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Atomic configurations of Au-induced nanowires on Ge(001) stabilized by higher Au coverages
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Based on density functional calculations with different exchange-correlation functionals we propose three new
atomic structures for gold-induced nanowires on Ge(001) surfaces for Au coverages higher than one monolayer.
We start the investigations from the original and a modified giant missing row (GMR) structure, the Au-trimer
stabilized Ge ridge model. We replace successively Ge atoms at the wire ridge or facets by Au ones. Comparing
the relative formation energies the new models are shown to be energetically more favorable than the GMR
model proposed previously for lower coverages. Indeed, additional Au atoms at the wire surface stabilize
novel geometries. The new models are able to explain several features of the nanowire structure observed by
scanning tunneling microscopy and the electronic states found experimentally by angle-resolved photoemission

spectroscopy.
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I. INTRODUCTION

One-dimensional (1D) electronic systems have attracted
much interest, because of fundamental problems as well as
technological reasons. Self-organized arrays of atomic chains
due to metal adsorption on semiconductor surfaces offer a
variety of tunable model systems to study exotic physics but
also novel applications in a nearly 1D situation. In addition,
they are in focus as systems to test predictions from solid-state
theory. They pertain to the Peierls instability of such chains,
where a charge-density wave (or even a spin-density wave)
leads to a metal-semiconductor transition [1]. For strictly 1D
systems, the Fermi-liquid picture breaks down. A correlated
electron state with spin-charge separation known as the Lut-
tinger liquid is proposed [2]. Prototypical systems are In chains
on Si(111) [3-5], Au on Si(111), Si(557), and Si(553) [6-8],
and Pt on Ge(001) [9-13] (see also references therein).

Self-assembled nanowires have been also observed for Au
on Ge(001) [12,14-26]. These nanowires have attracted much
attention because they are candidate systems for observation
of a Tomonaga-Luttinger liquid [15]. Indeed, on the basis
of measurements of scanning tunneling spectroscopy and
angle-resolved photoemission spectroscopy (ARPES) Blu-
menstein et al. [21] claimed that the observed density of
states is a clear hallmark of a Tomonaga-Luttinger liquid.
This conclusion has been, however, controversially discussed
in literature [26]. Central and most controversial points
are the findings and interpretation of the ARPES but also
scanning tunneling microscopy (STM) results concerning the
metallic state, its one- or two-dimensionality, anisotropy, and
dispersion [17,19,20,24-26].

In contrast to the electronic structure the surface mor-
phology is consistently interpreted, mainly on the basis
of STM images (sometimes supported by low-energy elec-
tron diffraction (LEED)) taken at low or room tempera-
ture [15,16,18,22,24,26]. The Au-induced chains grow in
a (110) direction with a regular width and an interwire
spacing of 1.6 nm, i.e., by four Ge(001)1 x 1 surface lattice
constants a with a = ap/ V2=40A (ap — bulk Ge lattice
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constant). Long-range order of the wire arrays was difficult
to achieve and interpreted by the ¢(8 x 2) translational sym-
metry [15,21]. Now in well-ordered surface regions a further
long-range ordering with a more complex superstructure is
observed. It appears 4 x 8 unit cells with characteristically
modulated protrusions along a wire, which are labeled as “V
(chevron)” and “W (zigzag)” protrusions [18,22,24,26]. This
superstructure on top of the ¢(8 x 2) unit cells may be more

precisely described by a ¢ a1 %) superstructure matrix [22,24]

using a generalized description of the surface translational
symmetry [27]. Some groups claim now that the ¢(8 x 2)
symmetry corresponds to a higher temperature phase [22]
and reassigns the low-temperature phase as the p(4 x 1)
superstructure of ¢(8 x 2) [21,25], which may be the same
as the 4 x 8 structure [26].

Another not-well-defined characteristic of the Au/Ge(001)
surface is the gold coverage measured in monolayers (MLs).
In many experimental investigations an Au coverage of 0.5
or 0.75 ML has been found or assumed to interpret the
results [15,19,26,28]. Recently, there is a tendency to interpret
the ARPES and STM results even in terms of somewhat
higher coverages, e.g., 0.96 ML [20], 1.1-1.2 ML [17],
and 1.0 ML [25]. Very recent studies combining STM and
transmission electron microscopy [29] or LEED [30] favor
higher coverages with Au atoms penetrated into the Ge(001)
surface. These results are in line with early reports of 1.5 ML
Au coverages [14].

