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Boron vacancies at the Si(111):B-
√

3 surface are model systems in the comprehension of strongly correlated
semiconductor surfaces. By using scanning tunneling spectroscopy, the origin of the single-vacancy electronic
structure is addressed. It is shown to originate from the localization of a well-identified dangling-bond surface
state with significant B character. The bivacancy defect, which is characterized by energy-split bonding and
antibonding states, is interpreted within the textbook diatomic molecule picture. From the hopping parameter,
we determine the bandwidth of the surface state from which the impurity state derives and evaluate the strength
of many-body effects. Our analysis supports the realization of the Mott-Hubbard insulator state in half-filled
dangling-bond surface states on

√
3-reconstructed surfaces, as proposed recently for SiC(0001), Sn/Ge(111), and

Sn/Si(111).
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I. INTRODUCTION

Dangling bonds at semiconductor surfaces have been
attracting considerable interest in the context of strongly
correlated systems. Because of their sp orbital nature, dangling
bonds are characterized by a Hubbard repulsion energy U ≈
1 eV (Ref. 1) that seemingly makes them unsuitable to exhibit
strong correlation physics, unlike d or f electron systems.
However, surface-state bands deriving from such dangling
bonds exhibit a small bandwidth W ≈ 0.1 eV because of
the reduced dimensionality. That feature is strengthened by
surface reconstructions that tend to seclude the dangling
bonds from each other. A typical example is found on

√
3-

reconstructed surfaces where dangling bonds are separated
by almost 7 Å.2 As a consequence, dangling-bond surface
states potentially verify the U � W condition to trigger
the Mott-Hubbard metal-to-insulator transition.3 Prototypical
examples are found at the pristine SiC(0001)-

√
3 surface4 and

in Sn/Ge(111)-
√

3 and Sn/Si(111)-
√

3 surface alloys,5–7 where
ab initio calculations fail to reproduce the insulating nature of
these surfaces.

At the Si(111):B-
√

3 surface, the electronic properties of
single boron vacancies have been studied recently by means of
scanning tunneling microscopy/spectroscopy (STM/STS).8–10

Their characteristic spectroscopic signature is an unoccupied
resonance appearing in the intrinsic gap.8 This resonance
derives from spz states and therefore is very similar to the
dangling bonds that form upon creating a silicon surface.
By further using very high tunneling currents, Nguyen et al.
reached a permanent regime in which the impurity becomes
singly occupied.10 In that regime, they observed a new
resonance at higher energy, attributed to the addition of a
second electron and separated by U ≈ 1 eV, that is typical of
silicon dangling bonds.1 Independently of correlation effects,
the transport process has been shown to be of polaronic nature
as a result of strong electron-vibration coupling.8

In this paper, we report a low-temperature STS study of the
electronic hopping at the Si(111):B-

√
3 surface that completes

the previously cited works on many-body aspects. To start
with, we show that the in-gap resonance results from the
localization at the impurity site of a well-identified dangling-
bond surface state with significant boron contribution. The

second important result is the evidence of coupling between
two neighboring boron vacancies. This so-called bivacancy
defect shows a striking similarity to the textbook homonuclear,
diatomic molecule case. Bonding and antibonding states
are indeed observed, and their energy separation allows to
determine the hopping parameter between impurity states
(|t | = 80 meV). By combining these two independent results,
we can estimate the bandwidth of the dangling-bond surface
state (W = 0.64 eV). Finally, the strength of many-body
interactions is addressed by comparing the surface-state
bandwidth to available many-body parameters in the literature.
The analysis supports the realization of a Mott insulator in the
half-filled dangling-bond surface state on

√
3-reconstructed

surfaces, as proposed recently for SiC(0001),4 Sn/Ge(111),5,7

and Sn/Si(111).6,7

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacuum
setup, using a commercial LT-Omicron scanning tunneling
microscope operated at either 5 or 77 K. Spectroscopic
acquisition is achieved with the lock-in technique, in the open
feedback-loop mode. Typical modulation bias and frequency
were 30 meV and 700 Hz, respectively. The typical junction set
point parameters were I = 0.5 nA and U = +2 V (unoccupied
states). In order to produce the

