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Atomic structure and electronic properties of the two-dimensional (Au,Al)/Si(111)2 × 2 compound
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A combination of scanning tunneling microscopy, angle-resolved photoelectron spectroscopy, ab initio random
structure searching, and density functional theory electronic structure calculations was applied to elucidate
the atomic arrangement and electron band structure of the (Au,Al)/Si(111)2 × 2 two-dimensional compound
formed upon Al deposition onto the mixed 5 × 2/

√
3 × √

3 Au/Si(111) surface. It was found that the most stable
2 × 2-(Au, Al) compound incorporates four Au atoms, three Al atoms, and two Si atoms per 2 × 2 unit cell.
Its atomic arrangement can be visualized as an array of meandering Au atomic chains with two-thirds of the
Al atoms incorporated into the chains and one-third of the Al atoms interconnecting the chains. The compound
is metallic and its electronic properties can be controlled by appropriate Al dosing since energetic location
of the bands varies by ∼0.5 eV during increasing of Al contents. The 2 × 2-(Au, Al) structure appears to be
lacking the C3v symmetry typical for the hexagonal lattices. The consequence of the peculiar atomic structure
of the two-dimensional alloy is spin splitting of the metallic states, which should lead to anisotropy of the
current-induced in-plane spin polarization.
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I. INTRODUCTION

The adsorption of metals in monolayer and submonolayer
amounts on semiconductor (e.g., silicon) substrates forming
ordered two-dimensional (2D) structures has attracted con-
siderable attention from researchers due to the abundance
of resulting surface reconstructions exhibiting a variety of
interesting structural and electronic properties. Such adsorp-
tion structures are interesting in respect to the creation of
metallic surface states on semiconductors because they are
the electronic equivalent of a two-dimensional electron gas.
Of special interest is the Rashba spin-split two-dimensional
electron gas [1,2] which arises owing to the spin-orbit interac-
tion (SOI) and spin-orbit-induced in-plane modification of the
wave functions [3]. Spin splitting of a spin-degenerate electron
gas has an advantage to efficiently manipulate the spin freedom
of electrons without the requirement of externally applied
magnetic field [4]. This is considered to be a key ingredient
for promising spin-orbitronics applications [5] since the spin
splitting of the 2D states underlies many phenomena, including
spin Hall effect [6–8], low dissipation spin current [9–
11], and charge-to-spin conversion (Rashba-Edelstein effect)
[12–15].

Since SOI is proportional to the square of the charge of a nu-
cleus, the biggest Rashba splitting was observed at surfaces of
heavy-element metals such as Au(111) [16] and Bi(111) [17],
as well as in high-Z adsorbed structures on semiconductor
surfaces. The large Rashba-type spin splitting of surface states
has been found at the Bi/Si(111) [18,19], Tl/Si(111) [20,21],
Pt/Si(110) [22], Pb/Ge(111) [23], and Au/Ge(111) [24] sur-
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faces. It should be noted that the spin splitting observed in these
systems can be called Rashba splitting only simplistically be-
cause the spin textures, caused by the interplay of SOI and sur-
face symmetry, often differ from those predicted by the Rashba
model and demonstrate the behavior similar to that of the Dres-
selhaus type [19,20,24,25]. Moreover, a combined effect of
Rashba and Dresselhaus SOI with different or equal coupling
constants may lead to a rich variety of phenomena (see, e.g.,
Refs. [26–29]).

