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Periodic variations in the local surface potential of Si(111)-(5×2)-Au
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The image-state-derived field-emission resonances (FERs) on a Si(111)-(7 × 7) surface that is partially
covered by the gold-induced Si(111)-(5 × 2)-Au reconstruction, were probed by scanning tunneling spectroscopy
measurements. On Si(111)-(5 × 2)-Au, a shift of the FER peak positions is observed compared to the bare 7 × 7
surface. Spatially resolved dI/dV maps reveal a periodic variation of the higher-order FERs in the direction
perpendicular to the chains of the quasi-one-dimensional Si(111)-(5 × 2)-Au reconstruction. The effect appears
on a length scale of less than one nanometer and can be attributed to the local surface potential. Simple
one-dimensional models reproduce the first seven FERs perfectly and allow extraction of the potential landscape.
This landscape is confirmed by density-functional theory calculations, revealing an attractive well above the
graphitic Si honeycomb chains due to low electron density.
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I. INTRODUCTION

Gold-induced atomic chains on flat and vicinal semicon-
ductor surfaces have gained considerable interest in recent
years because they are a promising model system for low-
dimensional physics that is accessible by both experimental
and theoretical methods. On flat Si(111), a chain system exists
for 0.6 monolayer (ML) gold coverage, where one ML is
referenced to the number of silicon atoms in a surface layer.
The atomic structure of this Si(111)-(5 × 2)-Au reconstruction
(in the following referred to as 5 × 2) has been solved recently
using a combination of precise coverage determination,1

high-resolution scanning tunneling microscopy (STM), angle-
resolved photoelectron spectroscopy (ARPES), and density-
functional theory (DFT) calculations.2

In this work, the local surface potential (LSP) above the
5 × 2 surface is investigated in real space. On nanostructured
surfaces, the LSP is typically not homogeneous, which results
in lateral components of the electric field. It has been shown
to play an important role for various processes at surfaces,
including Rashba spin-orbit splitting,3 as well as catalytic4

and adsorbate5 behavior, and it contributes to the local work
function (LWF),4 which is one of the most fundamental phys-
ical properties of a nonuniform surface. Scanning tunneling
spectroscopy (STS) is used to probe the LSP with high
spatial resolution. The STM is operated in a field-emission
mode at large positive sample voltage, where tunneling is
enhanced by image-potential states that are modified by the
electric field between the tip and sample. These confined
states appear as so-called field-emission resonances (FERs)
or Gundlach oscillations in STS curves.6–8 They are related
to image-potential states, which have been intensely studied
on metal and dielectric surfaces,8–10 and were proposed to
be used as scalable quantum bits.11 Quasi-one-dimensional
surfaces related to the present system have been examined
in reciprocal space by two-photon photoemission12–17 and
inverse photoemission,18–20 but investigations in real space
are rare. In STS curves, the energy position of the FER at
the location of the tip is a measure for the LSP, which can
be obtained by fitting the solution of the one-dimensional
Schrödinger equation in the direction perpendicular to the

surface.5,21,22 Realistic potential models include the contact
potential, the image potential, and the tip-sample potential
induced by the tunneling voltage. As shown in this work, the
periodic potential variations that decrease as a function of the
distance to the sample require an extended model that includes
a Laplace-derived modulation decay.

The structure of the paper is as follows: The starting point is
the comparison of spatially averaged FER spectra on Si(111)-
(7 × 7) versus Si(111)-(5 × 2)-Au. Then, on 5 × 2, periodic
modulations of the LSP on the atomic scale are investigated
in detail by STS and DFT. It is shown that a modification of
the one-dimensional potential model is necessary since the tip-
surface distance is of a similar dimension to the lateral period
length. Finally, the mechanism for asymmetrically suppressed
FER peaks observed in STS curves is explained by simple
numerical simulations that account for the varying tip-surface
distance during spectroscopy.

