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First-principles studies of Au-induced nanowires on Ge(001)
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The geometry, stability, and electronic properties of Au-induced quantum wire structures on Ge(001) sur-
faces with c(8X2) and p(4X2) translational symmetry are investigated using total-energy and electronic-
structure calculations based on density-functional theory in local and semilocal approximations for exchange
and correlation. About 150 candidates for surface structures and their various possible modifications with
varying bonding geometry and stoichiometry have been studied. The most favorable structures are classified in
the four classes of gold chains on the dimerized Ge(001) surface, chains due to the replacement of Ge dimers
by Au or mixed Au-Ge dimers, bridged dimer-row structures, and Au/Ge wire structures stabilized by Au-
covered low-index facets. The relaxed surfaces are evaluated with respect to their total energy, scanning
tunneling microscopy (STM) signatures, and band structures in comparison to the available experimental data.
We identify several features of energetically favorable models which agree with measurements. However, no
model completely fulfills the combinations of low formation energy, agreement with experimental STM im-

ages, and the occurrence of a one-dimensional parabolic band crossing the Fermi level.

DOI: 10.1103/PhysRevB.81.075412

I. INTRODUCTION

One-dimensional (1D) electronic systems attract enor-
mous interest because of their exotic electronic properties. In
particular, a charge-density wave (CDW) can occur in
quasi-1D systems,! which relates to the specific Fermi-
surface topology. A more unusual phenomenon is the Lut-
tinger liquid state,” which can exhibit features such as sepa-
ration of the spin and charge degrees of freedom, as well as
suppressed spectral weight at the Fermi level at low tempera-
ture. Experimental studies that search for signatures of the
Luttinger liquid in various materials are ongoing, as repre-
sentatives are rare. In the past, realizations have been found,
e.g., in crystalline 1D-bonded solids.>*

A class of very promising materials is arrays of metal-
induced atomic wires on group-IV semiconductor sub-
strates. They can be grown by self-assembly at elevated tem-
perature. The general idea is that a substrate with an energy
gap ensures a decoupling of the wires, although the actual
interchain interaction will critically depend on their lateral
extent and the orbital overlap of neighboring chains. Ex-
amples of atomic nanowires are Au-induced chains on
Si(111)-derived high-index faces, such as (553) and (557),%”
as well as In chains on In/Si(111) in the (4X1) high-
temperature phase® and the (8 X 2) low-temperature phase.’
Phase transitions observed in these systems are being dis-
cussed within pictures like a CDW or structurally driven
transitions, respectively.'?

In recent years, atomic nanowires have also been suc-
cessfully grown on Ge(001). Pt adatoms lead to well
separated chains.!'~!3> Moreover, also Au can induce nano-
wires with the same spacing. Chainlike growth of Au on
Ge(001) was observed with scanning tunneling microscopy
(STM) in a wide range of coverages.'* However, only in
recent reports long-range order in ¢(8X2) symmetry was
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achieved.!>!® These Au-induced chains grow in the (110)
direction and are separated by approximately 1.6 nm, i.e., by
four Ge(001) 1 X 1 lattice constants of ag/\2=4.0 A.1517 In-
terestingly, while there is indication that the Pt nanowires are
almost insulating,'>!3 the Au chains exhibit significant me-
tallic conductivity, as seen in STM and photoemission
spectroscopy. !

However, not only the exact coverage but also the details
of the wire structure (e.g., corrugation, dimerization, and
buckling) and the nature of the reconstruction are under dis-
cussion. The atomic geometry of the Au-induced chain struc-
tures is currently unknown from both an experimental and
theoretical point of view. Wang et al.'* suggested that the
white and gray chains in their STM images can be explained
by Au-Au and Au-Ge dimer rows, respectively. Based on
their STM images other authors,!” however, proposed a giant
missing-row (GMR) reconstruction with Au-decorated mi-
crofacets of the {111} type. Both suggestions, until today,
have not yet been evaluated by corresponding theoretical
modeling.