One of the promising directions within this research field
is associated with going beyond the case of a single atomic
species, i.e., studying phenomena trigged by the coadsorption
of two or more species. Taking into account the large number
of possible combinations of atomic species, the number of
potentially advanced multiadsorbate systems could be quite
large. Active investigations of coadsorption of metals on
silicon leading to the formation of the ordered compound
reconstructions have been investigated starting approximately
in the early 1990s and continuing today [25,30–51]. In
the early works, techniques such as low-energy electron
diffraction (LEED), reflection high-energy electron diffrac-
tion, Auger-electron spectroscopy (AES), and photoelectron
spectroscopy were commonly used and the main goals of the
investigations were the characterization of the phase formation
processes, finding new reconstructions, and establishing their
periodicity and plausible composition. Currently, applying
advanced techniques, such as scanning tunneling microscopy
(STM) with atomic resolution and angle-resolved photoelec-
tron spectroscopy (ARPES) accompanied by comprehensive
density functional theory (DFT) calculations, has made it
possible to accurately determine the exact atomic arrangement
and electronic band structure of the 2D compounds. Very
recent studies of two-dimensional Sn-Ag [48], Bi-Na [25],
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Tl-Pb [25], and Tl-Sn [50] compounds on Si(111) provide
vivid examples. These studies, in particular, have demonstrated
that such systems can possess remarkable properties. For
example, Sn-Ag and Tl-Sn are characterized by extremely
high electron velocity at the Fermi level of ∼8 × 105 m/s,
which is comparable to the value reported for graphene. The
Bi-Na, Tl-Pb, and Tl-Sn compounds demonstrate a giant
Rashba-type spin splitting of metallic surface-state bands

with momentum splitting �k‖ ∼ 0.04 − 0.05 Å
−1

and energy
splitting �EF ∼ 150–250 meV. In addition, (Tl, Pb)/Si(111)
has been recently found to exhibit superconducting properties
below 2.25 K [52], thus extending the list of the known
one-atomic-layer superconductors, which is actually very short
and includes, so far, only the In and Pb atomic layers on
Si(111) [53,54].

Following the trend for exploring 2D compounds on silicon,
we revisited the (Au, Al)/Si(111)2 × 2 reconstruction which
was first detected in the LEED-AES study of Au and Al
coadsorption on Si(111) [33]. In the present study, we used a
combination of STM and ARPES techniques, as well as DFT
calculations [in particular, for ab initio random structure search
(AIRSS)], to characterize in detail the structural and electronic
properties of the (Au, Al)/Si(111)2 × 2 reconstruction.

II. EXPERIMENTAL AND CALCULATION DETAILS

Our experiments were performed with an Omicron Multi-
probe system equipped with STM and ARPES and operating in
an ultrahigh vacuum (∼2.0 × 10−10 Torr). 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 and aluminum were deposited from
tungsten filament and basket, respectively. STM images were
acquired in a constant-current mode with mechanically cut
PtIr tips used as STM probes after annealing in vacuum.
ARPES measurements were conducted using a VG Scienta
R3000 electron analyzer and high-flux He discharge lamp
(hν = 21.2 eV) with a toroidal-grating monochromator as a
light source.

Density functional theory calculations were performed
using the projector augmented-wave (PAW) method [55,56],
as implemented in the Vienna Ab initio Simulation Pack-
age (VASP) [57,58]. Relativistic effects, including spin-orbit
interaction, were taken into account. In order to find the
most stable structures of each (Au, Al)/Si(111) configuration
with different Au, Al, and Si coverages, we used the ab
initio random structure searching (AIRSS) method [59],
which has already proven to be an efficient and effective
method for exploring equilibrium structures of solids [60],
point defects [61], surfaces [50,62,63], and clusters [64]. The
(Au, Al)/Si(111)2 × 2 supercell geometry was simulated by
a repeating slab of five Si bilayers and a vacuum region of
∼15 Å. Si atoms in the bottom two bilayers were fixed at their
bulk positions, the top three bilayers were allowed to fully
relax, and the dangling bonds on the bottom surface were
saturated by hydrogen atoms. The kinetic cutoff energy was
400 eV, and a Monkhorst-Pack 6 × 6 × 1 k-point mesh was
used to sample the surface Brillouin zone within AIRSS. The
geometry optimization was performed until the residual force
was smaller than 10 meV/Å. For the band structure calculation
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FIG. 1. (Color online) Formation of the 2 × 2-(Au, Al) layer
when the

