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Electronic structure of Co-induced magic clusters grown on Si„111…-„7Ã7…: Scanning tunneling
microscopy and spectroscopy and real-space multiple-scattering calculations
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The electronic structure of cobalt-induced magic clusters grown on Si�111�-�7�7� is investigated by scan-
ning tunneling microscopy, scanning tunneling spectroscopy, and real-space multiple-scattering calculations.
Topographical images of a half unit cell of Si�111�-�7�7� with the cluster acquired at low bias voltages of
±0.4 V show greatly reduced cluster heights; however, the heights of the corner adatoms are unchanged,
indicative of the highly localized nature of the charge distribution. Spectroscopic studies of the clusters indicate
a band gap of �0.8 eV, suggesting localized nonmetallic behavior. The opening of such a band gap is
suggested to be a stabilizing factor for the observed magic clusters. A 65-atom Co-Si cluster is constructed to
calculate the momentum- and element-projected density of states. The calculated result identifies that the
intense state below the Fermi level at −1.75 V in the experimental spectroscopic curve is primarily due to
localized 3d orbitals of Co atoms in the magic clusters.
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I. INTRODUCTION

The Si�111�-�7�7� surface has been used as a natural
template to grow nanodots of different elements with identi-
cal size and shape comprising a fixed number of atoms, i.e.,
magic clusters.1–6 Such low-dimensional structures with in-
teresting quantum properties not only are of fundamental sci-
entific interest, but have a wide variety of potential nanotech-
nology applications. Perfectly ordered superlattices of
nanodots on a wide area have been observed for Sn and
group-III elements �In, Al, Ga, and Tl�.1–6 Clusters with well-
defined atomic arrangement �within the cluster� have been
achieved with elements such as Pb, Au, Ag, and Cu.7–10 On
the other hand, the 3d ferromagnetic metals Ni, Co, and Fe
are highly reactive with Si and involve rearrangement of sub-
strate atoms, making it difficult to achieve formation of iden-
tical clusters while keeping intact the Si�111�-�7�7�
periodicity.11,12 Recently we reported the formation of Co-
induced magic clusters: two characteristic adatom vacancies
observed with every cluster and the off-center position
within the 7�7 half unit cell �HUC� make it a unique system
for studying nanostructural self-assembly.13

Due to the partially filled Si adatom intrinsic surface
states, Si�111�-�7�7� is metallic at room temperature.14

Nanodots formed by elements such as Tl �at �0.2 monolayer
�ML� coverage� preserve the metallic character of this
surface.4 However, for other elements such as Al, Sn, In, and
Pd, the surface becomes nonmetallic due to removal of dan-
gling bond states at the Fermi energy. At �0.1 ML coverage
of Sn and �0.33 ML coverage of Ag, a gap of �1.0 eV
opens about the Fermi energy.1,15 Only above certain cover-
ages do these clusters show metallic behavior. In this paper,
the electronic structure of cobalt-induced magic clusters
grown on Si�111�-�7�7� at 0.06 ML coverage is investi-
gated by scanning tunneling microscopy �STM�, scanning
tunneling spectroscopy �STS� and real-space multiple-
scattering �RSMS� calculations.16 Spectroscopic studies on
the clusters indicate localized nonmetallic characteristics

with a band gap of �0.8 eV. STM images reveal the clusters
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with greatly reduced height at low bias voltages of ±0.4 V;
however, the heights of three corner adatoms in that HUC are
unchanged, indicative of the highly localized nature of the
charge distribution and further support the nonmetallic be-
havior. The calculated momentum- and element-projected
densities of states �DOSs� identify the intense state at
−1.75 V below the Fermi level in experimental spectroscopic
curve as primarily due to localized 3d orbitals of Co atoms in
the magic clusters.