The experimental controversies concerning electronic
structure, details of the surface topology, and surface stoi-
chiometry make theoretical modeling far from trivial. There-
fore, despite several atomic and electronic structure studies
in the framework of the density functional theory (DFT)
[12,31-34], the actual arrangements of the Au and Ge atoms
at the Au/Ge(001) surface are almost unknown or, at least,
under discussion [13]. The suggested surface models and their
possible modifications can be roughly classified into four
classes suggested by Sauer et al. [31] and Vanpoucke [13].
Among these classes the simulated STM images from the giant
missing row (GMR) structure, at first suggested by van Houselt
et al. [16], show relatively good agreement with the recent
experimental STM images [18,22,24,26]. Moreover, one of
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the most recent LEED studies supports that the GMR model
is most appropriate to describe the Au-induced nanowires on
Ge(001) [30]. The replacement of Ge dimers on the wire ridge
of the GMR model by Ge-Au heterodimers leads to a Au-
trimer stabilized Ge ridge (ATSGR) structure, which is much
more energetically stable than the original GMR model [31].
Therefore, further developments of structural models for
higher coverage may be started from the ATSGR structure.

In this paper, we investigate new possible atomic models for
Au-induced nanowires on the Ge(001) surface for higher Au
coverage by means of first-principles calculations. We focus
on the influence of the surface stoichiometry on the stability of
a certain wire model. We report on the electronic properties of
these new models and discuss the results in terms of available
experimental data.

II. THEORETICAL AND COMPUTATIONAL METHODS

The total-energy and electronic-structure calculations are
performed in the framework of the DFT [35,36] within the
local density approximation (LDA) as well as the generalized
gradient approximation (GGA) introduced by Perdew, Burke,
and Ernzerhof (PBE) [37,38] using the Vienna ab initio simu-
lation package (VASP) implementation [39]. From previous
calculations [31] we know that neither the LDA nor the
GGA lead to reasonable results simultaneously for the lattice
constants and cohesive energies of bulk gold and the group-IV
crystals. The theoretical lattice constants underestimate the
experimental values for LDA or overestimate them for PBE-
GGA. Therefore, here we also test a modern GGA functional,
PBEsol [40], intended only for solid and surface systems.
We use a plane-wave basis and projector-augmented wave
pseudopotentials [41]. The electronic wave functions are ex-
panded into plane waves up to an energy cutoff of 400 eV. The
outermost s, p, and d electrons are treated as valence electrons.

The gold-covered Ge(001) surface is modeled with a
periodically repeated slab. The supercells consist of eight
Ge layers, additional Ge and Au atoms simulating the wire,
and a vacuum thickness of 16-20 A. The numbers of the
additional atoms determine the Ge content of the wires and
the Au coverage (see Ref. [31]). The bottom layer of the slab
is saturated with hydrogen atoms. Eight Ge layers together
with H-termination of lower slab side are used to model bulk
germanium. They correspond to four irreducible (001) slabs of
the diamond structure [27]. This material slab has been tested
to be thick enough for energy and structural calculations [31].
The wires on the Ge(001) surface are simulated by further six
or seven Au/Ge atomic layer.

