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Density functional theory (DFT) is applied to study the atomic, electronic, and spin structures of the Au monolayer at the Ge(111)
surface. It is found that the theoretically determined most stable atomic geometry is described by the conjugated honeycomb-
chained-trimer (CHCT)model, in a very good agreement with experimental data.The calculated electronic structure of the system,
being in qualitatively good agreement with the photoemission measurements, shows fingerprints of the many-body effects (self-
interaction corrections) beyond the LDA or GGA approximations. The most interesting property of this surface system is the
large spin splitting of its metallic surface bands and the undulating spin texture along the hexagonal Fermi contours, which highly
resembles the spin texture at the Dirac state of the topological insulator Bi

2
Te
3
. These properties make this system particularly

interesting from both fundamental and technological points of view.

1. Introduction

Two-dimensional metallic systems are of particular theoret-
ical and technological interests for the richness of physical
phenomena they display and the possibility of their tuning
in a controlled way. Recently, special attention has been
paid to spin properties of such systems which are relevant
to the potential applicability in the spintronics devices.
In the surface systems the space inversion symmetry is
broken. This fact together with the spin-orbit interaction
leads to the momentum-spin locking, which protects against
backscattering by potentials preserving the time-reversal
symmetry. In this perspective, surfaces of the 3-dimensional
topological insulators display the desired properties in their
topological surface states [1, 2]. From the point of view of
the integrability with the electronic technology, however, it
would be specially desirable to find a semiconductor surface
displaying both a goodmetallicity and a large spin splitting of
itsmetallic surface bands.These properties have been recently
found in the Ge(111) surface covered with a monolayer of a

heavy metal. The 𝛽-phase of (√3 × √3)-Pb/Ge(111) [3] and
the (√3×√3)-Au/Ge(111) [4–6] systems possess metallic sur-
face bandswhich are split by the strong spin-orbit interaction.

In this paper, we present results of detailed calculations
based on the density functional theory (DFT) [7, 8] done
for the (√3 × √3)𝑅30

o-Au/Ge(111) surface. We address the
questions of the stability of the possible atomic configurations
at this surface and the electronic and spin structures of
the stable phase. We find that although the standard local-
density approximation (LDA) and the gradient corrections
to it (GGA) reproduce very well the experimental data on
the geometry of this surface, that is, a ground-state property,
the calculated electronic structure shows some characteristic
deviations from the photoemission results, which point at
the importance of the many-body effects for electronic
excitations in this system, that is, quasiparticle excitations.
We find that the self-interaction corrections (SIC) applied in
a semiempirical way to the Au-5𝑑 states significantly improve
the electronic structure: they partly correct the depth and
the effective mass of the surface-state parabola and enhance
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the amount of the hexagonal warping of the Fermi contour,
bringing its shape closer to the experimental photoemission
results. An important outcome of our calculations is the spin
texture of the surface states split by the spin-orbit coupling
(SOC). It turns out that, in addition to a very large value
of the spin splittings of the surface bands, their spin texture
shows the characteristic and searched features of the helical
(keyword: Rashba [9]) and radial (keyword: Dresselhaus
[10]) fingerprints, very similar to the recently theoretically
predicted spin texture of the Dirac states of the topological
insulator Bi

2
Te
3
[11, 12].

In the next section, we present the methodology of
calculations. In Section 3, the results of the theoretical deter-
mination of the surface geometry are discussed. Section 4
is devoted to the analysis of the electronic structure of the
most stable geometry and the effect of the self-interaction
corrections on the band structure. In Section 5, we discuss
the spin texture at the Fermi contours.

2. Computational Details

The calculations in this work have been done within the den-
sity functional theory using the local-density approximation
[7, 8] and the generalized gradient approximation (GGA) of
the Perdew-Wang (PW91) type [13]. Two types of codes were
applied.The plane-wave code of the QUANTUM ESPRESSO
suite [14] has been used in studies of surface energies for
various reconstructions models of the Au/Ge(111) system.
For the detailed calculations of the electronic structure and
spin texture of the most stable conjugate-honeycomb trimer
(CHCT) model [15], our own mixed-basis codes were used,
where, apart from plane waves in the basis, also 𝑑-type
Gaussians were present in order to represent accurately the
Au-5𝑑 orbitals. In both codes, the norm-conserving pseu-
dopotentials have been employed. The surface was modelled
using the periodic-slab construction, where a large number
of germanium layers are terminated on one side with the
Au adsorbates and on the opposite side the dangling bonds
are saturated by the hydrogen atoms. Using asymmetric slabs
is specially convenient when spin splittings are a goal of
investigations. The whole slab is repeated periodically in
the perpendicular-to-surface direction including a vacuum
spacer between slabs. In the calculations of the atomic relax-
ations for different models of the surface the typical number
of Ge-monolayers in the slab was 7. In the calculations of
the electronic and spin structure for the most stable CHCT
model, larger slabs, up to 25 Ge-monolayers, have been
employed in order to disentangle the real surface features
from the artificial quantization effects produced by the slab
geometry. All calculations were done within the (√3 ×