In the last years, it has been demonstrated that total-
energy optimizations of covered surfaces in the framework
of density-functional theory (DFT) represent an excellent
tool to explore the atomic arrangements behind the measured
STM images and other spectroscopic quantities. This was
relatively easy for the double In-In zigzag chains at the high-
temperature In/Si(111) 4 X 1 surface.'®!° Also, studying the
low-temperature In/Si(111) 8 X2 phase and the driving
forces for the phase transition, DFT calculations?®?! suggest
a specific atomic geometry, despite an ongoing controversy.??
Such investigations have driven the scientific discussion by
finding alternative explanations for experimental observa-
tions, as shown for the Au/Si(557) surface.”® A screening of
more than 20 possible structural models?* together with the
knowledge of surface stability with orientation and recon-
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TABLE 1. Cubic lattice constant a; (in A) and cohesive energy E,,;, per atom (in eV) calculated within
DFT-LDA and DFT-GGA (see text). The energy value in parentheses takes the spin polarization of the free
atom into account. For comparison experimental values (second line) are listed (Ref. 33).

Au Ge
Parameter LDA GGA LDA GGA
ap 4.06 4.17 5.63 5.77
Expt. 4.08 5.66
E.on 4.40 (4.28) 3.20 (3.04) 5.14 (4.63) 4.53 (3.82)
Expt. 3.81 3.85

struction lead to the widely accepted tetramer-dimer-chain
(TDC) model for nanowire arrays on the Pt/Ge(001) 4 X2
surface.!?

In order to explore the atomic geometry of the Au-
induced nanowires on a Au/Ge(001) surface, in this paper we
study a variety of overlayer structures by means of total-
energy and electronic-structure calculations. The computa-
tional methods are described in Sec. II. The model structures
and the accompanying STM images are presented in Secs.
III-V for the Au-chain and dimer-row models, the bridging
dimer (BD)-row models, and the models including deep
trenches. Finally, in Sec. VI a summary and conclusions are
given.

II. COMPUTATIONAL METHODS
A. Density-functional-theory approach

The total energies, the optimized atomic geometries, and
the electronic structures are calculated within DFT as imple-
mented in the Vienna ab initio simulation package
(VASP).>26 The pseudopotentials and wave functions are
generated within the projector-augmented wave method?’
with the valence electron configurations 3d'%4s%4p? (Ge) and
5d'"%6s' (Au). According to our test calculations, a plane-
wave cutoff of 29.4 Ry is sufficient for the treatment of the
Au metal and the semicore Ge 3d electrons. It is significantly
larger than in the case of clean Ge surfaces?® or the Pt/
Ge(001) system.>* Since usually only surface unit cells with
an even number of Au atoms are studied, most of the calcu-
lations do not account for spin polarization. The choice of
the exchange-correlation (XC) functional deserves special at-
tention. In this paper, the majority of presented results is
obtained using a semilocal generalized gradient approxima-
tion (GGA).?%*° For the purpose of comparison, we repeated
the calculations in the framework of the local-density ap-
proximation (LDA) for XC.3! Because of the non-negligible
differences for the surface energies results in both approxi-
mations are given. For the geometrical properties, however,
only the results obtained within GGA are presented since
their principal changes with respect to the LDA results are
small. The most important difference is a general shortening
of the bond lengths which can be accounted for mostly by a
simple rescaling according to change in the bulk Ge lattice
constant between 0.5% underestimation (LDA) or 1.9%
overestimation (GGA) in comparison to experimental data.