√
3-reconstructed surface, we

used highly boron-doped Si(111) wafers (degenerate p-type
semiconductor, ρ ≈ 10−3 � cm). The sample is annealed
by direct heating, starting with repeated flash annealings
at 1400 K followed by an annealing of several hours at a
lower temperature (1100 K). This procedure ensures bulk B
impurities are segregated at the surface and substitute Si atoms
at the S5 site, leading to the

√
3 surface reconstruction with

one B atom per reconstructed unit cell.11 Those B atoms in the
sublayer act as acceptors that accommodate the dangling bond
electrons provided by Si adatoms, resulting in a passivated
surface.

III. RESULTS

Figure 1 shows a constant-current STM image of an almost-
defect-free surface (U = +2 V, I = 0.3 nA). Low-height
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FIG. 1. (Color online) Atomically resolved STM image of the
Si(111):B-

√
3 surface (U = +2 V, I = 0.3 nA). Besides passivated

adatoms, we observe two kinds of defects associated with B vacancies
in the sublayer: a single defect and a double defect, with the latter
corresponding to two adjacent B vacancies.

protrusions (blue) correspond to passivated Si adatoms that are
arranged in a

√
3 hexagonal array with 6.65-Å atomic spacing.

In addition, two distinct bright features are observed. The first
one (labeled single) is characterized by a single bright spot
centered at an adatom position and surrounded by neighbors
of higher apparent height than the passivated sites, giving this
peculiar flower-like shape to the defect. This is attributed to
a B vacancy in the sublayer. The strong contrast observed in
the topographic image is a spectroscopic effect resulting from
an unoccupied impurity state in the intrinsic gap that strongly
contributes to the tunneling current.8 The second bright feature
(labeled double) consists of two adjacent defects of the first
kind. This so-called bivacancy is statistically difficult to detect
on well-prepared surfaces. Although not shown here, a drastic
reduction of the segregation time yields more of these defects
and even more complex multiple vacancies.

In the context of strongly correlated surfaces, the electronic
structure of Si(111):B-

√
3 provides interesting insight as it

is a model system involving dangling-bond surface states. In
Fig. 2(a), we present dI/dV maps recorded on the passivated
surface at 5 K. At low energy [(i), 1.30 eV], the density of states
(DOS) is centered on Si adatoms (labeled ad). By increasing
the energy, the DOS first becomes structureless [(ii), 1.55 V]
before showing a honeycomb pattern with a minimum at the
adatom sites and a maximum over second-layer Si2 atoms
[(iii), 1.80 eV]. This dramatic change, visualized as a contrast
inversion, is the indication that different electronic states are

probed at low and high energies. Alternatively, the point can be
evidenced with energy-dependent dI/dV spectra [Fig. 2(b)].
On the adatom site (solid blue line), the local DOS shows
an onset at 1.05 V and a pronounced maximum at 1.80 eV.
The spectrum recorded on the second-layer site (dashed red
line) exhibits a similar energy dependence but shows a clear
transfer of spectral weight from high to low energies (see inset).
Therefore, low-energy (high-energy) electronic states show an
enhanced density on ad (Si2) sites. As expected, at the crossing
point of the two spectra, the corresponding dI/dV map (ii)
shows no contrast.

The origin of these electronic states is addressed by
comparing the STS measurements to the available DFT
calculations [Ref. 11; Fig. 2(b), right]. Along the �̄K̄ surface
direction, the electronic structure exhibits two surface states,
labeled SS1 and SS2, that overlap with the bulk conduction
states (shaded gray area). The calculated band structure has
been rigidly shifted in order to match the Fermi level with the
top of the valence band, as expected in a degenerate p-type
semiconductor. At the �̄ point, the onset and the pronounced
maximum of the experimental DOS coincide remarkably with
SS1 and SS2, respectively. In the vicinity of �̄, SS2 has an
almost flat dispersion that yields a peaked DOS as observed
experimentally. In contrast, SS1 disperses strongly, resulting
in a spread DOS.

