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Theoretical calculations

Our simulations are based on ab initio density functional theory calculations. We have adopted well tested models of Si tips
to simulate the AFM force curves [9]. The model structures comprised the tip and a slab representing the Si(111) 7 × 7 surface
unit cell. The slab consisted of three reconstructed Si layers (adatom, restatom and dimer layer), two further unreconstructed
Si bi-layers below and a passivating layer of hydrogen at the bottom of the slab. All simulations have been carried out for a
tip placed on top of a corner adatom in the faulted half-unit cell. The forces and the equilibrium geometry of the system were
calculated with plane-wave pseudopotential package VASP [5], using Vanderbilt ultra-soft pseudopotentials [13] and the PW91
version [8] of the generalized gradient approximation (GGA). The cutoff for the plane waves was set to 300 eV. Because of
the relatively large 7 × 7 unit cell, the sampling of the Brillouin zone was restricted to the Γ point only. The geometry was
considered converged when forces on all atoms that were allowed to relax to equilibrium were below 1 meV/Å. The bottom Si
layer of the slab that represented the substrate and the H atoms passivating the bottom Si layer were kept at fixed positions during
the calculation. Likewise, two Si layers with the passivating H layer at the top of the cluster that represented the tip were kept
fixed and determined the tip position. All remaining atoms were free and allowed to assume equilibrium positions. The tip was
gradually approached towards the surface by a step of 0.25 Å, starting from a position in which the vertical distance between
the outermost atom of the tip apex and a surface adatom was 7.00 Å. The force acting on the tip was found through numerical
differentiation of the dependence of total energy on the tip–surface distance. So as to ensure that the calculated short range force
is really comparable to the short range force component extracted from experiment, we subtracted the forces calculated on top
of a corner hole from the forces found on to of an adatom at corresponding tip heights, similarly to the short range extraction
procedure applied on the experimental forces (see below). However, as the GGA method does not account for the van der Waals
(London dispersion) force, which is the main long range component of the interaction force, the forces calculated with the tip
over the corner hole site were already almost an order of magnitude smaller than over the adatom.
The tunneling conductance was calculated within a Green’s function formalism [3], as implemented in the Fireball code
[7]. The Green’s functions in this implementation are represented in a local basis of pseudo-atomic orbitals with a finite but
large cutoff [3]. A smearing factor corresponding to an arbitrarily chosen imaginary part of self-energy was set to 0.01 eV.
The geometry of the system for the electron transport was taken over from the VASP calculations. For better comparison with
experimental set shown on Fig. 2, we multiplied all theoretical conductance values by factor of 1/80. This causes only rigid shift
of the G − z curve but maintaining the slope of the exponential decay.
Experimental methods

