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Abstract
Adsorption of ∼0.1 ML of Na onto the Si(111)

√
3×
√

3-Au surface held at 300 ◦C has been
found to induce pronounced changes in its structural and electronic properties. Domain wall
networks, characteristic of the pristine surface, are removed completely, leading to the
formation of a highly ordered homogeneous surface. The original atomic arrangement of the
Si(111)

√
3×
√

3-Au is preserved and Na atoms occupy T4 adsorption sites at the centers of
surface Si trimers. Upon Na adsorption, a pronounced metallic S1 surface-state band develops.
It is characterized by a large spin splitting (momentum splitting at the Fermi level
1k‖ = 0.027 Å−1 and consequent energy splitting 1EF = 110 meV), large electron filling
(on the order of 0.5 electrons per

√
3×
√

3 unit cell) and small effective electron mass of
(0.028± 0.006)me. The natural consequence of the latter properties is a high surface
conductivity of the Si(111)

√
3×
√

3-(Au, Na) surface.

Keywords: atom–solid interactions, electronic band structure, scanning tunneling microscopy,
angle-resolved photoemission, surface reconstructions

(Some figures may appear in colour only in the online journal)

1. Introduction

Silicon surfaces covered with monoatomic and sub-
monoatomic layers of metals (i.e., metal/silicon reconstruc-
tions) have attracted considerable attention due to the variety
of structural and electronic properties. In particular, such over-
layers can show up as two-dimensional electron–gas systems,
i.e. exhibit the properties of the extrathin two-dimensional
metals. When dealing with heavy metals, where spin–orbit
interaction is noticeable, one could expect splitting of the

surface-state bands due to the surface Rashba effect [1, 2].
Indeed, a large Rashba splitting has already been found
on a set of metal/silicon reconstructions, Bi/Si(111) [3–5],
Tl/Si(111) [6, 7], and Pt/Si(110) [8], but it appeared to occur
only in the insulating surface-state bands. In contrast, spin-split
metallic bands are demanded, bearing in mind any spintronic
device applications. The first metal/semiconductor system
with a spin splitting of a metallic surface-state band to be found
was Pb/Ge(111) [9, 10] followed by Au/Ge(111) [11–13].
Recently, we have demonstrated that large spin splitting
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of metallic surface-state bands can be obtained on silicon
with adsorbate-modified Au/Si(111) reconstructions [14]. It
has been found that a structurally and electronically poor
Au/Si(111)

√
3×
√

3 surface (due to a presence of random
domain walls) is substantially improved by adsorbing small
amounts of suitable species (e.g., Tl, In, Cs, Na). As a
result, highly ordered homogeneous surfaces are formed with
pronounced spin-split metallic surface-state bands.

In the present study, we have characterized the structural
and electronic properties of the Na-modified Au/Si(111)

√
3×

√
3 surface in detail using a range of experimental techniques

(scanning tunneling microscopy (STM), low-energy electron
diffraction (LEED), x-ray photoelectron spectroscopy (XPS),
angle-resolved photoelectron spectroscopy (ARPES), four-
point-probe (4pp) conductivity measurements) and DFT cal-
culations. Questions under consideration include the sodium
adsorption site, the relaxed atomic structure of the surface, Na-
induced changes of the surface-state bands and surface-atom
core levels, and the effect of Na on the surface conductivity.

2. Experimental and calculation details

Experiments were performed with an Omicron MULTIPROBE
ARPES system operated in an ultrahigh vacuum ( ∼ 2.5×
10−10 mbar). Atomically clean Si(111)7× 7 surfaces were
prepared in situ by flashing to 1280 ◦C after the samples
were first outgassed at 600 ◦C for several hours. Gold was
deposited from a heated Au-covered W wire at a rate of
about 0.5 ML min−1. Sodium was deposited from a well-
outgassed commercial SAES chromate dispenser. The Na
coverage was estimated from STM and LEED observations
of the well-established Si(111)3× 1-Na reconstruction with
a saturation coverage of 1/3 ML [15]. For estimation of
the Au deposition rate, the Si(111)5× 2-Au reconstruction,
which has a coverage of 0.6 ML [16], was taken as a
reference. For STM observations, electrochemically etched
tungsten tips cleaned by in situ heating were employed. The
STM images were acquired in a constant-current mode after
cooling the sample to room temperature or 110 K. ARPES
measurements were conducted using a hemispherical electron
analyzer VG Scienta R3000. The light source was a high-flux
monochromatized He discharge lamp with a photon energy of
21.2 eV. Also, ARPES and XPS measurements were performed
at UE56/2-PGM-2 and the Russian–German beamline of
the BESSY-II synchrotron radiation facility, respectively. For
ARPES measurements samples were cryogenically cooled
down to 78 K.