√3)𝑅30

o lateral unit cell with respect to the 1 × 1 unit cell
of the unreconstructed Ge(111) surface. The lattice parameter
of this hexagonal cell was fixed at the experimental value
of 6.93 Å. In the self-consistency iterations, we have applied
the (6,6,4) division of the Monkhorst and Pack method [16]
and the “Gaussian smearing” technique of Fu and Ho [17] in
determining the Fermi energy in metallic systems.

3. Results of Geometry Optimizations

Experimentally, two different studies done for the (√3×√3)-
Au/Ge(111) system, the surface-X-ray-diffraction (XRD) of
Howes et al. [18] and the low-energy electron-diffraction
(LEED) of Over et al. [19], agree well with the CHCT model
proposed for the Au deposition on the Si(111) surface [15]
and also agree with each other in the values of determined
atomic positions. A confirmation of the validity of the CHCT
model brings also the recent STM study for this surface [20].
Correctness of the CHCT model might question, however,
a certain disagreement between the electronic structure
calculated on the basis of this model and results of the
angular-resolved-photoemission (ARPES) measurements for
this surface [4, 5, 20]. Although calculations done within
LDA or GGA theory reproduce the metallic surface state
seen in experiments, the theoretically determined bottom
of this surface state is energetically too high, the electron-
like Fermi surface contour is too spherical (shows less
hexagonal warping compared with experiment), and the 𝑘-
diameter of this contour is too small. The purpose of this
section is to verify if the CHCT structural model describes
indeed the most stable geometry of the Au/Ge(111) system
and if some other model of this surface does not give a
better agreement with the electronic structure determined by
ARPES measurements.

In the search of an appropriate model, we limited our-
selves to models of possibly high symmetry, compatible with
the √3 × √3 periodicity and showing a trimerization of Au
or Ge atoms seen in experiments.With these “boundary con-
ditions” there is still place for variation of some parameters,
such as the precise stoichiometry, the subsurface geometry
(missing or not of the Ge-surface layer), or the point of
placement of the trimers at the surface and their nature (Au
or Ge trimers).We have considered altogether 22 geometrical
models differing in the coverage of Au adatoms, in missing
or not of the top Ge-surface layer (MTL or TL cases), in the
placement of the characteristic structure (trimer) on top of
T
1
, T
4
, or H

3
positions in the surface, and in the geometrical

orientation of the apices of the trimer. The Au coverage was
varied between the 1/3 one (1 Au atom in the √3 × √3

unit cell) and the 2/3, 3/3 (i.e., one Au monolayer), and 4/3
coverage.The atomic positions in each structural model were
relaxed within the LDA approach and the surface energy was
obtained according to the following formula:

𝐸surf = 𝐸Total − ∑

𝑖

𝜇
𝑖
𝑁
𝑖
, (1)

where 𝐸Total is the total energy of the slab; 𝜇
𝑖
and 𝑁

𝑖
are

chemical potentials and number of atoms of the 𝑖th species
in the slab. As the chemical potentials for Ge and Au, we
have taken the energy per atom in the solid-state phase of
these materials. It turned out that all structures with the Ge-
TL configuration, as well as those with the 1/3 Au coverage,
have much higher surface energies and could be therefore
ruled out. Figure 1 shows top views of 9most stable structures,
all with the Ge-MTL configuration, together with the excess
energy per surface unit cell of each structure over the most
stable CHCT model.
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Figure 1: Top view of 9 energetically most favorable reconstruction models of the (√3 ×√3)-Au/Ge(111) surface. 𝜗Au is the Au coverage; 𝐸 is
the excess surface energy over the CHCT model.