√
3 × √

3-Au phase prevails at the initial Au/Si(111)

surface. (a) 1000 × 750 Å
2

and (b) 500 × 370 Å
2

STM images of
the 2 × 2-(Au, Al) reconstruction at the stage when the 2 × 2-(Au,

Al) domains merge together. (c) 500 × 370 Å
2

STM image of the
2 × 2-(Au, Al) surface at the final growth stage. (d) LEED pattern
(Ep = 46 eV) from the 2 × 2-(Au, Al) surface.

on the stable (Au, Al)/Si(111) structures, the k-mesh and
substrate thickness were increased up to 9 × 9 × 1 and six
Si bilayers, respectively.

III. RESULTS AND DISCUSSION

The (Au, Al)/Si(111)2 × 2 surface reconstruction was
prepared by depositing Al onto the surface which represented
a mixture of

√
3 × √

3-Au and 5 × 2-Au reconstructions held
at ∼600 ◦C. The

√
3 × √

3-Au and 5 × 2-Au reconstructions
were preliminarily prepared at the same temperature of
∼600 ◦C. Remember that an ideal Si(111)

√
3 × √

3-Au phase
incorporates 1.0 ML of Au [65] [1 ML (monolayer) = 7.8 ×
1014 cm−2], while the real Si(111)

√
3 × √

3-Au surface is
characterized by a somewhat higher Au coverage due to the
presence of heavy domain walls [66]. According to very recent
results, the Si(111)5 × 2-Au reconstruction contains 0.7 ML
of Au [67–70].

The patches of the 2 × 2-(Au, Al) reconstructions appear
randomly at the surface and grow in size with Al deposition. At
the stage when the 2 × 2-(Au, Al) domains merge together to
cover the whole surface, the specific feature of the 2 × 2-(Au,
Al) layer is the presence of the numerous dark troughs. When
the

√
3 × √

3-Au phase prevails at the initial Au/Si(111)
surface, most of the long troughs are oriented along the 〈12̄1〉,
while among the short troughs, those oriented along the 〈101̄〉
directions also present in addition to the 〈12̄1〉-oriented troughs
[Figs. 1(a) and 1(b)]. Remember that the 〈101̄〉 and 〈12̄1〉
directions correspond to the main crystallographic Si(111)
directions and

√
3-period directions, respectively. It is worth

noting that the troughs are not domain walls since the 2 × 2
lattices from both sides of a given trough are in phase. This is
especially apparent in the regions where the troughs are broken
into separate bars. The density of troughs decreases with Al
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(a) (b)

FIG. 2. (Color online) (a) 7400 × 5600 Å
2

and (b) 340 × 250 Å
2

STM images of the 2 × 2-(Au, Al) layer formed when the 5 × 2-Au
phase prevails at the initial Au/Si(111) surface. The 2 × 2 unit cell is
outlined in (b).

deposition and eventually the 2 × 2 surface that is almost free
of troughs is formed [Fig. 1(c)]. Thus, one can conclude that
the development of troughs is associated with an Al deficit.

When the 5 × 2-Au phase prevails at the initial Au/Si(111)
surface, the ribbonlike structure develops with troughs oriented
exclusively along the 〈101̄〉 directions (Fig. 2). They remain
at prolonged Al deposition. Meanwhile, the patches of the
Au-free Si(111)

√
3 × √

3-Al phase appear, indicating that
preservation of the troughs in this case is associated with the
Au deficit.

Figure 3 shows dual-polarity (±0.8 V) high-resolution STM
images of the Si(111)2 × 2-(Au, Al) surface reconstruction.
One can see that at both polarities, the structure shows up
basically as a hexagonal array with a single round protrusion
per 2 × 2 unit cell. This is especially true for the empty-state
STM images where all protrusions have the same round shape,
albeit possibly differing in brightness. The filled-state STM
images reveal a more apparent variation in the appearance of
the protrusions. Namely, in addition to varying brightness, in
many cases the bridgelike features can be noticed in between
neighboring protrusions.