To elucidate Na adsorption geometry on the Au/Si(111)
√

3×
√

3 surface, plane-wave total energy calculations were
performed using the Vienna ab initio simulation package
(VASP) [17–20] based on density functional theory (DFT) [21]
with projector-augmented wave (PAW) pseudopotentials [22].
The local density approximation (LDA) after Ceperley–
Alder [23] in the Perdew–Zunger parametrization [24] for the
exchange and correlation functional have been employed. The
electronic wavefunctions were expanded in a plane-wave basis
set with an energy cutoff of 20 Ryd. The surface was simulated
by a periodic slab geometry with a 2

√
3× 2
√

3-Au supercell

containing nine Si atomic layers (each one containing 12 Si
atoms) and a top Au layer (12 Au atoms). The dangling bonds
of the bottom slab layer were saturated by hydrogen atoms. The
hydrogen atoms and bottom bilayer silicon atoms were fixed
and the remaining atoms were free to move. A vacuum region
of approximately 15 Å was incorporated within each periodic
unit cell to prevent interactions between adjacent surfaces.
The geometry was optimized until the total energy converged
to 10−4 eV and the total force converged to 10−3 eV Å−1.
The sensitivity of the formation energies on the kinetic energy
cutoff, k-points setup, and the total energy/force numerical
accuracy has been tested and found to have a negligible effect
on the total energy differences.

3. Results and discussion

Figure 1 illustrates the main effect of saturating Na adsorption
at ∼300 ◦C on the structure of the Si(111)-

√
3×
√

3-Au
surface. The pristine Si(111)

√
3×
√

3-Au surface exists in two
forms, denoted as the α-

√
3×
√

3 phase and the β-
√

3×
√

3
phase [25]. Both phases have qualitatively similar structural
arrangements, consisting of commensurate

√
3×
√

3 domains
separated by meandering domain walls (DWs). The difference
between the α-phase and β-phase is determined simply by the
density of the DWs. While in the case of α-

√
3×
√

3-Au the
domains are relatively large (sub-100 Å) and, thus, are clearly
seen in STM images, the β-

√
3×
√

3 phase is essentially a
dense disordered array of DWs having a rather complicated
STM appearance. The α→ β transition takes place gradually
in the course of Au deposition [26, 25] since the local coverage
in a DW is higher than that in a commensurate domain [27]. In
the present study we have found that both phases demonstrate
similar behavior upon Na adsorption and the resulting surfaces
are virtually the same, despite a certain difference in the initial
Au coverage. A typical Au/Si(111) surface used in the present
study is shown in figure 1(a). It is basically the β-phase with
a few inclusions of the α-phase. The LEED pattern from such
a surface corresponds to the well-defined β-

√
3×
√

3 one, in
agreement with the earlier LEED observations [28, 29]. For
simplicity, we denote the pristine surface just as

√
3×
√

3-Au.
After Na adsorption at 300 ◦C, domain walls are com-

pletely eliminated and a highly ordered homogeneous surface
is seen in the STM images (figure 1(b)). Consequently, a sharp
√

3×
√

3 LEED pattern without any other features develops.
These observations are very similar to those obtained with
adsorption of the other species, such as In, Tl, and Cs onto the
Si(111)-

√
3×
√

3-Au surface [30, 28], and the homogeneous
Si(111)