II. METHODS

The Si(111) substrate was degassed at 650 ◦C for one hour,
followed by repeated flashing to 1250 ◦C, resulting in an atom-
ically clean Si(111)-(7 × 7) surface (in the following referred
to as 7 × 7). In order to partially cover the substrate with 5 × 2,
less than 0.6 monolayers of Au were evaporated at 650 ◦C. The
patch size can be tuned by the temperature of a postanneal.
For this work, 850 ◦C was used, resulting in several-hundred-
nm-large and well-defined patches of Si(111)-(5 × 2)-Au. The
base pressure for sample preparation and subsequent STM
investigations was less than 10−10 mbar. The experiments were
performed in a commercial low-temperature STM operated
at 78 K. The differential conductivity curves dI/dV were
obtained by a lock-in technique in a closed-loop mode with
a setpoint of 0.1 nA. Frequencies between 5 and 9 kHz
and modulation voltages between 20 and 50 mVrms were
used, resulting in an energy resolution of the order of
100 mV. The corresponding tip displacement z(V ) was
recorded simultaneously. For all measurements, a single W
tip was used prepared by standard electrochemical etching
followed by in-vacuo heating and Ar self-sputtering.23
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First-principles electronic-structure calculations were used
to determine the equilibrium geometry of Si(111)-(5 × 2)-Au
and the self-consistent electrostatic potential near the surface.
The structural model was the same as that proposed in Ref. 2.
The calculations were performed in a slab geometry with four
layers of Si plus the reconstructed top surface layer and a
vacuum region of 15 Å. All atomic positions were relaxed,
except the bottom Si layer and its passivating hydrogen layer,
until the largest force component on every atom was below 0.01
eV/Å. Total energies and forces were calculated within the
Perdew-Burke-Ernzerhof (PBE) generalized-gradient approx-
imation to DFT using projector-augmented-wave potentials,
as implemented in VASP.24,25 The plane-wave cutoff was 250
eV, and a 2 × 2 grid was used to sample the surface Brillouin
zone.

III. RESULTS AND DISCUSSION

A. Comparison between 5 × 2 and 7 × 7

In the STM topography image of a 5 × 2 patch [Fig. 1(a)],
two alternating elements of the chain structure can be distin-
guished: gold-silicide chains (AuSi), which appear as bright
stripes, and dark silicon honeycomb chains (Si-HC). Addi-
tional Si adatoms appear as bright protrusions. In Fig. 1(b),
the structural model based on first-principles total-energy
calculations2 is shown. The chains reveal a periodicity of
1.67 nm in the perpendicular direction and are found to extend
up to some μm in length, depending on the patch size.

In a first step, the 5 × 2 chain structure is compared to
the pristine 7 × 7 surface. In Fig. 2(a), a topography image
of the 7 × 7 surface together with a typical 5 × 2 patch is
shown. Corresponding dI/dV spectra averaged over a 7 × 7
and 5 × 2 patch are shown in Figs. 2(b) and 2(c). For large
positive voltages (i.e., >4 V), pronounced peaks are observed.

(a) (b)

FIG. 1. (Color online) (a) Topography (15 × 26 nm, UT =
+0.8 V, IT = 30 pA) of the Si(111)-(5 × 2)-Au reconstruction.
Chains of AuSi appear bright and chains of Si-HC appear dark.
(b) Structural model of the (5 × 2)-Au reconstruction as obtained
from first-principles total-energy calculations (Ref. 2). Inset of (a):
Simulated STM topography based on structural model shown in (b)
(Ref. 2).

(b)

(c)

(d)

(a)

FIG. 2. (Color online) (a) STM image of the 7 × 7 surface and
a 5 × 2 patch. (b) Averaged dI/dV spectra (solid line) and tip
displacement z(V ) (dashed line) on 7 × 7 and (c) 5 × 2, respectively.
(d) The peak positions of the 5 × 2 spectrum shifted horizontally
by 0.76 eV match those of the 7 × 7 curve, indicating an overall
work-function difference.