ARPES observations revealed that the characteristic band
structure of the 2 × 2-(Au, Al) layer already develops at the
stage when the Au-Al compound surface contains numerous
troughs [Fig. 4(a)]. The most prominent features in the ARPES
spectrum lie at ≈−1.65 eV and at ≈−0.65 eV (denoted by
red and blue arrows at the �̄0 and �̄1 points, respectively, in

(a) (b) (c)

+0.6 V
-0.6 V

+0.8 V
-0.8 V

+1.0 V
-1.0 V

FIG. 3. (Color online) Dual-polarity (a) ±0.6 V, (b) ±0.8 V,

and (c) ±1.0 V 110 × 110 Å
2

STM images of the 2 × 2-(Au, Al)
layer ribbons. Images show almost the same surface area where the
characteristic defect is indicated by a star to guide the eye. The 2 × 2
unit cell is outlined in (c).

FIG. 4. (Color online) ARPES data illustrating evolution of the
electron band structure in the course of 2 × 2-(Au, Al) layer
formation. ARPES spectra at the (a) intermediate and (b) final stages
of the 2 × 2-(Au, Al) layer formation, i.e., after dosing the Au/Si(111)
surface with 0.5 and 0.9 ML of Al, respectively. (c) Energy shifting
of the bands as a function of Al dose. Open blue and red circles and
lines in (c) correspond to the top of the bands, indicated by blue and
red arrows, respectively, in (a) and (b).

Fig. 4). However, all spectral features become more distinct
only with further Al dosing [Fig. 4(b)]. Simultaneously, all
of the bands go up to the lower electron binding energies
[Fig. 4(c)]. The lower sharp feature (shown by red) shifts up
by 0.35 eV, and the upper spectral feature (shown by blue)
shifts up by 0.53 eV becoming more intense. Note that as
revealed by the calculations (to be shown below), the latter
band has a surface origin, but overlaps with the projected bulk
bands, and hence it is a resonant band.

In order to establish an atomic structure of the Si(111)2 ×
2-(Au, Al) compound reconstruction, we applied an AIRSS
technique for a set of reasonable compositions. As a starting
point, we considered the surface structure which incorporates
four Au atoms, four Si atoms, and one Al atom per 2 × 2
unit cell [i.e., 1.0 ML of Au and 1.0 ML of Si inherited from
the initial Au/Si(111) surface, plus 0.25 ML of adsorbed Al]
placed above a nonreconstructed Si(111) bilayered surface.
The lowest-energy configuration found for such a composition
is shown in Fig. 5(a). The basic element of the reconstruction
is a rectangle built of four Au atoms with an Al atom in its
center. It is hatched in yellow in Fig. 5(a). This rectangular unit
is surrounded by Si adatoms from the short sides and by Si
dimers from the long sides. In the simulated STM images, the
rectangular unit shows up as a single, almost round protrusion
seen at both bias polarities [Fig. 5(d), left panel]. One can
notice that this unit (and, consequently, the basis of the crystal
structure as well) is lacking the C3v symmetry typical for
hexagonal structures. Note that the surface structure can be
thought of also as consisting of meandering Au atomic chains
running along the [11̄0] direction and interconnected through
Al atoms.