Our LDA calculations clearly confirm the validity of the
CHCTmodel for the (√3 ×√3)-Au/Ge(111) surface. The sec-
ond realistic model, the honeycomb-chained-trimer model
(HCT), which describes well the Ag adsorbates on the Si(111)
surface [15], is still less favorable here. It is worth mentioning
that in our calculations the HCT structure relaxes into the
CHCT structure, when one allows for braking of the planar
mirror symmetry by a slight rotation of the Ge-trimer at the
beginning of the relaxation process.

In Table 1, we present calculated structural parameters
for the CHCT model and compare them with the exper-
imental values of [18, 19]. The parameters are defined in
Figure 2. In the structural relaxation of the CHCT model,
we have also used the GGA exchange-correlation functional
in the PW91 form [13]. Both theories give very similar
structural parameters and electronic band structures. The
good agreement of theoretical and experimental parame-
ters is another confirmation of the validity of the CHCT
model.

Table 1: Atomic positions (in Å), as defined in Figure 2, obtained
in this study within the LDA and GGA theories and reported in
the surface-X-ray-diffraction (XRD, [18]) and low-energy electron-
diffraction (LEED, [19]) experiments.

Parameter LDA GGA XRD LEED
This study This study [18] [19]

𝑥Au 1.62 1.65 1.63 1.62
𝑥Ge1 4.07 4.09 4.11 4.07
𝑥Ge2 4.54 4.54 4.59 4.58
𝑧Au 0.0 0.0 0.0 0.0
𝑧Ge1 0.44 0.51 0.42 0.51
𝑧Ge2 2.87 2.99 3.02 2.95
𝑧Ge3 3.54 3.72 3.79 3.63
𝑧Ge4 3.78 3.96 3.79 3.87
𝑧Ge5 6.04 6.26 6.24 6.10
𝑧Ge6 6.19 6.42 6.24 6.32
𝑧Ge7 6.96 7.24 7.06 7.06
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Figure 2: Top (a) and side (b) view of the CHCT model. The 𝑥 parameters have origin at the T
4
position; the 𝑧 parameters have their origin

at the center of the Au overlayer.

4. Electronic Structure of the CHCT Model

For all geometrical models considered in the previous sec-
tion, we have calculated also the electronic structure. It
turned out that only the CHCT and the HCTmodels give rise
to the electronic structures in a qualitative similarity with the
ARPES results. All other models considered could be ruled
out not only because of the unfavorable surface-formation
energy, but also due to their electronic structure qualitatively
different from experiment. The electronic structure of the
HCT model being qualitatively correct, that is, displaying
two metallic bands at the Fermi energy, inner hole-like and
outer electron-like, is, however, worse in some detail than the
CHCT model. In this section, we will analyze the electronic
structure of the CHCT model, compare it with experiment,
and discuss reasons of still remaining discrepancies with the
experimental results. The main conclusion of this section
is a suggestion that there is a significant component of the
many-body physics not described correctly by the LDA or
GGA theories, which is—at least partly—responsible for the
discrepancies in experiment.

Figure 3(a) presents the LDAband structure of the CHCT
model obtained with a slab consisting of 19 Ge layers, one
Au layer at one surface, and hydrogen atoms saturating
dangling bonds at the opposite surface. This slab contains
altogether 63 atoms in one unit cell. The spin-orbit coupling
is included. The band structure is shown along two high-
symmetry directions of the surface Brillouin zone, the M − Γ

and the Γ − K. The energy zero is at the theoretical Fermi
energy.

Concerning the metallic bands around the Fermi energy,
one observes a number of hole-like bands with their maxima
close to Γ and one (SOC split) electron-like, parabolic
band. This is in a qualitative agreement with ARPES results
presented in Figures 3, 4, and 5 of [4], though significant
discrepancies are clearly seen. First of all, the electron-like
parabola has its minimum at ca. 0.3 eV below the Fermi

energy in the LDA calculation, whereas its experimental
minimum is at ca. 1 eV below𝐸

𝑓
. Second, the configuration of

bands around𝐸
𝑓
seems to be similar to experiment, however,

only after shifting to higher energies of the theoretical Fermi
energy. Without such a shift, the topmost hole-like metallic
band is not well separated from the electron-like parabola
at 𝐸
𝑓
and, moreover, the sizes (diameters) of the energy

contours of LDA bands do not agree with experiment.
The necessity of shifting of 𝐸