The k-space integrations required for the evaluation of
total energies and electron densities are replaced by summa-
tions over Monkhorst-Pack (MP) type k points.3? In order to
minimize the total energies with respect to the atomic posi-
tions and to obtain the equilibrium coordinates, the positions
are relaxed until the Hellmann-Feynman forces are less than
10 meV/A. The results for bulk Ge and Au crystallizing in
diamond or fcc structure are given in Table I. We find excel-
lent agreement with other computed lattice constants and co-
hesive energies.”*3*35 In comparison to the experimental
data we observe the typical overbinding (underbinding) for
LDA (GGA) treatment of XC. Thereby LDA gives the best
agreement for the lattice constants while GGA (including
spin polarization of the free atom) gives almost the correct
cohesive energy of Ge. Unfortunately, the deviations for Au
are much larger (about —20%). This huge deviation may in-
troduce a significant underestimation of the binding energy
of Au atoms to the Ge surface, especially if surface forma-
tion energies for adsorbate systems with varying number of
Au atoms (see below) are compared. It may influence the
energetic ordering of surface geometry models with not too
many Au atoms. In order to illustrate the influence of XC
when comparing structures with varying number of Au at-
oms, in addition to the GGA energy values we list the LDA
ones. The two approaches may lead to completely different
surface formation energies since the difference of the E_g,
values in GGA and LDA for Au amounts to 1.2 eV/atom. On
the other hand, the corresponding difference is with
—0.4 eV/atom much smaller for Ge but has a different sign.
In any case due to the significant influence of the XC treat-
ment the resulting surface formation energies have to be in-
terpreted carefully. In order to clarify more the influence of
the XC functional we have also tested the PBE one.*® It
practically leads to the same atomic distances as GGA but to
slightly increased total energies (reduced cohesive energies).
However, the relative formation energies remain also almost
the same as computed for the most important nanowire mod-
els. Because of the similarities we present only results for
GGA in comparison to LDA.

B. Surface modeling

Both clean and gold covered Ge(001) surfaces are simu-
lated by repeated asymmetric slabs with eight Ge layers and
a vacuum thickness of 16—20 A. Five of the eight atomic
layers are allowed to relax. The bottom side of each slab with
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FIG. 1. Two-dimensional surface unit cells of the Ge(001) sur-
face used. Four atomic layers are represented. The gray scale of the
atoms indicates atoms in different layers. The edge of a 1 X 1 cell is
given by aO/V’E%4 A.

fixed atomic positions is saturated by hydrogen (H) atoms.
The surface translational symmetry is forced to be ¢(8 X 2) in
agreement with experimental findings'*'> or p(4 X 2) as sug-
gested alternatively!” (see Fig. 1). We mostly focus on a
coverage of about 0.5 monolayers as determined
experimentally,' i.e., four Au atoms in a c(8X2)/p(4X?2)
cell. However, also other—especially increased—coverages
are studied to account for other surface preparations.'* The
Au-induced wires are assumed to be parallel to the [110]
direction. The k-space summations are performed using MP
meshes of 3 X3 X 1 for ¢(8X2) cells and 2 X4 X1 for p(4
X 2) cells.

A variety of surface atomic geometries with varying num-
bers Ny, of Au atoms and Ng, of Ge atoms has to be evalu-
ated energetically. This suggests to use Planck’s grand ca-
nonical thermodynamic potential. More precisely, we
compare surface formation energies (per surface unit cell of
a given slab) of the form

‘Q’f = Eslab(NGe’NAu’NH) - MGeNGC - :u“AuNAu - :U“HNH (1)

with Eg,, as the total energy of the slab containing Ng.
(Nay,Ny) Ge (Au, H) atoms. There may be a particle ex-
change with certain reservoirs described by the correspond-
ing chemical potentials wge, may, and wy. Because of the
bulk Ge as substrate we fix ug.=—FE,,, With the theoretical
value E.,=4.53 eV (GGA) or 5.14 ¢V (LDA). The chemi-
cal potential u,, of the gold reservoir varies according to

bulk
Mau= May + Ay (2)

with w3 =—F_, and hence u%*=-3.20 eV (GGA) or

b““‘——4 40 eV (LDA), and -0 <Au,,<0 depending on
the preparation conditions. The slab approximation contains
two surfaces, a Au-covered and a H-passivated one (we are
not interested in the latter one). Therefore, instead of Eq. (1)
we only study a relative formation energy of the Au-modified
surfaces
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FIG. 2. (Color online) Relative surface formation energy of an
Au atom on a dimerized Ge(001) p(4 X 2) surface in DFT-GGA for
MAuzuR‘:}k. The irreducible part of the unit cell and important sub-
stitution sites are indicated by solid lines and capital letters,
respectively.