As seen in Figs. 2(b) and 2(c), the spatially averaged FERs
on 7 × 7 areas start to appear at voltages of 4–5 V, in contrast
to 5–6 V on patches of 5 × 2. Such differences in the voltage
onset of the FER series directly reflect LWF variations.21,26

In fact, the entire dI/dV curves in Figs. 2(b) and 2(c) can
be brought into accordance simply by a horizontal offset �E,
as shown in Fig. 2(d). The best agreement is achieved for
�E = −0.76 eV. While the higher-order FER peak positions
coincide perfectly, small deviations are visible for the first state
caused by a fine structure (shoulder) in the 5 × 2 curve, which
is discussed in Sec. III C.

A constant shift of all spectral features is only possible if
the LWF for both structures is different by �E and all other
contributions to the FER energies remain constant. The same
result is obtained using a simple one-dimensional model: for
higher-order FERs, the potential can be assumed to be infinite
inside the bulk and linearly increasing in the direction of the
tip (i.e., triangular shape).27 The energy eigenvalues are then

Vn = φ +
(

3π

2
√

2

) 2
3
(

e2F 2h̄2

me

) 1
3
(

n − 1

4

) 2
3

, (1)

where e is the elementary charge, F is the external field, me

is the mass of an electron, n is the consecutive number of the
FERs, and φ is the LWF. A fit to the experimental data with F

and φ as free parameters results in the FER positions indicated
by arrows in Figs. 2(b) and 2(c). As the model is only valid
for higher-order FERs, the first two states were excluded from
the calculations. Despite its simplicity, the model matches the
experiment well.28 The fit yields a LWF difference, �φ =
(0.76 ± 0.05) eV.

The total LWF difference comprises two surface-related
contributions: first, both structures have significantly different
Fermi-level pinning of about �Ef = −0.45 eV.29,30 The
remaining difference is attributed to surface-dipole effects,
which now can be estimated to be �ED = 0.31 eV. This value
is comparable to the effect of polar molecules adsorbed on
5 × 2.31 In addition, the LWF of 5 × 2 can be estimated from
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the obtained �φ and the LWF of 7 × 7 (≈4.6 eV)32 to ≈
5.4 eV. In earlier ultraviolet photoelectron spectroscopy
studies, �φ = 0.34 eV has been reported,33 while in spatially
resolved Kelvin probe measurements, �φ = 0.5 eV was
found.34 The origin of this experimental spread is left as a
subject for future investigations.

B. Periodic potential variations

The spatially dependent FER spectra of a region containing
both 7 × 7 and 5 × 2 are presented in Fig. 3. The dI/dV map
in Fig. 3(b) is obtained by averaging the dI/dV (x,y,V ) data
along the x direction [parallel to the 5 × 2 chains shown in
Fig. 3(a)]. Obviously, the LWF difference discussed in the
previous section occurs on a length scale of about 1 nm.

In the following, the spectra of the 5 × 2 area are discussed
in detail. A pronounced periodic modulation of the dI/dV

signal is found in the direction perpendicular to the chains (y
direction) with a periodicity of ≈1.7 nm, matching the 5 × 2
interchain distance. A comparison of the dI/dV map to the
topography [dashed lines in Figs. 3(a) and 3(b)] reveals that on
the Si-HC chains, the first FER appears at 5.1 eV, while on the
AuSi chain, it is located at 5.66 eV. No significant influence of
the Si adatoms on the FER positions is observed.