The analysis at �̄ only is not sufficient since STS is
a k-integrating technique, whose finite range of integration
depends on the tip properties.12 However, in the present
experiment, the loss of contrast allows one to estimate
the momentum range. If the tip integrated over an infinite
momentum range, the dI/dV maps would always exhibit
atomic corrugations since SS1 and SS2 would provide a k state
whatever the bias voltage. The loss of contrast rather suggests
that the maximum momentum contributing to the tunneling
current is smaller than kmax = 0.6�̄K̄ = 0.38 Å

−1
, as defined

in Fig. 2(b). The onset of the SS1 DOS at 1.05 eV corroborates
this estimation. Indeed, a larger kmax would shift the onset to
lower energy.

These surface states derive from the adatom spz dangling
bonds, which are the elemental bricks of strongly correlated
surfaces. Indeed, theoretical studies predict that the spz states
weakly overlap on

√
3 surfaces, opening the way to strong

correlation effects (large U/W ratio).1–3 In the following,

FIG. 2. (Color online) (a) dI/dV maps of the defect-free Si(111):B-
√

3 surface at (i) 1.30 eV, (ii) 1.55 eV and (iii) 1.80 eV bias voltages.
(b) STS spectra recorded above a Si adatom (ad, solid blue line) and a second-layer Si atom (Si2, dashed red line). The inset evidences the DOS
difference in the low-energy sector. On the right, band dispersion of surface states SS1 and SS2 along �̄K̄ is shown; the shaded area represents
the bulk continuum (from Ref. 11).
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FIG. 3. (Color online) (a) Comparison of STS spectra recorded
above a passivated adatom (dashed gray line) and a B vacancy (solid
black line) (U = 1.8 V, I = 0.4 nA, T = 5 K). (b) Comparison of
STS spectra recorded at different locations (A, B, and C) above a
bivacancy and a single vacancy (U = 2.0 V, I = 0.3 nA, T = 77 K).
(c) Schematics illustrating the indirect hopping path between nearest-
neighbor adatoms. The dark and light gray lobes depict the positive
and negative parts of the wave functions, respectively.

we propose a method to estimate the hopping parameter
and, in turn, the strength of many-body interactions affecting
dangling-bond surface states. We show that this information
can be provided by local spectroscopy on impurities, namely,
B (bi)vacancies. In Fig. 3(a), STS spectra recorded above a
passivated adatom (dashed gray line) and a B vacancy (solid
black line) are compared (T = 77 K). At the impurity site, an
intense resonance appears in the intrinsic gap, as first pointed
out by Berthe et al.8 This in-gap state results mainly from the
localization of the SS2 surface state, as demonstrated by the
dramatic DOS transfer. The point is further supported by DFT
calculations11 that show that the SS2 Wannier function has a
significant B contribution, while the latter is negligible in the
case of SS1.

With STS, it is possible to extract the Hubbard repulsion
energy U of the impurity state. Recently, Nguyen et al.
employed very high tunneling currents in order to reach
a permanent regime corresponding to a singly occupied
impurity.10 They observed a new spectral feature at higher
energy, reflecting the charging of the impurity with a second
electron. Their analysis yields U = 1.12 eV, in agreement with
previous estimations.2 Electrons occupying dangling bonds
are affected not only by Coulomb repulsion but also by the
coupling with local vibrations. The in-gap state, in principle
decoupled from the other states, exhibits a surprisingly large
linewidth (approximately 0.2 eV). Berthe et al. interpreted
this feature within the Franck-Condon picture, the transport
through the defect being dominated by a strong electron-
vibration coupling and the formation of a local polaron.8 From
a quantitative point of view, these authors extracted both the

vibration energy h̄ω0 = 32.5 meV and the nondimensional
coupling constant g2 = 9.6.