ASIf - slab(NGe’NAquH) Eslab( ngan’o NH) - :U’Ge(NGe
lean) :u’AuN Au (3)

with respect to the energy of the corresponding slab of the
clean Ge surface with N5 Ge atoms in the slab. We refer to
the clean, dimerized, and relaxed Ge(001) surface with the
¢(4X2) ground-state reconstruction. A slab with a ¢(8 X 2)
lateral unit cell contains N5*"=64 and Ny;= 16 atoms. Within
the DFT-GGA framework the slab energy amounts to E,,
(NG 0, Ny)=-332.52 eV.

Important information about the adsorption of Au atoms
in general can be derived by studying an isolated Au atom on
top of the clean, dimerized Ge(001) surface. Thereby, the
lateral coordinates x,y of the test Au atom are fixed while its
vertical coordinate z and the position of the surface Ge atoms
are allowed to relax. The DFT-GGA results for the formation
energy [Eq. (3)] with one Au atom on a p(4 X 2) surface unit
cell, i.e., the negative of the gold adsorption energy, are plot-
ted in Fig. 2 for a bulk Au reservoir with pp,=—Ey,. The
positive surface formation energy for all lateral positions in-
dicates that even under extremely Au-rich preparation condi-
tions (Aus,=0) the adsorption of an isolated Au atom is
unstable. The position with the lowest formation energy is
found between two buckled Ge dimers in adjacent dimer
rows. Other relatively stable positions are observed along the
dimer rows, especially on top or in between the dimers.

The latter finding may also be interpreted as a tendency
for substitution of Ge atoms. The exchange of Ge atoms at
the positions A, B, C, D, and E with Au atoms, i.e., Ng.
—~N5E=—1 and N,,=1, leads to relative formation energies
[Eq. (3)] of AQ¢=0.17, —0.06, 0.50, 0.93, and 0.46 eV for
MAu= /L'Xﬂ . Indeed, under extremely Au-rich preparation
conditions the replacement of top Ge dimer atoms is favor-
able, only at the position of the down-buckled dimer atom B.
A possible explanation of this finding is that Au atoms prefer
to form Ge-Au bonds and to be almost threefold coordinated.
However, the tendency seems to be much weaker pro-
nounced as in the case of Ge substitution by Pt atoms. For Pt,
similar calculations®* lead to larger energy gains —A();. Con-
sequently, the most favorable tetramer-dimer-chain model for
Pt adsorption gives an AQ; of =2 eV per p(4 X 2) cell while
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in the case of Au the corresponding energy amounts to 0.69
eV (in an equivalent geometry). The main reason is the in-
creased number of electrons per 5d metal atom. The Au at-
oms show a stronger tendency to keep the 5d shell intact
with the consequence that they prefer a threefold coordina-
tion instead of the fourfold coordination observed for Pt at-
oms, e.g., in the TDC reconstruction. Another reason might
be given by the different electron transfers. In the Pt case the
dangling bonds belonging to the Ge atoms adjacent to Pt
atoms are almost empty.?* In the Au case there is no need for
electron transfer and the Ge dangling bonds get recon-
structed to gain energy but simultaneously also loose energy
due to the induced local strain. So obviously, going from
Pt— Au asks for completely different bonding configura-
tions.

C. STM images

The eigenvalues and eigenfunctions of the Kohn-Sham
equation of the DFT (Refs. 25 and 26) are not only used to
calculate the electronic properties such as electron densities
and total densities of states but also to derive energy-
resolved local densities of states (LDOS) p(x, ). They allow
to compute the bias dependence of the tunnel current 7
=1(Vy) within the Tersoff-Hamann approach,?’

epteVy
1~ f dep(x,¢e) (4)

F

with x as the position of the tip and & as the Fermi energy of
the system.