(a) (b)

(c)

FIG. 3. (Color online) (a) STM topography at a transition between
7 × 7 and 5 × 2. The chains are oriented in the x direction. (b) dI/dV

map of the area shown in (a) obtained by averaging a complete
dI/dV (x,y,V ) data set along the x direction (parallel to the 5 ×
2 chains). Pronounced peaks found between 4 and 10 V represent
FERs. Red and black dashed lines indicate AuSi and Si-HC chains,
respectively. (c) Averaged dI/dV spectra measured over AuSi chains
(black line) and Si-HC chains (red line). On the AuSi chains, the FERs
are shifted to higher voltages with respect to the FERs on the Si-HC
chains. In addition, a distinct splitting of the first FER of the AuSi
chains is present. Arrows indicate calculated FER positions matching
the observed peak positions perfectly.

For a further analysis, dI/dV spectra averaged over areas
of the AuSi chains are compared to those of the Si-HC chains
in Fig. 3(c). Here the FERs appear as peaks in the range of 5 to
10 V. Two main differences are evident: First, the higher-order
FERs (starting from n = 2) on the AuSi chains are shifted
toward higher voltages compared to those of the Si-HC chains,
with decreasing differences for higher voltages. Second, the
first FER of the AuSi chains shows a pronounced double-peak
feature, while it consists of a single peak in the Si-HC chain
spectrum. The first peak in the n = 1 AuSi FER is attributed to
a remnant of the n = 1 Si-HC FER, whose origin is addressed
in detail below. Thus, the energy position of the first FER
differs by 0.56 eV, as indicated in the figure. The difference of
the LSP can be expected to be of a similar magnitude.35

In contrast to the LWF comparison on patches of 5 × 2 and
7 × 7 (constant shift in Fig. 3), the periodicity a = 1.7 nm
of the chains is now comparable to the tip-sample distance.
Consequently, the surface-potential variations induced by the
chains decay in a nonlinear way into the vacuum. Thus
the simple assumption of a triangular tunneling barrier as
used before for the higher-order FERs is not valid here.
Energy shifts of the FERs on a short lateral length scale
directly reflect the surface potential.5 With increasing n,
the energetic positions of the FER states are determined by
a larger relevant z-range of the potential. From Laplace’s
equation, it follows that the first Fourier component of a
periodic potential modulation, ��(z = z0,y) = V0 sin( 2π

a
y)

(with amplitude V0 and periodicity a), at a certain dis-
tance z0 from the surface decays exponentially according to
��(z,y) = V0 sin( 2π

a
y) exp[−2π/a(z − z0)].

In order to quantitatively reproduce the measured voltages
for all FERs, the time-independent Schroedinger equation was
solved numerically for each voltage in the relevant range
using the Numerov scheme.36 The model potential (Fig. 4)
includes the exponentially decaying LSP difference (see inset
in Fig. 4), the work function of tip and sample (�t and
�5×2, respectively) whose difference results in a contact
potential, the image potential of the tip and sample including
the dielectric constant of the respective material,37 and the
potential induced by the tip-sample voltage.38 Measured z(V )
curves are used for modeling the geometry of the potential,
leaving an unknown constant offset d0 as a fit parameter. In a
simultaneous fit of the model to peak positions of both spectra
in Fig. 3(c), the remaining fit parameters are the (spatially
averaged) work functions of the tip and sample, the location
of the image plane at the sample surface zi , and the LSP
difference (i.e., 2V0) between AuSi and Si-HC at distance
z0. Note that z0 can be chosen arbitrarily without loss of
generality. A reasonable choice is the distance corresponding
to the expectation value 〈z〉 of the first FER wave function
because V0 can then be directly compared to the measured
shift of the first FER (see below). The calculated FER
positions for the best fit are indicated by arrows in Fig. 3 and
perfectly match the measured peak positions with deviations of
<20 meV. The fit results in �5×2 = 5.52 ± 0.03 eV, which is
remarkably close to the work function � ≈ 5.4 eV obtained
from comparison to the 7 × 7 substrate (see discussion in
the context of Fig. 2 above). A mean expectation value
〈z̄〉 = (〈zAuSi〉 + 〈zSi−HC〉) /2 = 3.2 Å can be derived from the
first FER wave function, in agreement with a similar estimation
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FIG. 4. (Color online) Simple model for the electrostatic potential
above AuSi chains (black lines) and Si-HC chains (red lines) for
a tip-sample voltage of 5.5 V. Toward the vacuum, the exponential
equilibration of the LSP variations is taken into account. The effective
potential variation experienced by the electron states of the first
FER is 0.46 eV. The resulting FER eigenenergies are indicated by
arrows in Fig. 3(c). Inset: components [��(z,yAuSi),��(z,ySi−HC)]
of the potential that are dependent on the y direction (perpendicular
to the chains) including the contact potential due to work-function
differences, φ5×2 − φt , of the sample and tip. At distances of more
than ≈10 Å, these potential variations become negligible. Dashed
lines indicate that close to the sample surface, the physics is not
represented correctly due to finite electron density and the influence
of ion cores.