All calculations are performed using the calculated Ge
equilibrium bulk lattice constant for each exchange-correlation
(XC) functional. The calculations yield a lattice constant of
ag = 5.65, 5.78, and 5.70 A for bulk Ge from the LDA,
PBE-GGA, and PBEsol XC functionals, respectively. These
values are in good agreement with previous calcula-
tions [13,31,42]. We investigate unit cells with (8 x 2)
and p(4 x 2) surface translational symmetries. The p(4 x 2)
structure has been suggested alternatively to the c(8 x 2)
one. Although a 4 x 8 unit cell is reported from the STM
experiment recently [26], the ¢(8 x 2) and p(4 x 2) unit
cells represent basic symmetries of the 4 x 8 periodicity.
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Nevertheless, a few electronic structure calculations are
performed for the p(4 x 4) unit cells, which are of the double
size of the ¢(8 x 2) and p(4 x 2) unit cells. The Brillouin
zone (BZ) integrations are performed using Monkhorst-Pack
meshes [43] 0of 3 x 3 x 1 forc(8 x 2),2 x 4 x 1 for p(4 x 2),
and 10 x 10 x 10 (20 x 20 x 20) in the case of bulk Ge (Au),
respectively. The topmost five atomic layers of the slab are
allowed to relax until the Hellmann-Feynman forces are less
than 10meV//°%.

The resulting electronic structures based on the Kohn-Sham
eigenvalues of the DFT [36] suffer from the neglect of the
quasiparticle excitation aspect [44]. The quasiparticle gap
opening is of the order of the fundamental gap itself [45].
However, a second problem exists in the case of germanium
in diamond geometry. In the framework of the PBE-GGA or
LDA XC functional the semiconductor becomes direct with
a vanishing gap and a small indirect gap [46]. Converged
quasiparticle calculation using the GW self-energy cannot be
performed for supercells with about 100 or 200 atoms [44].
Also approximate quasiparticle approaches, e.g., using the
MBIJLDA functional cannot be performed because of strongly
inhomogenous system containing of vacuum, surface region
and bulk layers [46]. Fortunately, the slab approximation has
an influence on the actual gap in the electronic structure.
The confinement effects in normal direction open a small
gap mainly determined by 7?(1 /dy.p)?/2m*, where m* is an
effective electron mass and dggp, is a slab thickness. With an
electron mass of the order of m* = 0.5m and a (bulk) slab
thickness of about dy,, = 12-20 A the confinement leads to a
gap opening of approximately 0.2-0.5 eV. This fact helps to
discuss surface and wire electronic states in the gap region of
“bulk” Ge.

In order to compare the energies of models with different
Au and Ge coverages, i.e., different number of atoms in unit
cells, we compute the relative formation energies by AQy =
Eslab — E:ifb — MGBANGE — MAu ANAu with Eslab as the total
energy of the slab, wge (1au) as the chemical potential of Ge
(Au), and ANge (A Nay) as the variation of the number of Ge
(Au) atoms with respect to the reference model. In all practical
cases, we compare with the GMR model [31] as a reference
surface. The chemical potentials pge (nau) are referred to
the calculated bulk chemical potentials /Lgle]k (Mt/’\“dk) for the
specified atoms. They allow to study fluctuations Apgean =

bulk
HGe(An) — Mie(au)-

III. RESULTS AND DISCUSSIONS

A. Structural models

We introduce three new models for Au-induced nanowires
on Ge(001). The starting point of the first one is the ATSGR
model, which was proposed in a previous DFT study by Sauer
et al. [31] shown in Fig. 1(a). This model is the most stable
atomic structure among the GMR class with not too high Au
coverage. In order to seek possible atomic structures for Au-
induced nanowires on Ge(001) we first studied modifications
from the ATSGR model. We replaced two or four Ge atoms by
Au atoms in the surface region of the ATSGR model, thereby
increasing the Au coverage. The Au coverage became 1.0 and
1.25 ML, respectively. However, we did not find structures with
an actually better energetic stability under Au-rich preparation
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FIG. 1. Calculated atomic structures (top view and side view) of
the (a) ATSGR structure, (b) model I, (¢) model II, and (d) model III
using the PBE-GGA XC functional.

conditions. For that reason, we modified the idea for a new
model based on the ATSGR model. In a first step we add two
Au atoms on the ATSGR structure resulting in ®4,=1.0 ML.
In a second step we replace two Ge atoms by two Au atoms on
the surface. The resulting stable structure shown in Fig. 1(b),
“model I,” gave rise to an improvement of the energy gain
under Au-rich conditions, at least within PBE-GGA, as shown
in Table I. In this model I the entire surface reconstruction in
p(4 x 2) unit cells contains 1.25 ML of Au atoms.

