� surfaces15 or adsorbate-
induced striped Cu-O surfaces.16 Although electronic quan-
tum behavior is generally taken as a fact, confinement in
nanopatterned surfaces has been rarely reported. Very re-
cently 0D confinement has been observed in molecular
gratings.17 In this work, we demonstrate how self-
organization on Au vicinal surfaces leads to an assembly of
quantum boxes.

Noble metals exhibit a free-electron-like surface state on
the close-packed �111� faces located at the last monolayers
and are therefore very sensitive to the surface potential.
Structural modifications have been demonstrated to affect the
surface-state properties. In particular, it has been shown that
the Shockley state can be confined to a variety of natural or
artificial nanostructures.18–23 These quantum systems are ex-
perimental manifestations of the “particle in a box” problem
of quantum mechanics. Among these systems, vicinal sur-
faces play an important role in tailoring the surface elec-
tronic properties.10–12 Steps can lead either to superlattice
zone folding in narrow terraces or to 1D confinement in
larger terraces.11,12

The Au�788� vicinal surface is a regular array of �111�-
oriented terraces of 38 Å width which can be used as a tem-
plate to grow self-organized Co cluster lattices. When the
growth of Co is adequately performed, self-organization is
achieved and a Co array is found. The Co lattice is stable
even at room temperature, and the ordering is highly homo-
geneous over the sample. The homogeneity of the structural

properties in this self-organized system allows us to apply
spatially averaging techniques.24,25 We have employed both
angular-resolved photoemission spectroscopy �ARPES� and
scanning tunneling microscopy and spectroscopy �STM and
STS� to study the electron confinement among Co islands on
the vicinal substrate Au�788�. A partial confinement is ob-
tained due to the interaction of steps and unconnected Co
islands with the surface state.

The single-crystal surface was prepared through cycles of
Ar-ion sputtering and annealed at 700 K afterwards. Co was
first evaporated at 150 K and then annealed at room tempera-
ture. The STM and STS measurements were performed in a
LT-STM Omicron coupled to a photoemission chamber,
where the sample is transferred without breaking the
ultrahigh-vacuum conditions. Differential tunnel conduc-
tance images were acquired with a PtIr tip under a bias
modulation of 10 mV at 700 Hz and a lock-in detection of
the tunnel current. Conductance maps dI /dV were recorded
in closed feedback loop conditions. The STM images were
analyzed with the WSXM package.26 Photoemission experi-
ments were performed with a high-resolution Scienta SES
200 spectrometer equipped with angle and energy multide-
tection and He I radiation from a discharge lamp. ARPES
spectra were taken with energy resolution �E�5 meV and
angular resolution ���0.3°.

Figure 1�a� shows a topographic STM image of 0.40 ML
Co on Au�788�. Au�788� exhibits a rectangular lattice of
preferential adsorption centers at the intersection of the gold
discommensuration lines and step edges.27 As a consequence
of the nucleation process at preferential sites, a rectangular
lattice of Co clusters is obtained with long-range order. The
unit cell can be defined from the four Co
clusters at the corners �inset of Fig. 1�a��, whose size is
=3.8�7.2 nm2. This unit cell is determined in one direction
by the width of terraces �Lx� and in the orthogonal one by the
periodicity of the discommensuration lines, naturally lying
on the terraces �Ly�. The differential conductance �dI /dV� is
shown for different bias voltages in Fig. 1�b�. In between the
Co islands, spatial modulations are clearly evidenced in the
local density of states �LDOS� of the surface, with nodes and
maxima depending on the bias voltage. At V=−375 mV, a
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single maximum in the center of the box is observed. When
increasing the bias voltage to −300 mV, two different
maxima appear around a central node along the y direction.
Finally, at V=−220 mV, two additional maxima appear
along the x direction. The LDOS has therefore nodes at the
step edges and between the Co islands. This behavior sug-
gests that, in addition to the repulsive barrier at step
edges,10–12 an additional barrier is created by the uncon-
nected Co islands. The box delimited by the four Co dots
acts thus similarly to a quantum box for Shockley states,
leading to a standing-wave pattern in the different unit cells
�Fig. 2�a��. As expected, maxima in the LDOS appear only
for bias voltages above the band edge of the Au�111� surface-
state electrons �E0=−460 meV�.10,28 All of these phenomena,
which are absent in the clean surface, suggest confinement
induced by the Co dots.