Taking into account that the 2 × 2-(Au, Al) compound
grows from a mixture of

√
3 × √

3-Au and 5 × 2-Au (of
which the latter contains 0.7 ML Au), one can expect
that the compound might contain less than 1.0 ML Au.
To check this possibility, we performed AIRSS calculations
for the structures containing three Au atoms per 2 × 2 unit
cell. However, the corresponding lowest-energy configuration
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(d)

(c)(b)(a)

4Au, 1Al, 4Si 4Au, 2Al, 3Si 4Au, 3Al, 2Si

+0.8 V

-0.8 V

[110]

[011]

[112]

[101]

[111]

[112]

FIG. 5. (Color online) The lowest-energy atomic configurations
determined with AIRSS for the 2 × 2-(Au, Al) compounds containing
(a) one, (b) two, and (c) three Al atoms per 2 × 2 unit cell. Au atoms
are shown by yellow circles, Al atoms are shown by red circles, and Si
atoms are shown by gray and white circles. Basic rectangular units are
hatched in yellow and meandering Au atomic chains are highlighted
by red broken lines in (a). (d) Simulated dual-polarity (±0.8 V) STM
images corresponding to each of the above structures. The 2 × 2 unit
cells are outlined and their location in the simulated STM images
coincides with that in the model structures.

appears to be 0.73 eV less energetically favorable than that with
four Au atoms, indicating that the 2 × 2-(Au, In) compound
does plausibly contain 1.0 ML of Au.

Adding Al to the basic (Au, Al)/Si(111)2 × 2 configuration
shown in Fig. 5(a) was found to decrease formation energy
only in the cases when added Al atoms substitute Si atoms
in the dimers. Substitution of a single Si atom nearest to the
rectangular unit (i.e., incorporation of two Al atoms per 2 × 2
unit cell) [Fig. 5(b)] lowers the formation energy by 0.68 eV.
When the nearest Si atoms from both sides of the rectangular
unit are substituted by Al atoms (i.e., three Al atoms per 2 × 2
unit cell are incorporated) [Fig. 5(c)], the formation energy
becomes still lower by 0.49 eV. One can notice that additional
Al atoms are incorporated within the meandering Au atomic
chains. Simulation of STM images [Fig. 5(d)] for the above
“Al-rich” configurations demonstrates that the round shape of
the protrusions in the empty-state images are preserved, while
in the filled-state images, bridgelike features appear whose
counterparts can be seen in the experimental filled-state STM
images (Fig. 3).

The evolution of the calculated electron band structure of
the 2 × 2-(Au, Al) compound in the course of increasing Al
contents is illustrated in Fig. 6. By comparing the calculated
spectra with the ARPES-derived ones shown in Fig. 4, one can
conclude that the �̄ parabolic spectral feature at higher binding
energy should be associated with the edge of the region of high
density of the bulk states (dense net of the bulk projected states;
see red arrow in Fig. 6), while the feature at smaller binding
energy corresponds to the calculated �̄ resonant state in the
bulk-projected area (blue arrow in Fig. 6). One can also see
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FIG. 6. (Color online) Calculated band structures for the 2 × 2-
(Au, Al) compounds incorporating (a) one, (b) two, and (c) three Al
atoms per 2 × 2 unit cell. The characteristic Si bulk band is outlined
and marked by a red arrow; the surface resonant band is marked by a
blue arrow.

that the most apparent trend is the shifting of all of the bands
up to the lower electron binding energies, in agreement with
the ARPES observations (Fig. 4). However, changing the Al
contents from one to two atoms per 2 × 2 unit cell results in
very small energy shifts, i.e., ∼0.15 eV for the resonant band
and almost nothing for the bulk bands [Figs. 6(a) and 6(b)], and
the most essential change here is the appearance of the metallic
band, hence changing the semiconducting properties of the
surface to the metallic ones. When the third Al atom is added
[Fig. 6(c)], the considerable energy shifts of about 0.4–0.5 eV
are observed. One can see that the effect of changing Si atoms
for Al is twofold, namely, the surface bands are modified and
all of the bands go up to the lower electron binding energies.
The latter effect is associated with the fact that replacing one
Si atom for Al means decreasing the number of electrons
by one per 2 × 2 unit cell, which naturally lowers the Fermi
level. This can also be visualized as a shifting up of the bands
with respect to the Fermi level. In conclusion, by comparing
calculation results (Fig. 6) with the experimental ARPES data
(Fig. 4), one can see a good resemblance both in the Al dose
at which energy shifting takes place and the order of shift
values.