𝑓
between calculations

and experiment happens often for metallic surface systems.
The most obvious reason for it is the charge flow between
the semiconductor states (e.g., its impurity states) and the
metallic band at the surface (Schottky effect). There are also
unavoidable imperfections at the surface, like not precise
stoichiometry, which result in a possible surplus charge
and the formation of the band bendings close to surfaces.
These effects are rather strong because, in the reduced
dimensionality, that is, smaller density of states at a surface,
an even small extra charge can lead to significant shifts of the
Fermi energy. It is easy to see, however, that a simple shift of
the Fermi level to higher energies cannot perfectly reconcile
the experimental and theoretical results. In our opinion, the
best overall agreement in the band structure close to the
experimental Fermi energy is obtained with the 110meV shift
of the LDA Fermi level, shown in Figure 2(a) as a separate
line. For such a shift, the hole-like bands seen in ARPES are
reproduced pretty well, while the diameters of the constant-
energy cut of the electron-like parabola are still too small.
Obviously, the bottom of the electron-like parabola cannot
be moved to its experimental position with such a small shift.

Searching for another possible reason of the discrepancy
between theoretical and experimental band structures, we
note that there are systematic errors of the LDA band
structures of noble metals. These elements, similarly to
elements of the IIB group of the periodic table, possess fully
or almost fully occupied 𝑑 electrons, which energetically are
within the valence region of the elemental noble metals or
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Figure 3: Electronic structure of the CHCT model obtained within the LDA theory (a) and with the SIC-corrected theory (b) along the
𝑀−Γ−𝐾 lines in the surface Brillouin zone.The red and blue arrows in the panel (b) show the states chosen for the presentation in Figure 4.
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Figure 4: Planar average of the modulus square of the wave
functions chosen in Figure 3(b). The red curve with the label
“Au” corresponds to the surface state of the Au- and electron-like
character. The blue curve with the label “Ge” corresponds to the
Ge- and hole-like character. The 𝑧-zero is at the position of the Au-
plane. The red and black balks in the bottom of the figure show the
𝑧 positions of the Au and Ge atomic layers.

compounds with other elements. Within the LDA theory,
these 𝑑 electrons are energetically less bound (too high in
energy) compared with experimental evidence. This LDA
shift of the 𝑑 bands can lead to an enhanced chemical
hybridization of 𝑑 and 𝑠𝑝 states in compounds containing
these elements and thus can have an impact on the shape of
bands in the vicinity of the Fermi energy. One of the reasons
of this LDA shift—probably the biggest one—is the self-
interaction error present in the LDA theory and particularly
high for the localized 𝑑 electrons. Therefore, elimination of
this error could be helpful in bringing the theoretical band
structure closer to experiment.

Because of the complexity of surface calculations, we have
decided a simplified, semiempirical procedure of the self-
interaction correction (SIC). In this procedure, we adjust
the 𝑑 component of the nonlocal Au atomic pseudopotential
in such a way that the resulting bulk bands of the Au
metal, in particular the 5𝑑-Au bands, are in good agreement

with photoemission measurements. In this way, we do not
adjust the Au pseudopotential to the Au/Ge(111) system
but rather search for a possibly universally correct Au-𝑑
pseudopotential. The same procedure applied in calculations
of electron energy loss spectra in CdTe, where the Cd-4𝑑
states have been corrected, turned out to be essential in
reproducing the experimental results [21].

Applying SIC to the (√3 ×√3)-Au/Ge(111) system results
in a band structure in much better agreement with ARPES
than was the case with the LDA method. However, some
discrepancies still remain and it turns out that there is still
need of shifting up the Fermi level. The best agreement is
obtained again with the 110meV shift. Figure 3(b) shows
the resulting band structure when the SIC-corrected Au
pseudopotential is used. The size of symbols along the band
structure is proportional to the surface character of states.The
empty (filled) symbols indicate states of predominantly gold
(germanium) character. It can be seen that the electron-like
parabola originates from the Au overlayer and the hole-like
surface bands have a character of the Ge valence band shifted
up due to the surface potential barrier. By comparing Figures
3(a) and 3(b), it is clear that the SIC had the biggest impact
on the shape and position of the electron-like parabola.
While the hole-like surface bands of germanium character
are similar in both figures, the Au-derived electron parabola
compares much better in Figure 3(b) with the experimental
measurements of [4].