Experiments were carried out using a custom-built ultra-high vacuum AFM/STM operated at room temperature. To ensure
sufficient electrical conductivity of the tips, commercial Pt-Ir coated Si cantilevers (NCLPt, NanoWorld) were carefully cleaned
by Ar-ion sputtering before use [12]. After that, the tip was intentionally poked to surface until atomic resolution was obtained
in both AFM and STM mode. We assume that the tip apex was covered with Si atoms picked up from the surface after this
treatment. Cantilever deflection sensor based on optical interferometer enabled force measurements with high sensitivity and
guaranteed decoupling of the force and tunneling current signals. The interaction force was measured by the frequency modulation detection method [2], where the frequency shift (∆f ) of a cantilever oscillating at a constant amplitude was detected. Bias
voltage Vs was applied to the sample with respect to the tip, which was held at virtual ground potential. Our current-to-voltage
converter connected to the oscillating tip outputs a time-averaged tunneling current over one oscillation cycle (hIt i) because the
resonance frequency of the cantilever (f0 ) is much larger than the bandwidth of the converter. Site-specific force spectroscopy
was performed using a commercial scan controller [4] combined with a home-built atom tracking system [1]. The Si(111)-
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(7×7) surface was prepared by the standard method of flashing and annealing. The dependences of ∆f (z) and hIt (z)i on the
tip-surface distance (z) were measured simultaneously above the Si adatom. Accurate estimation of the short-range chemical
force F acting between a single atom on the tip and a Si adatom is of fundamental importance for our purpose. Therefore we
subtracted from the frequency-shift data set the ∆f (z) curve acquired above the corner hole site where only the long-range force
acts on the tip [6], so as to remove the long-range component from our data (see Fig. 1a).
The force and the tunneling current curves were obtained as follows. The tip-surface distance was regulated by hIt i (STM
feedback). After positioning the tip above the target corner Si adatom within a lateral precision of ±0.1 Å by atom tracking [1],
the z feedback was temporarily opened and ∆f (z) and hIt (z)i curves were simultaneously acquired above the Si adatom, and
then the z feedback and the atom tracking were reactivated. We again switched off the z feedback and the atom tracking above
the Si adatom, shifted the tip laterally toward the corner hole at constant height and their curves corresponding to the long-range
background were acquired. This procedure was repeated and in total twenty curves were obtained to calculate an average at
each site. Thereafter the short-range ∆f curve [∆fSR (z)] was obtained by subtracting the ∆f (z) curve above the corner hole
from the ∆f (z) curve above the Si adatom. The resulting ∆fSR (z) as well as hIt (z)i above Si are shown in Fig. 4a. ∆fSR (z)
was converted into F (z) using the Sader formula [10], while hIt (z)i was also converted into the instantaneous tunneling current
[It (z)] by a complementary formula [11]. Resulting data sets F (z) and G(z) = It (z)/Vs are shown in Fig. 4b.
Extraction of the short-range chemical force from the experimental measurements

The total force between tip and sample measured by NC-AFM in UHV conditions is composed of various kinds of contributions, such as the short-range chemical bonding force, and long-range van der Waals and electrostatic forces. The chemical
boding force is site-dependent on surfaces while van der Waals force and the electrostatic force are site-independent long-range
interaction forces. These differently-originated forces acting on the tip are additive. The different force contributions in the
frequency shift also become additive because of the linearity of the formula to relate the frequency shift to the interaction force.
For purposes of this paper, the chemical bonding force must be extracted from the measured total force to be compared with
the conductance.
The frequency shift caused by the long-range electrostatic interactions can be eliminated by compensating for the contact
potential difference (VCP D ) between the tip and the sample (see [14]). This elimination is based on the capacitive electrostatic
force between tip and sample, assuming that there is no trapped charge on the tip. In our experiments, the tip apex was carefully
cleaned by ion sputtering, and then was poked to conductive Si surface. It follows from our tip preparation that our metal coated
tips should not be charged. It is supported by the magnitude in VCP D that are similar to each other for many tips as shown in
Fig. S3.
Thus, the short-range chemical interaction force contribution can be extracted by the subtraction of van der Waals force
contribution from the total frequency shift measured at VCP D . The Si(111)-(7x7) surface has corner holes where atoms from the
top three layers are missing. The long range van der Waals contribution can be properly estimated from ∆f (z) curve measured
on the corner hole as proposed by Lantz et al [6]. Actually, the decay constant of the short-range force obtained by the procedure
described above (Fig. S3) is similar to each other although some of data were obtained at Vs slightly shifted from VCP D . It
implies that cancelation of the electrostatic force and van der Waals force works well.
Effective screening of the external field on localized states

Here we deal with an atomically sharp tip approaching the Si(111)-(7x7) surface both containing strongly localized electronic
states in both energy and space. In particular, both tip and surface show a metallic behavior provided by dangling bond of Si
atoms located at the Fermi level as showed schematically in Fig. S5. The application of an external bias voltage, Vs , between tip
and sample results in a charge transfer, δn, from one side to the other. If the single electron charging energy U of the localized
state is not negligible, this gives rise to an extra potential energy U δn, which screens out the applied external electrostatic
potential, eVs . This results in Fermi level shift, i.e. the effective potential ∆, smaller than the applied bias eVs (see Fig. S5).
Thus, the amount of charge transfer equals roughly δn = ρ(EF )∆, where ρ(EF ) means density of states near the Fermi level.
Also, the density of state ρ can be approximated as 1/Γ, where Γ is the width of the electronic state [17]. Therefore, we can
write:
U δn = eVs − ∆,