Since the experimental STM studies are usually per-
formed within the constant-current mode, all images in this
paper are calculated to mimic this. Starting point is expres-
sion (4) for the tunnel current. However, in contrast to the
calculation of the STM images within the constant-height
mode, the finite extent of the tunnel tip has to be taken into
account. In our approach we simulate the finite tip by a
Gaussian smoothening of the LDOS p(x, &) with a Gaussian
of 2.35 A full width half maximum.’®

14,15,17

III. GOLD CHAINS AND DIMER ROWS

Since the STM images'® indicate nanowires which are
laterally confined to the ultimate limit of single atom dimen-
sion and are strictly separated from their neighbors, a first
modeling may start from linear or zigzag Au chains such as
presented in Fig. 3. Varying the surface coverage with Au
atoms O one may construct different structures of parallel
chains in a distance of almost 16 A. Linear chains (®
=0.25) and zigzag chains (0®=0.50) between dimer rows
(geometries not shown in Fig. 3) lead to formation energies
AQ;=0.76 or 2.89 eV in DFT-GGA. Therefore these models
seem to be energetically unfavorable, probably due to too
much tensilely or compressively strained Au-Au bonds. The
bond-length values are 4.08 or 2.71 A in DFT-GGA, which
have to be compared to a bulk value of 2.94 A. More com-
pact zigzag chains as in the GC3 model [Fig. 3(c)] give rise
to much smaller formation energies AQ; [Eq. (3)] even for

Mau= s (cf. Table ). Here, the Au-Au distances are also
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FIG. 3. (Color online) Top view on zigzag Au chains on a
dimerized Ge(001) surface. The used ¢(8 X 2) unit cell is indicated.
The Au coverage varies between (a) ®=0.50, (b) ®=0.25, and (c)
®=0.50.

rather small with 2.71 A, leading to a much larger interac-
tion between the Au atoms compared to the other gold chain
(GC) models.

More plausible are zigzag Au chains, i.e., GC models, on
top of dimer rows as GC1 and GC2 in Fig. 3 with the relative
formation energy AQ); in Table II. Nevertheless, they are less
favorable independent of the used XC functional compared
to the GC3 geometry. The reason may be the strain induced
in the underlying dimer rows. We studied 15 additional struc-
tures (not shown here), being variations and combinations of
the three chain models GC1, GC2, and GC3 even for differ-
ent coverages (0®=0.375). They all, however, were found to
require larger formation energies A();.

The energetically most favorable models in our studies
were found among those with a substitution of Ge dimer
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TABLE II. Relative formation energies A); in electron volt per unit cell of chain and dimer-row models
in Figs. 3 and 4 for the Au/Ge(001) ¢(8 X 2) surface in GGA and LDA. The Au coverage O is given. Negative
values of Og, indicate the reduction in Ge atoms in the surface in units of a monolayer. The chemical

potential of Au is fixed at its bulk value.

GCl GC2 GC3 HDI HD2 AD AD/HD
0 0.50 0.25 0.50 0.25 0.25 0.50 0.75
O 0 0 0 -0.25 -0.25 -0.50 -0.75
AQFCA 2.12 1.33 0.65 -0.10 0.00 -0.72 -0.70
AQFPA 3.33 2.05 1.47 0.30 0.45 0.33 0.81

atoms by Au atoms and hence the formation of Ge-Au het-
erodimers (HD) and Au-Au homodimers (AD) in the dimer
rows of the former clean Ge(001) surface. The resulting
chain structures are depicted in Fig. 4. The configurations
feature Au coverages between ®=0.25,...,0.75, and, be-
cause only exchange reactions have been considered, corre-
sponding Ge coverages of ®g,=—0.25----0.75. The forma-
tion energies of the resulting geometries are also listed in
Table II. They show that the formation of homodimer and
heterodimer is indeed energetically more favorable than the
formation of on-top Au chains. The buckled Ge homodimers
are less influenced by the presence of gold. The heterodimers
can be unbuckled as in HD1 [Fig. 4(a)] or buckled as in HD2
[Fig. 4(b)] with a Ge atom in the upper position and a dimer
tilt angle of 12.2°. The bond length of the Au dimer is
3.02 A, similar to the atomic distance in bulk Au. The bond
length of the heterodimer is shorter with 2.57 A (HDI) and
2.53 A (HD2). These values are comparable to that of buck-
led Ge-Ge dimer on the clean Ge(001) surface (2.57 A, tilt
angle 19.5°).