II. EXPERIMENT

In situ experiments were performed in a multichamber
ultrahigh-vacuum �UHV� system with a base pressure of
2�10−10 mbar.17 The analysis chamber contains variable-
temperature STM, x-ray photoelectron spectroscopy �XPS�,
and low-energy electron diffraction �LEED�. Atomically
clean Si�111�-�7�7� surfaces were prepared by degassing
the sample at 500 °C overnight, and repeated flashing to
1200 °C. A polycrystalline tungsten wire with 0.38 mm di-
ameter was etched electrochemically in NaOH and subse-
quently cleaned in ethanol and distilled water to produce
sharp STM tips. High-purity �99.99%� Co was evaporated by
an e-beam evaporator maintaining the chamber pressure be-
low 1�10−9 mbar. The surface cleanliness and reconstruc-
tion were monitored regularly by XPS and LEED. A Co-
coverage of �0.06 ML �1 ML=7.83�1014 Co atoms/cm2�
and deposition temperature of 230±20 °C were found to be
the optimal conditions to grow Co-induced magic clusters on
a Si�111�-�7�7�.13

III. RESULTS AND DISCUSSION

A. Bias-dependent STM imaging

Figure 1 is a high-resolution empty-state STM image
showing Co-induced magic clusters on Si�111�-�7�7�. F
represents the faulted half unit cell �FHUC�. The clusters are

off-center within each HUC, and are accompanied by two
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center adatom vacancies �indicated by white dotted arrows�
on either side within the HUC as previously reported.13

There are three equivalent orientations of the magic cluster
and adatom vacancies within a single FHUC marked as A, B,
and C in Fig. 1. The solid arrow indicates a FHUC where all
three center adatoms are missing, as marked by circles. We
believe the clustering process was initiated at this FHUC but
the cluster somehow was displaced or did not form. In an
earlier study, we proposed a cluster model comprising three
Si adatoms and six Co adatoms �shown in Fig. 4�a� below� to
explain the observed STM images.13

FIG. 1. �Color online� Empty-state STM image of a surface
where in addition to magic clusters we also observe a 7�7 HUC
with three missing center adatoms �shown by solid arrow�. All these
clusters and the three missing center adatoms are within the FHUC.
The dotted arrows show the two center adatom vacancies associated
with every cluster. There is some thermal drift in the image causing
distortion.
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Figures 2�a� and 2�b� show a series of empty- and filled-
state STM images of the same Si�111�-�7�7� unit cell con-
taining a magic cluster in the FHUC taken at bias voltages
±0.4, ±0.6, ±0.8, ±1.4, and ±2.0 V, respectively. Figure 2
reveals that even at low bias voltages of ±0.4 V, the adatoms
in the unfaulted half unit cell �UFHUC� �i.e., with no cluster�
are very clear due to appreciable tunneling current, indicat-
ing that the Si�111� adatoms are characterized by metallic
surface states.14,18 For filled-state STM topographs at nega-
tive biases higher than −0.8 V, not only are the contributions
from the adatoms, but the rest atom dangling bond and back-
bond states also become significant as clearly evident in the
UFHUC of Fig. 2�b� at −1.4 and −2.0 V. In a recent study,
Wang et al. used a sharp tungsten tip to observe both rest
atoms and adatoms with equal brightness within the UFHUC
at −1.5 V sample bias.19 Sutter et al. observed similar fea-
tures at −1.7 Vbias voltage using a InAs tip.20 Moreover at
−2.0 V bias their STM images map the rest atoms about
0.5 Å above the corner adatoms. The observation of adatoms
as well as rest atoms �indicated by arrows� is clearly evident
in Fig. 2�b� at −1.4 V. Moreover at bias voltage of −2.0 V,
the rest atoms are about 0.3 Å above the corner adatoms in
the UFHUC �Fig. 2�b��. The reproducibility of these
features14,19,20 undoubtedly confirms that a sharp clean tip
was used in our experiment and ensures the reliability of the
magic cluster features at different bias voltages.

The height profiles between points X and Y as marked on
the STM image acquired at +2.0 V are placed next to the
corresponding STM images in Fig. 2. From the cross-
sectional line profiles, the height of the clusters increases
with increase of bias voltages in both empty- and filled-state
STM images. The arrow at the line profile indicates the
middle of the clusters. The cluster height is measured with
respect to the corner adatom of the FHUC. At bias voltages
±0.4 V, the cluster is imaged as a depression 0.75±0.05 Å
�0.85±0.05 Å� beneath the 7�7 adatoms in the empty-