(1)

using relations introduced above and little algebra we finally obtain:
∆=

eVs
.
1 + U/Γ

(2)
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This equation expresses the effect of the screening S = 1/(1 + U/Γ) of applied potential Vs on the final energy shift of the
localized state. Now, we can estimate the effect on a dangling bonds states on the Si(111)-7x7 surface. Previous theoretical
analysis of electronic structure of the Si(111)-(7×7) surface [18] estimated an effective on-site interaction U ∼ 1 eV, and being
Γ ∼ 50 meV, the effective potential is then:
∆=

eVs
eVs
≈
,
1 + U/Γ
20

(3)

i.e. the energy shift ∆ for an applied bias√of Vs = 0.5 V is only about 25 meV. This indicates that the interaction energy between
tip and sample at ∼ 6 Å distance, E ≈ t2 + ∆2 (with t = 75 meV, see the main text), is about 79 meV. So the relation E ∝ t
still holds confirming the validity of the quadratic regime G ∝ F 2 for bias voltages at least up to 0.5 V.
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FIG. S1: Comparison between a metallic and a semiconductor surface.
(a) Isosurface plot (at 0.005 Å−3 ) of projection of electron density near the Fermi level (EF ± 0.2 eV) on Cu(111) surface with Cu adatom
positioned over hollowsite from two different perspectives. (b) Isosurface plot (at 0.005 Å−3 ) of projection of electron density near the Fermi
level on the Si(111)-(7×7).
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(a)

(b)

FIG. S2: Long-range background subtraction. (a) ∆f (z) curves above the corner Si adatoms (red) and the corner hole (black) shown by
the arrows in the inset. The ∆fSR (z) curve calculated as the difference between the two curves is shown. (b) Distance dependence of the
dissipation and oscillation amplitude signals obtained simultaneously with the ∆f (z) curve above the Si adatom.
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FIG. S3: Reproducibility of the measurement: Data sets of κF and κG taken above a corner adatom. Sixteen different tips (Tip) of eight
different cantilevers (Cant.) were used. The adatom (Ad.) could be either in the unfaulted (U) of falulted (F) half unit cell.
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(a)

(b)

(c)

(d)

FIG. S4: The data set obtained by two different cantilevers. (a) ∆fSR (z) (red circles) and hIt (z)i (blue circles) curves above the corner
adatom in the unfaulted half unit cell on the Si(111)-(7×7) surface. (b) F (z) (red circles) and G(z) (blue circles) curves derived from (a).
The acquisition parameters are f0 =144.4074 kHz, A=123 Å, k=19.8 N/m, Q=13000, Vs =100 mV, and VCP D =−350 mV. (c) ∆fSR (z) (red
circles) and hIt (z)i (blue circles) curves above the corner adatom in the unfaulted half unit cell on the Si(111)-(7×7) surface. (d) F (z) (red
circles) and G(z) (blue circles) curves derived from (c). The acquisition parameters are f0 =146.0602 kHz, A=194 Å, k=20.4 N/m, Q=24000,
Vs =−200 mV, and VCP D =−280 mV. The logarithmic plots of the curves are shown in the inset. F (z) as well as G(z) curves have exponential
distance dependences with different slopes at far distance regime, indicating the square relation. It can be also seen in ∆fSR (z) and < It (z) >
curves. This is because F (z) ∝ ∆fSR (z) and It (z) ∝< It (z) > hold for exponential function [16]. We can clearly see the square relation
from the slopes of ∆fSR (z) and < It (z) >.
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FIG. S5: Schematic view of localized electronic states and the effect of an external electrostatic field.