As mentioned above, the 2 × 2-(Au, Al) 2D compound
is lacking the C3v symmetry of the Si(111) substrate and
possesses C2v symmetry. Thus, the [11̄0] vector of the
hexagonal 2 × 2 cell is directed along the meandering Au
atomic chain, while the [1̄01] and [011̄] vectors make an
angle of ±120◦ with this chain. This directional variance is
naturally reflected in the difference of the band dispersions
along different directions, as illustrated by the calculated
band structures shown in Figs. 7(a) and 7(b) and Figs. 7(c)
and 7(d). Due to occurrence of three rotational domains of the
2 × 2-(Au, Al) structure on the real surface, the experimental
ARPES spectrum has to combine together the band dispersions
for different (inequivalent) directions. Figure 7(e) presents the
sum of the calculated band dispersions shown in Figs. 7(a)
and 7(b) superposed with the experimental ARPES spectrum.
For a better visualization, Fig. 7(f) shows the experimental
momentum distribution curve (MDC) at the Fermi level, with
green tics indicating the positions where the calculated metallic
bands cross the Fermi level. One can see clear counterparts of
the principal spectral features in the calculated band structures,
and vice versa. However, one should bare in mind that merged
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(b)(a)

(c)

(e)

(d)

(f)

FIG. 7. (Color online) Calculations of the electron band structure
of the 2 × 2-(Au, Al) compound which take into account the lack
of C3v symmetry of the reconstruction. Sketches of reciprocal space
geometry with boundaries of the 2 × 2 surface Brillouin zones (SBZs)
is shown in the insets. The band structure is calculated for the case
when the (a) �̄−M̄ direction is along the [112̄] and (b) �̄−K̄ direction
is along the [11̄0], i.e., perpendicular and parallel to the gold atoms
chain, respectively. The band structure is also calculated for the two
almost equivalent cases when the (c) �̄−M̄ direction is along the
[21̄1̄] or [1̄21̄] and (d) �̄−K̄ direction is along the [101̄] or [011̄].
To adopt a proper correspondence to the experimental spectrum, the
Fermi level in the calculated band structures is shifted up by 200 meV.
In the calculated band structures, the size of the circles corresponds
to the strength of the surface character summed over all orbitals at
a particular k‖. The red and blue colors of the circles mark opposite
in-plane spin directions. (e) Sum of the calculated band structures
of the 2 × 2-(Au, Al) layer superposed on the experimental ARPES
spectrum. The piece of the spectrum in the �̄−K̄ direction (outlined
by the yellow dashed frame) is extracted from the data set acquired

spectra from different domains which are limited in size and
are not perfectly homogeneous [as evidenced by STM (see
Fig. 3)] lead to smeared spectral features in the ARPES
spectrum that, in turn, hamper experimental evaluation of
more fine features, e.g., spin splitting. As for calculations,
they yield maximal spin splitting of the metallic band near
the Fermi level along the �̄−M̄ direction, which only slightly
depends on the crystallographic orientation: it is characterized

by momentum splitting �k‖ = 0.037 Å
−1

in all directions
and energy splitting �EF = 197 meV in the [112̄] direction
and �EF = 177 meV in the [21̄1̄] and [1̄21̄] directions.
The Fermi-level position adopted here is the same as that
in the experiment. It should be pointed out that it lies just below
the �̄−K̄ ([11̄0]) crossing of the Rashba branches, where inner
and outer branches change the sign of the in-plane spin helicity
[Fig. 7(b)].