FIG. 2. �Color online� The left column shows
empty- �a� and filled- �b� state STM images of a
Si�111�-�7�7� unit cell comprising a Co-
induced magic cluster in the FHUC at bias volt-
ages ±0.4, ±0.6, ±0.8, ±1.4, and ±2.0 V, respec-
tively. The arrow on the lower left corner at STM
image of +2.0 V indicates an area which shows
all the images are for the same area �i.e. cluster�.
The right column shows the cross-sectional line
profile between two points X and Y as indicated
in the image of +2.0 V. In the line profiles the
middle of the clusters has been marked by an up
arrow. Arrows on the filled-state STM images at
−1.4 and −2.0 V indicate rest atoms in the
UFHUC.
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�filled-�state STM image. The drastic reduction of cluster
height �as opposed to the three corner adatoms within that
HUC which are unchanged� is indicative of the localized
nature of the charge distribution. At about ±1.0 V the cluster
and corner adatoms appear approximately at the same height;
however, at ±2.0 V the cluster height increases by
0.45±0.05 Å �0.95±0.05 Å� in the empty- �filled-�state im-
ages.

B. STS measurements

STS measurements shown in Fig. 3 were performed on
the clusters and clean regions of the surface to determine the
local density of states �LDOS�. The normalized first deriva-
tive of the tunneling current, �dI /dV� / �I /V�, is roughly pro-
portional to the LDOS.21 This quantity is independent of the
transmission factor and does not diverge for voltages close to
zero.21 Here, �dI /dV� / �I /V� was numerically calculated by
adding a small constant to the I /V values to overcome the
problem due to divergence at the band edges.22,23 The aver-
aged �dI /dV� / �I /V� versus V curves for the clean region and
cluster are represented in Fig. 3 by a solid and dash-dotted
lines, respectively. The Fermi level corresponds to 0 V and
the energy of the surface states is measured by the sample
voltage relative to the Fermi level. All STS curves were mea-
sured at the tip position corresponding to the tunneling con-
dition of 2.0 V and 0.1 nA. Atomic resolution STM images
�Fig. 2� acquired during STS measurements ensure an un-
changed tip atomic �as well as electronic� structure and
hence validates our STS results.

Earlier studies of clean Si�111�-�7�7� reported surface
states at −0.4 and 0.5 V for partially filled adatom bands,
−0.8 V for completely filled rest atoms, and −1.7 V for cor-
ner holes and Si-Si backbonds surrounding the adatoms.14,18

The surface state observed at 1.3 V originates from exposed
14,18

FIG. 3. STS measurements were performed at different places
on the surface, and averaged �dI /dV� / �I /V� versus V curves are
shown by a solid �for Si surface area not covered with clusters� and
dash-dotted �for magic clusters� lines, respectively.
Si adatom backbonds in the surface double layer. In this
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study we observe the surface states of the clean region �solid
line in Fig. 3� at −0.35, −0.7, −1.8, and 0.95 V. These peaks
can be assigned, respectively, to the partially filled adatom
bands, completely filled rest atoms, corner hole and Si-Si
backbonds surrounding the adatoms, and Si adatom back-
bonds in the surface double layer.

The normalized conductivity on a magic cluster �dash-
dotted line in Fig. 3� shows two states at −1.75 and 1.2 V,
and a flat gap region from −0.3 to +0.5 V. The flat region
may be associated with an energy gap around the Fermi en-
ergy. Qualitatively the gap extends from the valence-band
maximum to conduction-band minimum and is indicative of
nonmetalliclike behavior. Similar gaps were reported for In,
Ag, and Sn clusters on Si�111�-�7�7�,1,2,15 and the Si7In6

magic cluster on Si�100�.24 There is a clear correspondence
of this gap with STM images of the clusters acquired at low
biases �±0.4 V�, where the clusters are observed as depres-
sions with respect to the Si adatoms. A small height corre-
sponds to low density of states and further supports the non-
metalliclike behavior of the clusters. At ±0.4 V, a
comparison between the two halves of Si�111�-�7�7� unit
cell �STM images Figs. 2�a� and 2�b�� clearly indicates that
the Co-induced clusters cause a reduction in density of states
near the Fermi level.

At bias voltage ±2.0 V, the cluster height in the filled
state is almost double that of the empty-state image. This
results in the drastic increase of tunneling conductance be-
low −0.3 V in the STS curve �where the occupied states are
probed� with a peak at −1.75 V �dash-dotted line in Fig. 3�.
In the next section we will show that this peak is due pre-
dominantly to the LDOS from the second-layer Co atoms in
the clusters. The cluster model is shown in Fig. 4�a�.