The model I in Fig. 1(b) shows two characteristic features,
a half-cylinder form of the wire and deep grooves around it.
More in detail, a linear chain of Au atoms at the wire apex is
constructed, instead of a linear chain of Ge atoms in the case
of the ATSGR structure. Consequently, the atomic structure of
model I has no more Ge homodimers or Ge-Au heterodimers
on top of the ridge. Four Au atoms on each facet side are
observed on the nanowires. Thereby, the atomic geometry of
the nanowire is symmetric. Buckled Ge dimers are still formed
in the trenches, similar to the original ATSGR model shown
in Fig. 1(a).
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TABLE I. Relative formation energies A2 in eV per p(4 x 2)
unit cell of the GMR, ATSGR, and new proposed models derived
for three different exchange-correlation functionals. The related
formation energies are relative to the GMR model. The Au coverage
®ay 1S given in monolayer (ML). Au-rich preparation conditions

Uan = 12K are assumed.

Model Oay LDA PBE-GGA PBEsol
GMR 1.0 0.00 0.00 0.00
ATSGR 0.75 -3.18 -1.99 —2.95
Model I 1.25 —2.73 —2.29 —2.65
Model II 1.75 —2.49 —2.35 —2.52
Model III 1.75 —2.06 —-2.33 —2.18

The interpretation of x-ray photoemission spectroscopy
results [18] claims that buckled Ge dimers do not occur. For
that reason, we construct another geometry, which has no
buckled Ge dimers in the trenches. We go back to the original
unfavorable GMR model [31] but consider a combination of
the GMR model and the wire shape of the half-cylinder form
found for model I by adding Au atoms to reach a Au coverage
of 1.75 ML. Figure 1(c) shows the resulting atomic structure.
We call this model “model II”” hereafter. In order to understand
better model II in Fig. 1(c) we use different colors for Au and
Ge atoms to illustrate different heights above the grooves.
Mixed elements consisting of Ge and Au atoms are contained
in the top layer of model II. Au trimers, which are displayed
as yellow balls in Fig. 1(c), are constructed on the facets. The
Au-Ge bond lengths between the topmost Au atoms [dark
orange balls in Fig. 1(c)] and Ge atoms [light blue balls in
Fig. 1(c)] are 2.60-2.78 A. The Au atoms in the middle position
on the facets [light orange balls in Fig. 1(c)] represent Au-Au
pairs, in which the Au-Au distances are 2.91 and 2.97 A within
PBE-GGA, close to the Au-Au bond length 2.95 A of fec bulk
Au. Interestingly, the model II has a slightly lower formation
energy than the model I within PBE-GGA and a somewhat
higher formation energy than the model I in LDA and PBEsol
for Au-rich preparation conditions, i.e., pa, = ,u?;{]lk, as
shown in Table I. The difference in the formation energies are
mainly due to the different cohesive energies of bulk Au and
Ge resulting for the different XC functionals [13,31].

We also discuss a modification of model II, because the
distribution of the Ge atoms on the top of the nanowires [light
blue balls in Fig. 1(c)] seems to be somewhat too dense. In
order to remove a few Ge atoms at the ridge in the p(4 x 2)
unit cells and reconstruct the atomic structure, we propose the
third variation of the nanostructure of Au-induced nanowires
on a Ge(001) surface, “model III,” shown in Fig. 1(d). The Au
coverage between models IT and Il remains same. Both models
have a Au coverage of 1.75 ML. However, the number of Ge
atoms is different between models II and III because two Ge
atoms have been taken away from ridge of model II. A zigzag
structure based on topmost Au atoms [bright orange balls in
Fig. 1(d)] and Ge atoms [light blue balls in Fig. 1(d)] results at
the apex of the ridge. The Au-Ge distance in the zigzag lines
is 2.52 A. Two Au dimers in the direction of the chain appear
under the Au-Ge zigzag chain in model III. The characteristic
lengths as obtained in PBE-GGA are 2.84 A, which are smaller
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FIG. 2. Relative formation energies of Au/Ge(001) p(4 x 2)
surfaces AQ, in eV per p(4 x 2) unit cell versus the fluctuation
of the chemical potential of Au atoms pa, calculated within (a) LDA
and (b) PBE-GGA.

than the Au-Au distances for the corresponding Au-Au pairs in
model II. Model III is also energetically much more favorable
than the GMR structure but also the ATSGR model (at least
within PBE-GGA) as shown in Table 1. The model III also has
no buckled Ge dimers (in agreement with Ref. [18]) and the
Au trimers still remain on the side facets shown by the yellow
balls in Fig. 1(d).