Such a surface band structure results in a remarkable
2D Fermi surface and spin texture [Fig. 8(a)] with almost
antiparallel orientation of the spin along the [11̄0] direction
that resembles those predicted [26] and found in zinc-blende
semiconductor quantum wells [27,28] and recently on the
ZnO(101̄0) surface [71]. In such systems with C2v symmetry,
owing to the equal Rashba and Dresselhaus coupling constants,
the SOI is linearly dependent on the electron momentum
in specific directions, providing the one-dimensional ori-
entation of the spin texture and causing suppression of
the spin relaxation or existence of so-called persistent spin
helix.

The spin alignment is almost in plane (the Sz component
is rather small) with the exception of points lying in the
(−K̄)–�̄–K̄ ([11̄0]) direction, where the spin has an out-of-
plane orientation, which is positive and negative for different
branches. The contours degenerate in the �̄–K̄ direction at the
calculated Fermi-level position at ≈0.35 eV and split away
from this energy, while the spin texture keeps the preferred
alignment along the [11̄0] direction. Such an alignment of the
spin texture should cause significant anisotropy in the Rashba-
Edelstein effect. In the spin-split 2D electron gas, the electric
field applied along an in-plane direction induces the spin
polarization in the perpendicular in-plane direction and this
effect is isotropic for systems with isotropic Rashba splitting.
In the 2 × 2-(Au, Al) 2D alloy where spins are aligned
preferably along the meandering gold chains, the electric field
applied along the [112̄] direction (i.e., perpendicular to the
chains) should result in the largest induced spin polarization,
while the effect should be almost absent in the [11̄0] direction,
i.e., along the chain.

Figure 8(d) shows experimental Fermi map acquired in the
second SBZ. For comparison, Fig. 8(e) shows three calculated
120◦ rotated Fermi contours. One can see that they are in good
agreement. Though the experimental Fermi map is smeared

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
in the second SBZ [see Fig. 8(d)] where the surface spectral features
show up more pronounced. (f) Experimental MDC taken at the Fermi
level with green tics indicating the location of the calculated bands.
Broad maxima at the �̄ and K̄ points are repercussions of the lower
intense spectral features.
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(d) (e)

(a)

(b)

(c)

FIG. 8. (Color online) Calculated constant-energy maps (left col-
umn) and spin components Sx , Sy , and Sz vs the azimuthal angle
(right column) at (a) experimental Fermi level, (b) 150 meV above
Fermi level, and (c) 300 meV above Fermi level [see corresponding
lines in Fig. 7(b)]. (d) ARPES Fermi map acquired in the second
SBZ. (e) Three calculated 120◦ rotated Fermi contours with the one
having the greatest intensity as in (d) due to prevailing domains of
the corresponding orientation.

owing to the presence of different rotational domains of the
2 × 2-(Au, Al) structure, spin-split zones can be resolved
in some directions. The Fermi map shows the noticeable
kx /ky asymmetry, which indicates that one domain orientation
prevails over the other two, and thus the anisotropy in the
Rashba-Edelstein effect can be observed.

IV. CONCLUSION

In conclusion, we elucidated the atomic structure and
electronic properties of the ordered two-dimensional Au-Al
compound grown on Si(111). The most stable compound was
found to incorporate four Au atoms, three Al atoms, and two Si
atoms per 2 × 2 unit cell. Its basic element is a rectangular unit
built of four Au atoms with an Al atom in its center and two Al
atoms adjacent to the short sides of the rectangular unit. The
structure can also be thought of as consisting of meandering
Au atomic chains aligned along the [11̄0] directions, where
two Al atoms per 2 × 2 unit cell occupy sites inside the
chains and one Al atom resides in between the chains.
This structure is lacking C3v symmetry typical for hexagonal
lattices. From the electronic viewpoint, the compound exhibits
metallic properties. Drastic changes in the location of the
electron bands during increasing Al contents in the compound
provide a principal possibility to control electronic properties
of the compound by depositing an appropriate amount of Al.
Calculations reveal that its surface-state bands are spin split
and the spin texture demonstrates unusual spin alignment,
where spins are directed along the gold chain direction that
should result in significant anisotropy in the Rashba-Edelstein
effect.
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