by Ruffieux et al.5 At that location, the LSP difference is about
�φ = 2V0 = 0.46 eV (see Fig. 4), which is consistent with the
measured shift of the first FER.

Experimentally observed LSP variations are now compared
to DFT calculations. The resulting LSP, averaged in the
direction parallel to the chains, is shown in Fig. 5. As indicated
in Fig. 5, a maximum LSP difference of 0.3 eV is found at 3 Å
above the surface defined by the plane of the Au ion cores. Thus
the DFT calculation yields LSP differences quite comparable
to those observed in the experiment.

Some examples of two-dimensional periodic modulations
of the LSP observed via FER spectroscopy have been reported
in the literature before, e.g., on a Ag/Pt(111) strain relief
pattern5 and on a NaCl/Ag(100) Moire pattern.39 Compared
to these examples, the one-dimensional modulation observed

FIG. 5. (Color online) Theoretical electrostatic potential, ob-
tained self-consistently from DFT calculations and averaged along
the chain direction. A variant of the structural model in Fig. 1(b)
was used in which the surface adatom density was set to the average
experimental density of Fig. 1(a). A portion of the structural model
is shown.

here is accompanied by significantly higher in-plane electric
fields because the period length is much smaller (1.7 vs
7.8 nm39 and ≈7 nm,5 respectively) and the LSP variation
is larger (0.46 vs 0.15 eV39 and 0.35 eV,5 respectively).

Perpendicular to the 5 × 2 chains, the confined electron
states of the FER cannot freely propagate because of the
periodic LSP. This situation is similar to the herringbone
reconstruction on Au(111), where the Shockley surface state is
affected by the surface potential leading to a nonuniform local
density of states (LDOS)40–42 and the opening of minigaps
at the surface Brillouin zone boundary (SBZB).43,44 In the
present STS data on 5 × 2, no indication for such an effect is
observed. One reason is the relatively large distance between
the tip and surface, suppressing contributions to the LDOS
with large wave-vector components k‖ parallel to the surface.
Furthermore, due to the low period length of less than 1.7 nm,
contributions from the SBZB occur at much larger k‖ compared
to the herringbone reconstruction on Au(111). Backfolding
effects at the �̄ point are extremely small due to the low spectral
weight, as verified by solving the central equation45 for the
5 × 2 potential.46 Contributions of large k‖ (i.e., at voltages
far above the FER onset) are also suppressed because of the
influence of the feedback during closed-loop spectroscopy:
the constant-current condition leads to tip retraction at the
respective FER voltages, which in turn reduces the tunneling
current and hence the dI/dV signal even if the LDOS remains
constant as a function of voltage.