In order to roughly describe the LDOS, we have consid-
ered full confinement perpendicular to the steps10 and also a
hard-wall model with effective width Ly along them. How-
ever, it is impossible to find an Ly independent of the energy

that describes simultaneously the energy and the spatial dis-
tribution of the modes. In order to correctly describe the
spatial distribution of the LDOS, Ly needs to be increased
with energy while it should remain constant �Fig. 1�c��. The
energetic dependence points towards a partial transmission
across the barrier created between the unconnected Co is-
lands. Transmission effects can be quantified by considering
the energetic spectral width of the resonances. The dI /dV
spectrum at the center of the unit cell �Fig. 2�b�� shows a
low-energy resonance E1,1=−395 mV �labeled by the quan-
tum numbers nx and ny� with a spectral width of 60 meV.
Two additional broad peaks are observed at higher energies
�E1,2 and E1,3�. It has been shown that in the case of multiple
scattering of electron waves in quantum boxes, the broaden-
ing mechanisms are usually dominated by a reflection coef-
ficient lower than unity, the nonreflected part being absorbed
or scattered into bulk states.29 Intrinsic effects like electron-
electron and electron-phonon interactions can also contrib-
ute. For instance, in Fe/Cu�111� quantum corrals,18 the the-
oretical description has shown that only 25% of the surface-
state electrons are reflected at the corral, whereas 50% are
absorbed into bulk states.30 The observed spectral width in
these corrals is �30 meV, while in our case, the spectral

FIG. 1. �Color online� �a� Topographic STM image of 0.4 ML
Co/Au�788�. The inset shows a detail of several unit cells, each one
delimited by four Co dots at the intersections of the gold recon-
struction and the step edges. �b� Differential conductance maps
dI /dV at T=80 K for different bias voltages. The dotted rectangle
on the maps indicates the unit cell. �c� Comparison between experi-
mental cuts along the dotted lines in �b� and the LDOS within a
hard well model. The resonance �1,1� is fitted with Ly =5.5 nm and
the �2,1� resonance with Ly =6.0 nm.

FIG. 2. �Color online� �a� Differential conductance map
�30�30 nm2, T=5 K� at a bias voltage of −395 mV, which corre-
sponds to the fundamental mode energy. �b� LDOS measured by
STS over the center of a single quantum box �averaging on a rect-
angle of 0.5�1 nm2�. The averaging improves the signal-to-noise
ratio without affecting the spectral width. �c� Histogram of the fun-
damental mode energy measured by STS in 128 unit cells.
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width of E1,1 is twice this value, so transmission must play a
role. Self-organized Co nanodots on Au�788� cannot thus be
accurately described by an infinite-well model.

A better description must take into account the partial
transmission along the direction parallel to the steps. In the
following, we will focus on the dispersion along this direc-
tion. The gaps in the surface-state band due to the potential V
created by the Co islands are related to the VGn Fourier com-
ponents of the potential:

V = �
n=1

�

VGn cos�2�y

Ly
n� . �1�

Figure 2�a� shows a dI /dV map at V=−395 meV, where
the lowest-energy resonance E1,1 appears at every unit cell.
The resonance intensity varies according to variations in the
quantum box size and shape, which displace the energy of
the resonances. The histogram of the energy of E1,1 peak at
different unit cells �Fig. 2�c�� gives an average energy
	E1,1
=−360 meV with a standard deviation of 30 meV.
Since the standard distribution is smaller than the spectral
width of the peak, photoemission provides valuable informa-
tion when studying the gaps in the surface bands.

ARPES can properly study this homogeneous self-
organized system. Figure 3 shows the photoemission data for
the dispersion along the steps on the clean surface and on
Co/Au�788�. Panels �a� and �b� present the second derivative
of the photoemission spectra. The data resolution allows one
to observe on the clean surface �Fig. 3�a�� the spin-orbit-split
band of the Shockley state.31,32 Moreover, it is possible to
observe the tiny gaps induced by the Au reconstruction on
the clean surface.33 These gaps appear in the region where
the band centered at k=0 crosses the bands originating from
the reconstruction periodicity and centered at n� /Ly. On
Co/Au�788�, the dispersion relation �Fig. 3�b�� corresponds
to a gapped parabola. Owing to the geometry of the detection
that selects kx=0, all these resonances are associated with the
first-quantized state in the direction perpendicular to the step
�nx=1�. The resonances can thus be labeled with the quan-
tum numbers nx and ny associated with both directions:
E1,1=−370 meV, E1,2=−280 meV, E1,3=−180 meV, and
E1,4=−50 meV. The energetic position agrees reasonably
well with the STS ones observed in the dI /dV images and
spectra. The resonances are delimited by the gaps that appear
at the same energies as on the clean surface �see the dotted
lines in Figs. 3�a� and 3�b��. The reason is that self-organized
Co dots appear with the same periodicity of the reconstruc-
tion. However, the gaps in the self-organized surface are
clearly magnified when compared to the substrate, indicating
a stronger potential for surface electrons. A clear example is
given in Figs. 3�d� and 3�e�. These panels compare the region
of the third gap around −150 meV for both the clean and the
self-organized surfaces. Dotted lines are guides for the eye to
indicate the dispersion of the spin-orbit-split band and the
gap opening. The gap is defined by the highlighted spectrum,
which corresponds to the distance between the maximum of
the highest binding energy branch and the minimum of the
lowest binding energy branch. The third gap in the self-
organized system is more than 4 times larger than on the