C. RSMS calculations

To simulate the STS curves, we carried out DOS calcula-

FIG. 4. �Color� �a� Top and side view of the Co-induced magic
cluster in the FHUC �from Ref. 13�. The Si and Co adatoms are
indicated by pink and blue balls, respectively. The atoms in the rest
atom layer and below are shown by yellow balls. Arrows indicate
two center adatom vacancies associated with every cluster. �b� Top
view of the cluster with 59 Si and six Co atoms constructed �based
on relaxed cluster structure of Fig. 4�a�� for momentum- and
element-projected DOS calculation. Here the light yellow ball is Si
and considered as a central atom for the calculation.
tions using the FEFF8 code �version 8.20, University
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of Washington�,16 which uses a RSMS approach with self-
consistent muffin-tin �MT� potentials. A 37-atom cluster
�6.1 Å radius around a central Si atom indicated in light
yellow in Fig. 4�b�� was constructed for the self-consistent
field potential calculation. The potentials and phase shifts
were calculated with the absence of a core hole. The MT
radii were overlapped by a factor of 1.15 to reduce the ef-
fects of discontinuities between adjacent regions of MT po-
tentials. Nonoverlapping MT radii are determined automati-
cally from the calculated Norman radii.25 The full multiple-
scattering calculations were performed for a Co-Si cluster
shown in Fig. 4�b� which contains 59 Si and six Co atoms
�8 Å radius from central Si atom�. The cluster is constructed
based on the relaxed structure of Fig. 4�a�,13 and the top view
is shown in Fig. 4�b�. The RSMS method can calculate
atomic potentials self-consistently, providing an accurate
Fermi energy �typically to within a fraction of 1 eV�, as well
as the orbital angular momentum projected DOS �l-DOS�.
The energy resolution and accuracy of DOS calculations are
limited by broadening due to cluster size, self-energy, and
lifetime contributions, and by the lack of full potential cor-
rections to the MT potentials.16

The l-DOSs calculated from the 65-atom cluster are
shown separately for Si and Co in Figs. 5�a� and 5�b�, re-
spectively. The 0 eV indicates the Fermi level EF �shown by
vertical dashed line�. In Fig. 5�a� the dominant peaks below
EF can be attributed to the 3p character of Si. Despite broad-
ened spectra around EF, a gap can be roughly resolved indi-
cating a nonmetalliclike behavior. The resolution of the Si
l-DOS can be improved by including more atoms in the cal-
culated cluster, but the main features remain basically the
same. In Fig. 5�b�, the dominant peak below EF at −2.05 eV
can be attributed to the localized Co 3d orbitals. The inset in
Fig. 5�b� shows full 3d peak of the l-projected DOSs in the
energy range −5 to 15 eV; the maximum value of Co 3d
l-DOS is �nine times higher than that of Si 3p. The position
of the large peak in the STS curve at −1.75 V �dash–dotted
line in Fig. 3� is comparable to the dominant Co 3d peak in
Fig. 5�b�. Moreover, the band gap evident from the
Si-3p-projected DOS is consistent with the observed gap in
the STS curve in Fig. 3.

IV. CONCLUSIONS

The electronic structure study of low-dimensional systems
such as 3d ferromagnetic metal-induced clusters is important
for understanding their electrical, optical, and magnetic
195415
properties.26 The STS results suggest that the magic clusters
are responsible for a local removal of the metallicity of
Si�111�-�7�7� and a band gap of 0.8 eV opens near the
Fermi energy. This band gap opening suggests the gain of
electronic energy as a driving force for the formation of the
magic clusters. The significant increase in cluster height
starting at a bias of −0.8 V in filled-state STM images is
consistent with a drastic increase of tunneling conduct-
ance below the Fermi level in the STS curve, with a maxi-
mum at −1.75 V. From the momentum- and element-
projected DOS calculations, it is clear that this peak is due to
Co atoms at the second layer of the magic cluster. Such a
systematic understanding of the interface and electronic
structure is important for future applications of nanodevices
using metal clusters.

FIG. 5. The s-, p-, and d-projected l-DOSs �shown by circle,
square, and triangle marks, respectively� for Si �a� and Co �b�. Here
0 eV indicates the Fermi level and is marked by a vertical dashed
line. The inset in �b� indicates the DOS using a larger scale.
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