√
3×
√

3-(Au, Na) surface can be also denoted as the
h-
√

3×
√

3 phase (h means homogeneous) by analogy with
the h-

√
3×
√

3-(Au, In) [28].
The similarity between various h-

√
3×
√

3 surfaces is
preserved also for low-temperature (LT) observations, where
random arrays of ‘frozen’ adatoms are seen in all cases.
Figure 1(c) presents the LT-STM image of a surface similar to
that shown in the room-temperature STM image in figure 1(b)
after it has been cooled to 110 K. However, unlike the
group-III elements (In and Tl), Na adatoms do not form any
regular lattice at LT. The Fourier pattern from this surface

2
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Figure 1. Homogenizing effect of sodium adsorption on the
Au/Si(111) surface structure. (a) Room-temperature (RT) STM
image (+1.8 V, 0.1 nA) and LEED pattern of the pristine
Si(111)-

√
3×
√

3-Au surface. The surface comprises an β-phase
with inclusions of α-phase (indicated as a dotted ellipse).
(b) RT-STM image (−1.2 V, 1.0 nA) and LEED pattern of the same
surface after saturating adsorption of ∼0.1 ML of Na onto it at 300
◦C. (c) Low-temperature (110 K) STM image (−2.0 V, 0.3 nA) and
the FFT pattern of the same surface as in (b). STM image scale:
250× 180 Å2. Blue hexagons in LEED patterns mark positions of
bulk (1× 1) spots.

(inset in figure 1(c)) displays a smeared ring, indicating
an azimuthal disordering. The average spacing between Na
adatoms is 2

√
3a, as determined from STM line profiles and

confirmed by the radius of the ring in the Fourier pattern.
Such an average spacing yields an estimate for Na coverage
of ∼ 1/12' 0.08 ML. This value agrees with the result of a
direct counting of Na-associated protrusions in the LT-STM
images, which yields about 0.1 ML of Na.

Comparing the RT-STM appearance of the h-
√

3-(Au,
Na) surface with that of the Group-III-adsorbed surfaces,
h-
√

3-(Au, In) [30] and h-
√

3-(Au, Tl) [14], one can notice an

Figure 2. Atomic model of the Si(111)-
√

3×
√

3-Au reconstruction
with one incorporated Na atom per 2

√
3× 2
√

3 unit cell. The
√

3×
√

3 unit cell is outlined with a red rhombus, Si trimers are
indicated by blue triangles.

essential difference. While the latter display a honeycomb-like
structure [30, 14] (with two protrusions per

√
3×
√

3 unit
cell), the former shows up as a hexagonal array with a single
protrusion per

√
3×
√

3 unit cell (figure 1(b)). Note that unit
cell of the

√
3×
√

3-Au structure described by the conjugated
honeycomb chained trimer (CHCT) model [31] contains two
equivalent conjugated Si trimers centered in the T4 sites and
a single Au trimer centered in the other T4 site. For the
h-
√

3-(Au, In) surface, In-atom occupation of the T4 site in
the Si-trimer center was found to be the most stable adsorption
configuration [30, 28, 32]. The honeycomb appearance of the
h-
√

3-(Au, In) surface was concluded to reflect the averaged
pattern produced by mobile In atoms (∼0.15 ML) visiting
all the above adsorption sites [30]. Taking into account the
different chemical nature of alkali metal Na as compared
to Group-III In, as well as the difference in the RT-STM
appearance of the corresponding h-

√
3 surfaces, one could

expect that Na might occupy the other adsorption site.
To check this possibility, we have examined the energetics

of Na adsorption in various adsorption sites at the
√

3×
√

3-Au surface using DFT calculations. The main result of
this consideration is that the most energetically favorable
adsorption site for Na is that over the Si trimer. In particular,
this configuration is by ∼0.3 eV more stable than that with a
Na atom on top of the Au trimer.

Figure 2 shows the relaxed model of the h-
√

3×
√

3-(Au,
Na) surface. The presence of the Na atom induces a minor
distortion in the Au trimer, whose sides (2.86 Å) change by
less than 0.02 Å. On the other hand, the Si trimers demonstrate
a slightly greater responsiveness. Originally, both Si trimers
are equal, with a Si–Si bond length of 3.51 Å. After one Si
trimer is occupied by the Na atom the Si–Si bond length in it
increases to 3.65 Å accompanied by squeezing and distortion
of the other Si trimer, whose sides change to 3.43, 3.46 and
3.50 Å.