According to the GGA surface formation energies the AD
model is more favorable than the models HD1 and HD2 (cf.
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FIG. 4. (Color online) Top view on dimer rows with Au-Au ADs
and Ge-Au HDs. The Au coverages vary between ©®=0.25 and ©
=0.75.

Table II). Since the energy gain results solely from the Au
adsorption at the Ge dimer chain it is just consequent to
investigate the effects of Au adsorption on the remaining Ge
dimer rows. Replacing the respective Ge dimers in the AD
surface by Au homodimers, the formation energy is further
lowered to AQy=-1.22 eV in DFT-GGA under the ex-
tremely Au-rich preparation conditions MAuzug‘ﬂk. Thereby
the coverage is increased to ®@=1.00. The resulting wire sys-
tem, however, possesses only an 8 A spacing between the
nanowires which is in marked contrast to the experimental
findings. A compromise between energy gain and wire-wire
distance is the mixed AD/HD model in Fig. 4(d), originally
postulated by Wang et al.,'* with a coverage of ®=0.75. Its
formation energy, however, being AQ;=-0.70 eV in DFT-
GGA falls very close to that of the original AD model (Table
II).

We can only speculate why the energetically most favor-
able AD structure with wires in a distance of 8 A does not
occur at the surfaces prepared in the experiments.'*!>17 One
explanation might be the influence of the XC functional on
the surface formation energies. In fact, the AD structure turns
out to be unstable judged upon the DFT-LDA result of
AQ;=0.33 eV. Other explanations could be kinetic effects
and diffusion barriers and, hence, the appearance of nonequi-
librium geometries in the surface preparation.

In order to examine the possible occurrence of the dimer-
row models, we have also calculated their STM signatures.
Figure 5 shows the calculated constant-current mode STM
images for the AD model [Fig. 4(c)] and the AD/HD geom-
etry [Fig. 4(d)]. The tunnel bias voltage |V|=1 V is chosen
to be somewhat below the typical voltages used in the ex-
periments in order to account for the gap underestimation in
the Kohn-Sham theory.3® The prefactor of the tunnel current
[Eq. (4)] contains a charge density that has been chosen to be
np=2e/A3 (0.5¢/A3) for negative (positive) bias.

For both the AD and AD/HD models the tunneling-current
images in Fig. 5 clearly exhibit a distance of about 16 A
between the nanowires as observed experimentally for both
occupied and empty states.!*!>17 They show elevated zigzag
chains with varying width, which are generated by buckled
Ge homodimers for the AD model or Ge-Au heterodimers
for the AD/HD model. The Au homodimers are practically
invisible for the STM (only weakly for positive bias). For the
AD model the most pronounced STM features (bright spots)
are the filled s-like dangling bond D, for negative bias and
empty p,-like dangling bond Dy, for positive bias.?®4 In
the case of the AD/HD model the role of the buckled Ge
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FIG. 5. (Color online) STM images for energetically favored
dimer-row structures: (a) AD [Fig. 4(c)] and (b) AD/HD [Fig. 4(d)].
Left (right) panels are computed for occupied (empty) states.
Bright/red regions describe protrusions while dark/blue areas indi-
cate deep corrugations. The circles in the background refer to the
atomic positions. Dotted lines illustrate a ¢(8 X 2) unit cell.

dimers is taken over by the buckled Au-Ge heterodimers.
However, only the slightly elevated Ge atoms are visible in
the STM images for negative and positive tunnel bias Vr.
Therefore, in contrast to the AD model there is no phase shift
between the occupied and unoccupied STM images. The
trenches between the zigzag chains are given by Au ho-
modimers in both models, in contrast to the interpretation of
Wang et al.'* However, these trenches are rather flat. The Au
homodimers are about 0.4 (0.3) A below the dimers in the
adjacent rows in the AD (AD/HD) model. In the calculated
STM images this height difference appears larger with values
between 1 and 1.5 A (depending on the tunneling voltage
and current) since the local density of states close to the
Fermi level is surprisingly lower at the Au dimer rows in
comparison to the Ge dimer or Ge-Au heterodimer row, in
contrast to the claims by Wang et al.'* Unfortunately, the
dimer-row models AD and AD/HR cannot explain the details
of the observations of Schifer et al.'> and van Houselt et
al.,'7 where especially larger corrugations and depths of the
trenches have been observed.