The stability of the studied five surface models for varying
preparation conditions is characterized by the phase diagram
in Fig. 2. Independent of the XC functionals used in the total-
energy calculations it shows that under Au-rich preparation
conditions the ATSGR model and models I, II, and III derived
from the original GMR model and the ATSGR structure
possess a similar energetic stability for both LDA and PBE-
GGA XC functionals. However, toward Au-poor preparation
conditions the ATSGR model is clearly favored. Therefore,
we claim that contradictory spectroscopic results [20,21,26],
for example, for the dimensionality of surface bands, may be
traced back to different surface preparations.
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Model Il

FIG. 3. Simulated STM images for the (a) model I, (b) model
II, and (c) model III for occupied (—1.0 V) and empty (+1.0 V)
states. The bright (red) regions describe protrusions while dark (blue)
regions indicate deep corrugations. The black solid lines indicate
p(4 x 2) unit cells. To guide the eyes “W” shapes are displayed on
the wire top.

Model 1l

B. STM images

In order to simulate the STM images we apply the
Tersoff-Hamann scheme [47]. Since the STM measurements
are usually performed within the constant current mode, we
apply the implementation of this mode in VASP by Sauer
et al. [31]. We calculate filled- and empty-state images for
a bias voltage of —1.0 V and +1.0 V, respectively, with
the PBE-GGA XC functional. These voltages correspond to
integration intervals in the Kohn-Sham band structures of a
length of 1.0 eV from the Fermi energy into the occupied or
empty states. The STM images resulting for the new models
I, II, and III are presented in Fig. 3. In general, all images
show wire structures with varying width and structural details
but arrays of wires separated by 1.6 nm in accordance with
the experimental findings [15,16,18,21,22,24,26]. The wire
widths (given by red and yellow regions) of somewhat less the
half wire distances also agree with the experimental findings
for not too small bias voltages.

We investigate the resulting images especially concerning
the appearance of the characteristically modulated protrusions
along a wire, which are of the “V (chevron)” or “W (zigzag)”
type [18,22,24,26]. For model I, the simulated STM images
at a bias of —1.0 V or +1.0 V obtained from Fig. 3(a) show
almost straight lines along the chain direction. Therefore, the
model I cannot explain a zigzag feature with a V or W form.
That means, neither the original ATSGR structure [31], nor the
modified one, model I with a higher Au coverage, describes
the zigzag chains in the STM images found experimentally.
We state a clear contradiction between their lower relative
formation energies in Table I under Au-rich preparation
conditions and the accompanying STM images of the filled
and empty states with experimental findings.

For model II the simulated STM images within p(4 x 2)
unit cells are shown in Fig. 3(b). For this model the filled-state
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Model IlI

FIG. 4. Simulated STM images within ¢(8 x 2) unit cells (black
solid lines) for (a) model II and (b) model III. To guide the eyes “W”
shapes are displayed on the wire top.

and empty-state images show bright spots at one side of the
nanowires for 2x periodicity in the chain direction for the
both occupied and unoccupied states. At the opposite side
of the chains the corresponding spots are less pronounced.
The zigzag chains in the simulated STM images for model
Il are generated by Ge atoms bonded with the Au-Au
pairs. Nevertheless, the model II can be interpreted as the
configuration leading to W-like zigzag features observed for
both filled- and empty-state images.