3
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Figure 3. XPS spectra obtained with a photon energy of 135 eV for
(a) Si 2p and (b) Au 4f core levels of the pristine

√
3×
√

3-Au
surface (black line) and h-

√
3×
√

3-(Au, Na) surface (red line).
Developing surface-related components in the Si 2p spectrum from
the h-

√
3×
√

3-(Au, Na) surface are indicated by the character ‘s’.

Results of the XPS study on the effect of Na on the core-
level structure of the

√
3×
√

3-Au surface are summarized
in figure 3. Upon Na adsorption, the Au 4f peak undergoes
a marginal shift of ∼120 meV towards a higher binding
energy (figure 3(b)). In the Si 2p spectrum, additional higher-
energy components (labeled ‘s’ in figure 3(a)) appear with
Na adsorption. When the emission angle was lowered by 23◦

from the normal direction the intensity of these components
increased relative to the major 2p peaks, indicating that they are
surface related. These changes in the Au 4f and Si 2p spectra
are very similar to those reported for the In/

√
3×
√

3-Au

surface in [28], where they were interpreted as a sign of the
direct interaction of In adsorbates with the surface Si atoms in
contrast to Au atoms. However, with electron transfer from Na
adsorbates towards Si atoms, one would expect the chemical
shift of the Si 2p peak in the opposite direction (i.e., to the
lower binding energies). The essential band bending effect
can also be ruled out, as it would result in a rigid shift of all
peaks. Hence, the most plausible origin of the observed shifts
of the Au 4f and surface Si 2p peaks is related to core-hole
screening [33, 34] enhanced by filling of the S1 band and
the development of a perfect two-dimensional electron–gas
system.

Figure 4 illustrates the effect of Na adsorption on the
surface band dispersion of Si(111)

√
3×
√

3-Au, as revealed
with ARPES. One can see that upon Na adsorption all available
spectral features (e.g., S2, S3 surface bands [29, 35, 28] and
light-hole (LH) band of the inversion layer [36]) become
noticeably sharp and go down to a higher binding energy
and an almost linear dispersion feature appears around the
center of the surface Brillouin zone (0̄), corresponding to
the S1 surface state which is usually invisible at k‖ = 0 for
the pristine

√
3×
√

3-Au surface [35]. The most principal
Na-induced spectral changes are associated with electron
filling and shifting down of the metallic S1 band, while the
other bands are also shifted, but to a lesser extent, similarly to
the effects produced by In adsorbate [28].

The same band recorded around the second 0̄ point
(i.e., 0̄1) of the

√
3×
√

3 lattice in order to avoid contributions
from bulk and inversion layer features is shown in figure 5.
Spin splitting of the band is clearly seen (with momentum
splitting at the Fermi level 1k‖ = 0.027 Å−1 and consequent
energy splitting 1EF = 110 meV), the origin of which and

Figure 4. Surface band dispersion of the Au/Si(111) surface (a) before and (b) after ∼0.1 ML Na adsorption at ∼300 ◦C. ARPES spectra are
taken at 78 K along the M̄–0̄0–M̄ line. Inset shows the schematic representation of bulk (1× 1) and surface

√
3×
√

3 Brillouin zones. The
intensity scale is shown on the right side.
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Figure 5. Symmetrized ARPES spectrum recorded along the
M̄–0̄1–M̄ direction on the Na-adsorbed Au/Si(111) surface,
showing dispersion of the spin-split S1 surface-state band.

details of the spin texture are discussed elsewhere [14]. From
the measured Fermi wavevector (0.28 Å−1) the number of
electrons in the bands can be roughly estimated as 1.25×
1018 m−2, which corresponds to 0.48 electrons per

√
3×
√

3
unit cell. Taking into account the Na saturation coverage of
0.1 ML, each Na atom is estimated to donate ∼1.5 electrons.
(We believe that a more realistic value is about 1.0 electron
per Na atom and overestimation stems from the inaccuracy of
evaluating the electron band filling and from neglecting extra
electron doping from excess surface Au atoms, as reported
for the Au/Ge(111)

√
3×
√

3 surface [37]). The slope of the
band corresponds to the average Fermi velocity of about
7× 105 m s−1, which is close to the value reported for the
ordered Sn–Ag alloy on Si(111) [38]. The average effective
mass around the Fermi level is then determined to be (0.028
± 0.006)me, where me is the electron rest mass. Note that
this effective mass is about ten times smaller than that of the
surface prior to Na adsorption (0.3me [28]), which seems to
indicate that the S1 band dispersion is not parabolic.