In order to estimate the strength of many-body interactions
and the possibility of a broken-symmetry ground state, the
knowledge of the above parameters is not sufficient. The
latter inform on the energy gained by electron localization.
However, this effect competes with electron delocalization,
whose energy scale is given by the hopping amplitudes. The
analysis of the bivacancy defect allows us to extract this
missing key parameter. In Fig. 3(b), we show STS spectra
recorded at three different locations (A, B, and C; see inset)
above the bivacancy defect. All spectra exhibit two resonances
separated by 160 meV and shifted by ±80 meV with respect
to the single vacancy energy. This behavior is interpreted by
analogy to the homonuclear diatomic molecule case. In such
molecules, electron hopping lifts the atomic states degeneracy,
with the formation of bonding and antibonding states. Their
energy separation is 2|t |, where t is the hopping integral; in
the bivacancy case, we readily obtain |t | = 80 meV. Such a
textbook problem was already realized, for example, in atomic
chains built up by atomic manipulation.13,14

While the spectra look very similar over the two adatom
sites (A and C), the spectrum recorded in between (site B)
shows a different shape, with a clear modification of the
relative peak intensities. Indeed, the low-energy feature �AS is
weakened, while the high energy one �S is strengthened. Due
to inversion symmetry, the molecule eigenstates must be either
symmetric or antisymmetric with respect to the center. As a
general property, symmetric states show a maximum density
between the atoms, whereas antisymmetric states exhibit a
node at that same location. In the bivacancy, the analysis
of the relative DOS at the center allows one to assign the
symmetric state to the higher-energy state �S and vice versa.
This is at odds with the H2 molecule case, where positive
hopping between s orbitals ensures that the lowest-energy
state is symmetric. Here, due to the large interadatom spacing
(6.65 Å), the hopping between dangling bonds can only be
indirect, hence the important role of the substrate in the
hopping mechanism.15 An odd number of Si atoms in the
sublayer is involved, resulting in a negative hopping. The
situation is depicted in Fig. 3(c), where the indirect path
between two nearest-neighbor spz orbitals involves bonds with
px-py orbitals of three sublayer Si atoms.2 Maximum bonding
energy is achieved in the depicted configuration, with dangling
bonds of opposite signs.

From the bivacancy hopping integral, we can, in turn,
estimate the experimental SS2 bandwidth. Indeed, both im-
purity and Bloch states derive from similar Wannier functions.
On the hexagonal lattice, we get W = 8|t | = 0.64 eV, which
compares fairly well with the bandwidth predicted by DFT11

and measured by inverse photoemission.16 We are now able to
estimate the strength of many-body interactions. Regarding
electron correlations, a U/W ratio of 1.75 is found. This
value fulfills the U/W > 1 condition for the Mott-Hubbard
transition.1 Polaronic effects lead to a renormalized Hubbard
term Ueff = U − 2g2h̄ω0.17 In our case, Ueff = 0.50 eV.
Therefore the interaction between polarons remains repulsive,
so no bipolaronic ground state is expected to form. This finding
supports the recent proposition that, contrary to a previous
claim,18,19 K/Si(111):B has no bipolaronic ground state.20
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IV. CONCLUSION

In summary, we investigated the local electronic structure
of the Si(111):B-

√
3 surface, a model system in the context

of strongly correlated surfaces. We determined the strength of
many-body effects affecting the dangling-bond surface states.
Our finding strongly supports the realization of the Mott

insulator state on prototypical
√

3-reconstructed surfaces. In
order to tackle this problem, we developed a STS approach
for bandwidth determination that relies on semiconductor
impurities. This approach can be generalized to other semi-
conductor surfaces, where the usual standing-wave method21

is not applicable because of strong atomic corrugations.
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