The calculated STM image at a bias of —1.0 V also
shows a zigzag chain for model III as depicted in Fig. 3(c).
The zigzag feature is less pronounced than the STM image
simulated for the model II. In particular, the width of the
zigzag line for model III is smaller than the image from
model II. Nevertheless, the resulting zigzag feature may also
explain the W-type zigzag images found in STM experi-
ments [18,22,24,26]. The topmost Ge atoms [light blue balls
in Fig. 1(d)] construct local zigzag structures in the simulated
STM. Therefore, the zigzag structures between models II and
IIT have a phase shift. However, the width of a zigzag line
in the empty-state image is somewhat smaller than that in
the filled-state image. The nanowire edges show almost a
straight behavior in the simulated filled-state STM image. The
reason seems to be the influence of the topmost Au atoms
[dark orange balls in Fig. 1(d)]. In any case, the STM studies
suggest that characteristic STM features, the W-shaped ones,
can be generated within models II and III derived from the
GMR model for high Au coverages, here a Au coverage of
1.75 ML. In contrast, the model I only show straight quantum
wires similar to the original ATSGR model [31].

We have to mention that the chain structure with W-
elements but adjacent wires displaced by half of a 2x period-
icity can be easily generated within the c(8 x 2) symmetry as
demonstrated in Fig. 4. The relative formation energies within
PBE-GGA are still of the order of magnitude of those for
the p(4 x 2) translational symmetry (see Table I), —1.96 and
—1.91eV per p(4 x 2) unit cell. This fact suggests that mirror-
symmetry combinations of models II or III in one wire and
their staggered arrangement within the ¢(8 x 2) translational
symmetry may lead to structures with similar energetical
stability as found for the isolated elements within the p(4 x 2)
translational symmetry. Indeed, the STM images obtained
within ¢(8 x 2) cells in Figs. 4(a) and 4(b) show similar
characteristic features as those within p(4 x 2) symmetry
shown in Figs. 3(b) and 3(c).
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Model llI

Model Il

FIG. 5. (a) Combination of the STM spots of model II in a mirror
symmetric way along the wires (schematic). The labels “A” and “B”
denote spot positions in Fig. 3(b). Simulated STM images within
p(4 x 4) unit cells (black solid lines) for (b) model II and (c) model
IIL. In panel (b) the eyes are guided by a “V.”

Based on model II, a V-like chain with 4a periodicity (a
is the surface lattice constant) can be also generated if chain
pieces are displaced by half of a unit cell and combined as
illustrated in Fig. 5(a). In agreement with the observed long-
range order discussed above the translational symmetry in wire
direction may be doubled. In the simulation we go one step fur-
ther. We consider a p(4 x 4) symmetry in order to combine two
basic elements from the original atomic models IT and III with a
mirror symmetry element as illustrated in Fig. 5(a). If the bright
spot “A” in Fig. 3(b) shifts to the center of the chain [A’ in the
right panel of Fig. 5(a)], one gets a V-like chain, A’-B-A’-B-A’,
in Fig. 5(a). Before the simulation of the STM images, we
recalculated the atomic structures of models II and III within a
p(4 x 4) symmetry. The model I within p(4 x 4) translational
symmetry is energetically favorable. It has the formation
energy of —2.00 eV/p(4 x 2) in the PBE-GGA framework.
The calculated STM images for model II with a p(4 x 4)
symmetry are shown in Fig. 5(b). Clear V -like features appear
for the chains with 4a symmetry in the wire direction for both
the negative and positive voltages. For model III we find less
pronounced V-type zigzag images as reported by the exper-
iments, as shown in Fig. 5(c). The formation energy, —1.48
eV/p(4 x 2), for model Il within a p(4 x 4) translational
symmetry also indicates that a combination of wire elements
with mirror symmetry is energetically less favorable in the
case of model III, in contrast to the findings for model II.

C. Electronic structures

The slab band structures of the three models I, II, and III are
plotted versus high-symmetry lines in the BZ of the p(4 x 2)
surface shown in Fig. 6(a) together with the resulting density
of states (DOS). The calculations for electronic structures
were done using the XC functional treated in PBE-GGA.
The band structure of the model I clearly indicates a strongly
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FIG. 6. (a) Electronic band structures and density of states (DOS) of the three proposed models I, II, and III versus the p(4 x 2) BZ. In
the calculated bands, the red dots indicate states with strong contributions from Au and/or Ge atoms from the surface region. The blue dots
indicate mainly Ge-bulk-related states. The Fermi energy is taken as energy zero. Shaded areas in the DOS plots represent the total DOS for
each slab arrangement. The projected DOS on Ge (Au) atoms is indicated by a solid purple (orange) line. To illustrate the character of the band
states the wave function squares of the states near the Fermi energy for the model III at the center of the J-K line (0.5J K) (b) for the lower
flat band and (c) for the corresponding higher flat band are also given. Top and side views are displayed.