The red and blue arrows in Figure 3(b) show two chosen
points at the electron-like surface band of Au character (red
color) and at the hole-like surface band of Ge character (blue
color), for which the shape of the wave function is shown
in Figure 4. This figure presents the planar average of the
modulus square of wave functions of both states as a function
of the 𝑧-coordinate. The origin of 𝑧 is at the position of the
Au layer. The vacuum is at negative 𝑧; the Ge substrate is
at positive 𝑧. The red short vertical line at 𝑧 = 0 shows the
position of Au atoms; the black short lines show positions of
the next germanium layers. It follows from Figure 4 that both



6 Advances in Condensed Matter Physics

𝜎1

𝜎2

𝜎3

(a)

E

𝜎1

𝜎1

𝜎2𝜎2

𝜎3𝜎3

C3

C2
3

M

K

(b)

Figure 5: (a) Real-space top view of the CHCT structure with three mirror-plane symmetries 𝜎
1
, 𝜎
2
, and 𝜎

3
shown as red, dashed lines. (b)

The surface Brillouin zone of the √3 × √3 unit cell. The red, dashed lines show the orientation of the three mirror planes in the reciprocal
space. The six symmetry operations of the 𝐶

3V group transform one of the irreducible parts of the BZ, called 𝐸, into other irreducible parts.
A possible constant-energy contour is shown as a solid line within the BZ together with a possible spin texture along the contour shown as
color arrows. Red color of arrows corresponds to one possible 𝑧 direction of spin vectors; blue color corresponds to the opposite direction.
The green color of spin vectors along the Γ − 𝐾 lines means fully planar spins.

surface bands have very different character. The electron-like
surface band is very localized around the first two atomic
layers. On the other hand, the hole-like surface band goes
deep into the interior of the substrate. It has its maximum
not directly at the surface but about 7 Å away from it and
its shape resembles a bulk state modified by an envelope
function produced by the quantum-well potential in the
surface region.

5. Spin Texture of Surface Bands

Apart from the metallicity, one of the long searched prop-
erties of semiconductor-surface systems is the spin splitting
of surface bands. The presence of a surface automatically
leads to spin splittings of two-dimensional surface bands,
known in the literature under the name of Rashba-Bychkov
splitting [9]. Such a spin splitting is technologically interest-
ing, because it can provide a way to produce spin-polarized
currents via purely electronic means. The idealized Rashba
spin pattern is planar; that is, the vectors of spin of particular
states are oriented within the surface plane and are perpen-
dicular to the 2-dimensional ⃗

𝑘-vector of the state. Recently,
additional perspectives have been found in the exploration
of the three-dimensional orientation of the spin vector at
the Fermi surface and its rotation towards the ⃗

𝑘-radial or
towards the out-of-surface-plane direction. The (√3 × √3)-
Au/Ge(111) systemprovides a particularly interesting example
of such behavior.Due to the heavy-atomadsorption (Au) spin
splittings are here amongst the largest ones so far reported

experimentally for semiconductor surfaces decorated with
adsorbates and exceed 210meV at the Fermi energy. For
similar systems, like Pb/Ge(111), a value of 200meV for the
spin splittingwas reported [3]; for Tl coadsorbed at Au/Si(111)
190meV has been measured [22]. In this section, we will
analyze in detail the spin pattern of two pairs of surface
bands, the electron-like Au-derived bands and the hole-like
Ge-derived bands. Our analysis will be based on the generic
features of symmetry and, therefore, will be applicable to all
systems of the same symmetry, in particular, for example, to
the Dirac edge states at the (111) surfaces of the topological
insulators Bi

2
Se
3
and Bi

2
Te
3
.

5.1. Symmetry Constraints in the Spin Texture. Figure 5
presents symmetry operations of the 𝐶

3V group both in real
(a) and reciprocal (b) spaces in the √3 × √3 structure. The
𝐶
3V group has 6 symmetry operations: 3 rotations of the 𝐶

3

subgroup (𝐸,𝐶
3
, and𝐶

2

3
) and 3mirror planes (𝜎

1
, 𝜎
2
, and 𝜎

3
),

perpendicular to the surface plane, which in the reciprocal
space intersect the 2-dimensional Brillouin zone (BZ) along
the three Γ − 𝐾 directions. It is also shown in Figure 5(b)
which particular symmetry transforms one irreducible part
of the BZ (denoted as 𝐸) into all other irreducible parts.
For illustration of general symmetry properties of the spin
along a band, a typical constant-energy contour is shown in
Figure 5(b). This contour could be one of the partners of the
pair of surface bands of Au or Ge character, or, for exam-
ple, a topological edge state in a 3-dimensional topological
insulator such as Be