C. Origin of fine structure on 5 × 2

The same mechanism based in the feedback-loop effect
described above explains the origin of the double-peak feature
of the first FER on the AuSi chains, which is absent on
the Si-HC regions [cf. Fig. 3(c)]. A similar asymmetry
effect has also been observed in an earlier publication on
NaCl/Ag(100) without a detailed discussion.39 The double
peak originates from spectral overlap, i.e., partial contributions
of both structures (the AuSi and SiHC chains) caused by
the finite extent of the wave functions or the limited spatial
resolution of the experiment [see Fig. 6(a)]. For an illustration,
the dI/dV signal at constant current is simulated numerically
based on a simple model LDOS consisting of broadened step
functions, as shown in Fig. 6(b). Since the first FER is only
weakly affected by the applied voltage, a free-electron-like
dispersion is plausible, resulting in a stepped DOS. Within
the Wentzel-Kramers-Brillouin (WKB) approximation, the
tip displacement is numerically obtained from the tunneling
expression:

IT =
∫ eV

0
ρsρte

(−2
√

2me
h̄

z
√

φ̄+ eV
2 −E)dE, (2)

where ρs and ρt are the LDOS of the sample and tip, respec-
tively, and φ̄ is their mean work functions. The calculation
of dI/dV at constant current results in the curves shown in
Fig. 6(c) that can be compared qualitatively to the experiment
in Fig. 3(c). The asymmetry with respect to the location (AuSi
versus Si-HC) is clearly reproduced and most pronounced in
the case of the AuSi chains. Even a small fraction from the
Si-HC region results in a pronounced double-peak structure
because the tip is still close to the sample at the energy onset
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(b)

Si-HC AuSi

Si-HC AuSi

(c)

(a)

FIG. 6. (Color online) (a) Energy scheme of the first FER as a
function of the lateral position perpendicular to the chains. Gray areas
represent the probability density of the first FER eigenstates of the
Si-HC (red line) and AuSi (black line) regions. (b) Corresponding
model LDOS over Si-HC chains (red line) and over AuSi chains
(black line) assuming a free-electron-like dispersion. (c) Simulated
dI/dV signal (solid lines) and tip-sample distance z (dashed lines)
according to the LDOS in (b). The small first step in the AuSi LDOS
in (b) results in a pronounced signal in (c) due to the low tip-sample
separation.

of the Si-HC FERs. In contrast, the second peak resulting
from AuSi contributions is strongly suppressed on the Si-HC
due to the large tip-sample separation at that energy. Hence,

a double-peak feature in the LDOS is much more prominent
for a measurement over AuSi than over Si-HC, resulting in the
observed splitting of the first FER peak in Fig. 3(c) and in the
shoulder in the averaged spectrum in Fig. 2(c).

IV. SUMMARY

On patches of Si(111)-(7 × 7) and Si(111)-(5 × 2)-Au,
the local work function has been compared using scanning
tunneling spectroscopy of field-emission resonances. On
both areas, the spectra differ mainly by a constant shift of
0.76 eV over the investigated energy range, directly reflecting
the work-function difference. From the Fermi-level pinning
reported in the literature, the contribution of surface dipoles
is estimated to 0.27 eV. In addition, the local surface
potential of Si(111)-(5 × 2)-Au has been mapped, yielding
one-dimensional variations of 0.46 eV between the AuSi rows
and the Si honeycomb chains at a distance of about 3 Å. All
seven peak positions could be perfectly reproduced by a simple
one-dimensional model taking into account the equilibration
of the potential variations away from the surface. Local density
calculations reproduce these modulations, albeit with smaller
amplitude. Finally, the observed double-peak feature of the
first FER on the AuSi chain is explained by a mechanism based
on the lateral extension of FER states into neighboring chains
in conjunction with the experimental boundary condition of a
constant tunneling current during spectroscopy. In conclusion,
a comprehensive and consistent picture of the surface poten-
tial on Si(111)-(5 × 2)-Au is established by combining the
analysis of field-emission resonances with density-functional
theory calculations. Pronounced surface-potential variations
are found with large in-plane components of the electric
field, which are of potentially significant impact on catalytic,
electronic, and spin properties of nanostructured surfaces.
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