All the effects of Na adsorption, including the removal
of domain walls, increasing electron filling of the metallic
surface-state band and decreasing electron effective mass are
expected to lead to a significant increase in the surface con-
ductivity. This has indeed been proved with 4pp-conductivity
measurements, the main results of which are summarized in
table 1. One can see that the conductivities of the pristine
α-
√

3-Au and β-
√

3-Au phases are similar, being around
1.4 mS. It is slightly greater for the β-

√
3-Au phase, possibly

due to a larger Au coverage. Na-induced transformation of
these phases to the h-

√
3-(Au, Na) surface increases the

surface conductivity almost four times, up to ∼5.3 mS. One
could expect a greater effect, but current flowing through the
sample bulk might smear the actual increase of surface-state
conductivity.

Table 1. Changes in the surface conductivity during Na adsorption
onto various Au/Si(111) reconstructions.

Pristine Au/Si(111) Na-modified Au/Si(111)
Reconstruction S, mS Reconstruction S, mS

α-
√

3×
√

3-Au 1.3± 0.1 h-
√

3×
√

3-(Au, Na) 5.2± 0.4
β-
√

3×
√

3-Au 1.5± 0.1 h-
√

3×
√

3-(Au, Na) 5.3± 0.4

In the present experiments, the Na-modified h-
√

3×
√

3
surface contains a saturation Na coverage of about 0.1 ML.
Such a coverage seems to be far from the optimum for the√

3×
√

3 periodicity (0.33 ML, which corresponds to one
atom per unit cell) and the surface gives the impression of being
able to accept more Na atoms. However, any attempt to force
the surface conductivity up to the higher values by introducing
additional Na atoms and increasing the population of the 2D
adatom gas fails. Figure 6 demonstrates the changes in the
surface conductivity during RT adsorption of additional Na
onto the h-

√
3×
√

3-(Au, Na). The initially high conductivity
rapidly falls off with increasing extra Na coverage. The
disordering of the surface by redundant Na atoms is seen by
both LEED (fading diffraction spots and gaining background)
and ARPES. The inset in figure 6 shows the gradual fading of
the metallic S1 band accompanied by the disappearance of the
S3 band. Thus, a Na coverage of about 0.1 ML appears to be
optimum for developing a h-

√
3×
√

3 surface with advanced
structural and electronic properties.

4. Conclusions

In conclusion, although the alkali metal Na is apparently
very different from the Group-III element In, they affect the
structural and electronic properties of the Au/Si(111)

√
3×
√

3
surface in a similar way. In both cases, domain walls, charac-
teristic of the pristine Si(111)

√
3-Au surface, are completely

removed and a highly ordered homogeneous surface is formed.
The surface preserves its basic atomic

√
3×
√

3-Au structure,
while Na atoms (like In atoms) remain as adatoms occupying
T4 adsorption sites within conjugated Si trimers. The main
effect of Na and In adsorption on the electronic properties
of Au/Si(111)

√
3×
√

3 resides in developing a pronounced
spin-split metallic surface-state band. In the case of the Na
adsorbate, electron filling of this band is especially great (on
the order of 0.5 electrons per

√
3×
√

3 unit cell) and the effec-
tive electron mass is very small, (0.028± 0.006)me. Thus, the
surface exhibits a high conductivity. This property together
with a noticeable spin splitting (momentum splitting at the
Fermi level1k‖ = 0.027 Å−1 and consequent energy splitting
1EF = 110 meV) makes the Na-modified Au/Si(111)

√
3×√

3 surface a promising candidate for studying spin transport
in low-dimensional systems and opens prospects for using it
as possible element for spintronic applications.
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