2
Te
3
. It is obvious that this constant-

energy contour must show a bigger or smaller hexagonal
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Figure 6: (a) Constant-energy contours at 110meV above the theoretical Fermi energy for the hole-like bands of Ge character.The labels Ge
1

and Ge
2
correspond to the inner and outer contour, respectively. ((b) and (c)) Spin patterns along the inner and outer contours.

warping of its shape in agreement with the 𝐶
3V symmetry of

the system. Figure 5(b) also shows a hypothetical spin texture
along this hypothetical energy contour, which alsomust agree
with the general symmetry-transformation properties of the
spin. Since the spin vector can have all three (𝑥, 𝑦, and 𝑧)
directions and the presentation plane is the 𝑥𝑦 plane, we have
shown with the blue color one possible 𝑧 direction and with
the red color the opposite one. Spin of a particular state, that
is, the expectation value of the spin operator ⃗

𝑆 = (ℏ/2)�⃗�

(where �⃗� = (𝜎
𝑥
, 𝜎
𝑦
, 𝜎
𝑧
) are Pauli matrices) at a particular

(spinor) state, has symmetry-transformation properties of
axial vectors.Under proper rotations, the spin vector “rotates”
as normal vectors. Under space inversion, however, it remains
unchanged. Since a mirror-plane symmetry is a combination
of a proper rotation of 180 degrees with the inversion, it
follows that, for a nondegenerate state of ⃗

𝑘-vector at the
mirror plane, spin of this state must be perpendicular to the
mirror plane. It cannot have a nonzero component within
the mirror plane. This means that for states along the Γ − 𝐾

directions spin vectors must be oriented in the surface plane
and must be perpendicular to the Γ − 𝐾 directions. For
nondegenerate states from the interior of the BZ, which are
not at the Γ − 𝐾 lines, the spin values are not constrained
by symmetry arguments and can have arbitrary directions.
However, it follows from the same transformation rules of
axial vectors that under the symmetry of a mirror plane their
perpendicular components remain unchanged, whereas their
planar (with respect to the symmetry plane) components are
reversed. This means that going along the constant-energy
contour of Figure 5(b) from the IBZ = 𝐸 to the neighboring
IBZ = 𝜎

2
and IBZ = 𝜎

3
the spin along the band must reverse

its 𝑧-component. This behavior is illustrated in Figure 5(b),
where the spin undulates along the Fermi contour: it reverses
its 𝑧-component when rotating from one IBZ to the next.
A special direction is also the Γ − 𝑀 direction, although
it is not the mirror-plane symmetry direction. States along
this line are invariant with respect to the combination of

two symmetries: the time-reversal symmetry and the mirror-
plane symmetry perpendicular to the Γ − 𝑀 line. This
combination results in a particular constraint on the spin
direction, which allows only for spins perpendicular to the
⃗

𝑘-vector (unlike the Γ − 𝐾 direction, the 𝑧-component of
spin is now allowed). The above considerations are valid for
nondegenerate states. For degenerate states all spin directions
are possible.

5.2. Spin Pattern along the Hole-Like and Electron-Like
Fermi Contours. The symmetry-related constraints on the
spin texture along a constant-energy contour are seen in
both DFT calculations and the spin- and angular-resolved-
photoemission measurements [6]. Figure 6 shows the cal-
culated spin texture along the hole-like Fermi surface of
Figure 3(b). In order to comply with the photoemission
results, the constant-energy cut was taken at the 110meV
above the theoretical Fermi energy. In Figure 6(a), two spin-
orbit split contours are shown; in Figures 6(b) and 6(c), the
spin textures along the inner (Ge

1
) and outer (Ge

2
) contours

are given, respectively. As in other cases this figure shows
the surface from above; that is, the Ge crystal is below the
picture plane. On each of the two contours spin vectors
have a helical character, rotating anticlockwise at the inner
contour and clockwise at the outer one. The blue/red color
of spin vectors means the nonzero 𝑧-component directed
inside/outside the crystal. The green color of arrow at the
Γ − 𝐾 directions (mirror planes) means fully planar spins.
Similarly, Figure 7 shows the spin texture at the constant-
energy cut of the electron-like metallic band discussed in
[6]. For this band better agreement with the photoemission
results is obtained at the energy cut of 180meV above the
theoretical (SIC) Fermi level. It can be seen that the helicity
of the Au-derived surface bands is opposite to the Ge-derived
bands: spins at the inner band rotate clockwise and spins at
the outer band rotate anticlockwise.
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Figure 7: (a) Constant-energy contours at 180meV above the theoretical Fermi energy for the electron-like bands of Au character.The labels
Au
1
and Au