metallic surface with dispersive bands also in the J'-I" and
J-K directions perpendicular to the chains. The slab band
structures, in general, indicate a much stronger 1D character
in the case of the GMR-derived geometries, models II and III,
in comparison to the ATSGR-derived model 1. Along the JK
line the bands for models II and IIT are more flat indicating a
1D character. Such bands even pin the Fermi level. In the
case of model I also the bands perpendicular to the wire
direction exhibit a remarkable dispersion, indicating more a
two-dimensional character. Along the J'-T" line, also parallel
to the chains, a gap is opened within all three models. Figure 6
illustrates that the details of the electronic structure of the
wire as well as their stoichiometry strongly influence the band
structure. On the other hand, main features of the DOS shown
in Fig. 6 are similar among all models. Only small differences
are found near the Fermi level.

A further general feature is the decrease of the metallicity
of the Au-rich surface geometries along the nanowire models
I, 11, and III. The number of band crossings with the Fermi
level decreases along this line. Finally, in model III the Fermi
level is only passed by flat bands, whose wire character is
investigated in Figs. 6(b) and 6(c). In the case of model III, the
geometry gives rise to a fundamental gap apart from the BZ
region near the J-K boundary. This is in contrast to model II.
Pronounced parabolic surface bands near a kj-vector parallel

to the wire with a minimum close to kj = 0.2 AT [19] are

not visible somewhat below the Fermi level. Such occupied
parabolic bands are only observable near 0.75T" J and 0.24K J'
along the chains using the p(4 x 2) BZ for model III shown
in Fig. 6(a).

Figures 6(b) and 6(c) exhibit the probability of finding an
electron or hole near the Fermi level for model III with a wave
vector 0.5J K parallel to the wire direction. The hole wave
functions for the lower flat band in Fig. 6(b) are localized
at the lower parts of the facets at both wire sides. The wave
functions of the electrons with the wave vector 0.5J K show
a higher probability to find them closer to surface atoms for
the other flat band in Fig. 6(c). Therefore, the Bloch states
belonging to the two flat bands clearly demonstrate features of
1D physics.

For a better comparison with ARPES data and, hence,
photoelectron k-space mapping we have recalculated the
electronic band structures of the proposed new models II
and IIT within ¢(8 x 2) unit cells. The resulting bands are
plotted in Figs. 7(a) and 7(b) along high-symmetry lines within
the surface BZ parallel (I'-Y’ and Y’-J) and perpendicular
(J-T') to the chains in a relatively small energy interval
around and below the theoretical Fermi level. In Fig. 7(c)
the surface c¢(8 x 2) BZ and its neighbors are displayed
in the reciprocal space. Thereby, two different denotations
of the high-symmetry points for c-rectangular or hexagonal
lattices [27] are given. The red (blue) color of the dots indicates
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FIG. 7. Electronic band structures of (a) model II and (b) model
III versus the ¢(8 x 2) BZ. The high-symmetry directions are
explained in panel (c). The Fermi energy is taken as energy zero.
In the calculated bands, the red dots indicate states with strong
contributions from Au and/or Ge atoms from the surface region.
The blue dots indicate mainly Ge-bulk related states. The red color
characterizes that the wave functions are more than 50% localized
in the wire regions [see Figs. 1(c) and 1(d)], whereas the blue ones
show localization in the last two atomic layers of the wire and the
remaining slab.

the almost wire (bulk) character of the corresponding band
state. Only the band structures for models II and III are
displayed, because within those geometries the majority of
STM features could be explained.