clean surface. The widening of the other gaps can also be
observed in Figs. 3�a� and 3�b�. These data show unambigu-
ously that Co dots strengthen the periodic potential of the
surface, leading to clear resonances in the self-organized sys-
tem. The simulation of the ARPES spectra reproduces the
experimental gaps. Therefore, it is possible to estimate VGn.
By diagonalizing the Hamiltonian of an electron with a given
kinetic energy in the presence of a periodical potential, E�k�
and its spectral weight can be calculated. Then, the simula-
tion of the photoemission spectra needs the introduction of a
finite resolution and the conversion from k to �. In this way,
the experimental gaps can be reproduced for different values
of the Fourier components of the potential. Although the
phase of the components cannot be determined by photo-
emission and this procedure may not have an unique solu-
tion, reasonable assumptions to reduce the number of possi-
bilities can be performed. In particular, STM points towards
a minimum in the potential in the unit cell center �Fig. 1�b�,
left panel�. The edges of the unit cell repel electrons due to
the negligible LDOS between Co islands, so the potential
must be maximum there. Therefore, in order to reproduce the
experimental gaps, we propose 2VG1=80 meV, 2VG2
=60 meV, and 2VG3=50 meV. When these values are con-
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FIG. 3. �Color online� �a� Second derivative in gray scale of the
ARPES spectra at the substrate Au�788� and �b� of self-organized
Co islands on Au�788�. Bright colors mean more intensity. Four
maxima corresponding to the confinement are observed when Co
islands are present. The dotted lines show the position of the gaps.
The magnitude of the gaps are also indicated. �d� Energy dispersion
curves �EDCs� around the third gap on the Au�788� substrate. �e�
EDCs around the third gap on self-organized Co islands on
Au�788�. �f� Comparison between simulated photoemission EDCs
�upper part of the panel� and experimental spectra �lower part�.
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sidered, the simulated photoemission spectra agree satisfac-
torily with the experimental EDCs �Fig. 3�f��. The positions
of the resonances and the magnitudes of the gaps are well
described. Minor discrepancies appear around −165 meV. At
this energy, there is some unexpected spectral weight for a
variety of k’s. Such a nondispersive behavior is difficult to
explain within the previous model. This feature can reflect
the hybridization of the Au s-p state with Co d states in the
region of the Co islands, already observed in Co/Au�111�
around −150 meV.34 Finally, the experimental photoemis-
sion features are adequately understood and our model of the
surface potential describes the essential physics at the spec-
tra. The potential is roughly maximum in a small region
between Co islands and minimum at the fcc region of the
surface. We speculate that the origin of the surface potential
in Co/Au�788� can be the strain, since there is a 14.5%
lattice mismatch between Co and Au. We cannot also discard
the influence of hybridization effects between Co and Au,
which must necessarily modify the LDOS near the islands.

In conclusion, we have shown by ARPES and STS that

the free-electron-like dispersion of Shockley states can be
modified by a regular lattice of Co nanodots obtained by
self-organized growth on Au�788�. In addition to the step-
edge repulsive barrier, Co islands introduce a surface poten-
tial that breaks up clearly the surface-state band into four
occupied minibands. The photoemission analysis of the gaps
has allowed us to determine the surface potential in the pe-
riodic system. Transmission is present between the different
unit cells, so the confinement is partial and the quantum
boxes are interacting. The Co potential controls the degree of
confinement in the quantum boxes, as well as the energy
levels. By choosing other substrates or other adsorbed ele-
ments or molecules, it will be possible to further tune the
electronic properties, opening a new way to manipulate the
nanometer scale.
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