2
correspond to the inner and outer contour, respectively. The same as in Figure 6.
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Figure 8: 𝑆
𝑧
components of spin vectors (filled triangles) along one arc of the bands between the Γ −𝐾 and Γ −𝑀 directions as a function of

the scan angle, as well as the total spin polarization |
⃗

𝑆| = √𝑆
2

𝑥
+ 𝑆
2

𝑦
+ 𝑆
2

𝑧
(empty triangles). The values of spins given in ℏ/2 units. (a) Ge-like

contours of Figure 6 and (b) Au-like contours of Figure 7.

Figure 8 presents the values of the 𝑧-component along
one portion of the hexagonally warped contour, as well as
the total spin polarization, both in units of ℏ/2, for two
pairs of bands. The total spin polarization is defined as the
length of the measured spin vector: | ⃗

𝑆| = √𝑆
2

𝑥
+ 𝑆
2

𝑦
+ 𝑆
2

𝑧
. It

is interesting to note that the total spin polarization is not
equal to ℏ/2. This fact follows from the spin-orbit coupling
in the presence of the spatial variation of the potential. When
the variation of the potential in space is ignored, as is the
case in models based on the 𝑘 ⋅ 𝑝 expansion (see next), the
wave functions in the system are plane waves and the length

of spin is automatically normalized. Please note that the
spin polarization discussed in Figures 6 through 8 represents
the spin properties of initial states of the photoemission
process. The measured in spin-resolved ARPES experiments
spin polarization of photo-electrons need not to be the
same. As recently proposed by Park and Louie, the spin
polarization of final states can differ from that of initial states
due to the light polarization used in the excitation event [23].
Similarly, Herdt et al. suggested that the finite escape length
of photoelectrons affects the measured spin polarization as
well [24]. On the other hand, as reported in [6], for the
(√3×√3)-Au/Ge(111) system, the theoretically predicted spin
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polarization of initial photoemission states agrees very well
with the spin polarization measured on photoelectrons.

Figures 6 through 8 show that the spin patterns of both
pairs of bands differ in some detail. First difference is the
opposite helicity direction for both pairs of bands.This, how-
ever, can be explained by the sign of the effective masses, that
is, the hole-like or electron-like character of bands. Another
difference is the dominant direction of the spin pattern: while
the Ge-derived bands have an almost planar spin pattern,
the Au-derived bands have spin vectors highly polarized
along the surface normal (𝑧 direction).The 𝑧 direction of spin
vectors can be attributed to the fact that the Au adlayer is
very close to the first Ge-surface layer. Such a geometry gives
rise to potential gradients with a large planar component.
Since the Au-derived bands are strongly localized at the
first two surface layers, they accordingly strongly “feel” the
planar gradients of the potential. In contrast, the Ge-derived
surface bands are much extended inside the substrate (see
Figure 4); therefore, they are not sensitive to the details of
the potential within strict surface region. They are more
sensitive to the long-range shape of the surface barrier due
to the charge flow between crystal states and the metallic
surface bands. Such a “macroscopic” shape of the surface
barrier is, however, predominantly one-dimensional, along
the 𝑧 direction, which makes the spin texture of Ge-derived
bands highly planar.

Yet another difference is in the special behavior of the
direction of spin vectors for Au

1
and Au

2
bands close to 𝐾

points. In the vicinity of these points, planar components
of spin vectors start to be aligned with the ⃗

𝑘 itself, that is,
undergo rotations into the radial direction. Such a behavior
is not within the idealized Rashba scenario, where the spin
vectors are tangential to the energy contours and perpendic-
ular to ⃗

𝑘, and often appears in the literature as a fingerprint of
the Dresselhaus spin-orbit splitting. The interplay of Rashba
andDresselhaus spin-orbit splittings has been considered as a
prerequisite for certain types of spin manipulation, for exam-
ple, in the nonballistic spin-field-effect transistor [25–28].
A comparison of Figures 6 and 7 shows that the Ge-derived
surface states have more “Rashba-like” spin texture, whereas
the Au-derived surface states have a more complex spin
structure.