Unfortunately, the ARPES measurements [17,19,20,25,48]
do not give rise to a unique band structure picture, neither to the
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number of wire- and surface-related bands nor to their position
in an energy-wave vector diagram. On the contrary, these facts
are controversially discussed. This especially holds for the
one- or two-dimensional character of the bands. Nevertheless,
we claim that important features in these calculated bands
can be related to experimental findings. One example is the
surface-related bands crossed by or below the Fermi level
along the Y-J line (JK line in Ref. [48]). In both models
parabolic bands appear with minima at J and 0.20Y'J,
while the second minimum appears on the JK axis in the
measurements [48]. The binding energies of the two minima
are underestimated (overestimated) in model II (IIT) compared
to the experimental values of about —0.14 and —0.08 eV [48].
Moreover, in Ref. [48] the authors claim to observe band
minima perpendicular to the chains, e.g., at J. From this fact
it is concluded that “the surface-state bands of Au/Ge(001)
are obviously two dimensional.” This conclusion is, however,
not confirmed by the band structures in Figs. 7(a) and 7(b),
despite the fact that model II exhibits surface bands with a
binding energy of about —0.1 eV as in Refs. [20] and [48].
On the other hand, in two previous papers [17,20] of two of
the authors only one parabolic, metallic band at J has been
observed. In other ARPES measurements [19,25] only one
1D parabolic, metallic band has been observed along the wire

direction with a band minimum at 0.2 A™" from the T point,
i.e.,near 0.5T"Y’. Such a band cannot be found in the calculated
band structures. Only for model III such a pronounced band
with similar binding energy of —0.18 eV in found but at a

larger k, value of about 0.29 A™" as shown in Fig. 7(b).
Consequently, further experimental and theoretical studies are
needed to derive a unified picture of the surface bands.

IV. SUMMARY AND CONCLUSIONS

We have studied the structural, energetic, and electronic
properties of Au-induced nanowire arrays on Ge(001) surfaces
by means of DFT calculations studying the p(4 x 2) but also
p(4 x 4) and ¢(8 x 2) translational symmetries. Three new
structures for a higher Au coverage in the range between 1.25
and 1.75 ML are proposed and compared with experimental
results. The simulated STM images for all models reproduce
the distance of 16 A between atomic chains in agreement
with the experimental STM results. We have explained both
the V- and W-like chain features found experimentally in the
simulated STM images by combinations of structural elements
of models II and III based on a GMR-derived model for the
first time. This finding is also important for understanding of
the atomic configuration of long-range ordering seen in exper-
imental low-temperature STM studies and their driving forces.
For the GMR-derived models II and III we found a tendency
for gap opening along the wire direction. In the case of model
III, the weakest surface metallicity is found. Only flat bands
perpendicular to the wire direction fix the Fermi level. Most
interesting is that the new geometries with high Au coverages
up to 1.75 ML show the same energetic stability for Au-rich
preparation conditions as the ATSGR model. Especially in
comparison with the original GMR model it becomes clear
that higher Au coverages stabilize the wire system. Thereby,
the influence of the chosen XC functional is weak but present.

125406-7



K. SEINO AND F. BECHSTEDT

The obtained results allow clear conclusions:

(1) Under gold-rich preparation conditions higher Au cov-
erages are possible. This has been clearly demonstrated for
modifications of the original GMR and ATSGR models by
additional Au atoms on the wire ridges and sides or Au-Ge
exchange reactions.

(ii)) The almost similar formation energies suggest that dif-
ferent atomic geometries may be realized in dependence on the
actual but similar preparation conditions. Therefore, we will
not exclude that different experimental groups have studied
different wire stoichiometries and geometries, consequently
different electronic structures.

(iii) The new models derived from the original GMR one
allow for W-shaped STM features and, in combination with
larger p(4 x 4) unit cells, for V-shaped STM features. These
facts suggest that more Au atoms at the ridges and side facets
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of the wires are necessary to explain the STM images of the
wire arrays in detail.

(iv) The wave-functions squares for electrons and holes
are distributed over the wire ridges and/or sides. However,
their interpretation as 1D features is not unique. The bands
with wave vectors perpendicular to the wire direction show a
weaker dispersion compared to wave vectors in wire direction.
However, their dispersion depends on the contributing atoms
and, hence, the overlap of wave functions from adjacent unit
cells.
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