Interestingly, the spin texture of the Au
1
and Au

2
bands is

similar to the one of the Dirac surface state of the topological
insulator Bi

2
Te
3
. Fu [11] and Basak et al. [12] analyzed the

spin texture of the Fermi-Dirac surface state in Bi
2
Te
3
in

terms of the 𝑘 ⋅ 𝑝 expansion. Fu pointed out the importance
of a third-order term in the 𝑘 ⋅ 𝑝 expansion, which was
responsible for two effects: the hexagonal warping of the
constant-energy contours of the Dirac state and the gener-
ation of the perpendicular component of the spin vector.
Basak et al. added to this expansion a fifth-order term which
generates the radial rotations of the planar component of spin
vectors in the vicinity of 𝐾 points. In our recent publication,
we have proposed another (a sixth-order) term, which is
responsible for the hexagonal warping of the Fermi surface
but does not affect the spin texture [6]. This proposition was
justified by the fact that the hexagonal warping of bands in

the (√3 × √3)-Au/Ge(111) surface system is not an entire
effect of the spin-orbit interaction but is a product—at
least partially—of the crystal symmetry alone. Our 𝑘 ⋅ 𝑝

representation of the Au
1
and Au

2
bands in the vicinity of the

Fermi energy has the following form:

𝐻(𝑘) = (

ℏ

2
𝑘

2

2𝑚
∗

− 𝐶 + 𝑐
ℎ
(𝑘

6

+
+ 𝑘

6

−
))𝜎
0

+ V (𝑘
𝑥
𝜎
𝑦
− 𝑘
𝑦
𝜎
𝑥
) + 𝜆 (𝑘

3

+
+ 𝑘

3

−
) 𝜎
𝑧

+ 𝑖𝜁 (𝑘

5

+
𝜎
+
− 𝑘

5

−
𝜎
−
) .

(2)

In (2), 𝜎
0
is the 2 × 2 identity matrix, 𝜎

𝑥
, 𝜎
𝑦
, and 𝜎

𝑧
are

Pauli matrices, 𝜎
±

= 𝜎
𝑥
± 𝑖𝜎
𝑦
, and 𝑘

±
= 𝑘
𝑥
± 𝑖𝑘
𝑦
. For the

following choice of parameters:𝑚∗ = 0.4𝑚
𝑒
,𝐶 = 0.77 eV, 𝑐

ℎ
=

70 eV Å6, V = −0.1 eV Å, 𝜆 = −7 eV Å3, 𝜁 = 5.5 eV Å5, and the
𝐸 = 0 energy surface of this Hamiltonian model reproduces
well both the Fermi contour and the spin structure of the
metallic surface band in the√3 × √3-Au/Ge(111) surface (in
the supplementary material in [6] an error appeared in the
units of 𝑐

ℎ
, V, 𝜆, and 𝜁 parameters; the Å unit present in

these parameters should be given in positive powers instead
of negative, as was the case in [6]). We note that our 𝑘 ⋅

𝑝 representation, (2), does not describe the Au
1
and Au

2

bands along their whole 𝑘-dispersion but is only valid in the
vicinity of the Fermi energy shifted by the 180meV above the
theoretical, DFT Fermi level.

6. Conclusions

The (√3 × √3)-Au/Ge(111) surface system has been theoreti-
cally investigated by means of the density functional theory.
Comparing different reconstruction models compatible with
the√3×√3 geometry, we have shown that the CHCTmodel
is energetically themost stable and in the same time gives rise
to the surface electronic structure in best agreement with the
results of photoemission measurements. It was shown that
the self-interaction corrections strongly improve the LDA
band structure. But there are still some deviations compared
to experiment which point the importance of other many-
body components in the electronic excitation spectrum of
this system. Two types of metallic surface bands have been
analyzed: the hole-like surface band of a predominantly Ge
character and the electron-like surface band of aAu character.
Both bands are split by the spin-orbit interaction into pairs of
bands. The character of the spin texture close to the Fermi
levels at each of these bands has been analyzed and related
to the spatial properties of wave functions. In particular, the
spin texture of the strongly spin-split metallic band of Au
character has been modelled by means of the 𝑘 ⋅ 𝑝 expansion,
following the ideas of [11, 12].
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