IV. BRIDGING DIMER ROWS

The experimental STM results'>!7 suggest to construct

models with deeper trenches. One possibility is to bridge
each second trench. This gives rise to nanowires [cf., e.g.,
Fig. 6(a)] with a basis width of about 16 A, which, there-
fore, easily explains the observed wire-wire distance of
16 /OX, in contrast to the dimer-row models, where in prin-
ciple also distances of 8 A are plausible. There is another
advantage. As indicated in the side view of Fig. 6(a), the
wires along the [110] direction on the (001) surface now
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FIG. 6. (Color online) Stick-and-ball models for BD models: (a)
and (b) Au-BD with Au homodimers, (c) Ge-BD with Ge dimers,
and (d) EBD with Ge dimers and additional Au atoms stabilizing
wire facets. The Au coverage varies between ©®=0.50 and O
=0.75. The solid lines describe a ¢(8 X 2) unit cell.

possess facets with [114] and [114] orientations. These ori-
entations are known to lead to stable Ge surfaces.*' Total-
energy calculations also have shown that, e.g., {113} surfaces
are more stable than {001} surfaces.*> BDs could be Ge and
Au homodimers as well as Au-Ge heterodimers. However,
our calculations showed that models with bridging het-
erodimers are less stable than those with homodimers.

For that reason, only models with Au or Ge dimers,
Au-BD and Ge-BD, are presented in Figs. 6(a)-6(c). They
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TABLE III. Relative formation energies A); in electron volt per unit cell of bridging dimer and giant
missing-row models in Figs. 6 and 8 for the Au/Ge(001) ¢(8 X 2)/p(4 X 2) surface in GGA and LDA. The Au
coverage O is given. Negative values of O, indicate the reduction in Ge atoms in the surface in units of a
monolayer. The chemical potential of Au is fixed at its bulk value. For comparison the TDC model is also

listed.

Au-BD Ge-BD EBD GMR MGMR ATSGR TDC
0 0.75 0.50 0.75 1.00 0.50 0.75 0.25
Oce -0.50 -0.25 -0.25 1.50 2.25 2.00 -0.25
AQFGA -0.52 -0.40 -0.66 1.48 0.93 -0.44 0.69
AQLPA 0.72 0.08 0.02 3.41 1.77 0.21 0.90

are rather stable (cf. Table III) even for extremely Au-rich
preparation conditions. The bridging dimers show bond
lengths of 3.19 A (Au-Au) and 2.50 A (Ge-Ge) close to
values of the bulk bond lengths. In contrast to the clean
surface the bridging Ge homodimers are not buckled. Addi-
tional Au atoms [Fig. 6(d)] further lower the formation en-
ergy as demonstrated for an extended Ge bridging dimer
(EBD) model in Table III. In this model the three Au atoms

in each ¢(8X2) cell on the [114] and [114] facets seem to
form a trimer as observed for Au adsorbed on the Ge(111)
surface.*34

STM images (constant-current mode) computed for the
three most stable bridging dimer models Au-BD, Ge-BD,
and EBD are presented in Fig. 7. Unbuckled bridging dimers
give rise to similar STM images independent of the chemical
nature, Au or Ge, of the dimer atoms. There are only small
changes due to the contributing different orbitals and number
of atoms. The calculated images show alternating wires and
trenches with a distance of 16 A. Each individual chain link
represented by a bridging dimer is visible in the STM images
for both occupied and empty states. This result is somewhat
in contrast to the experimental findings, where no isolated
atoms or dimers could be identified. In addition, complex
features as the “butterflylike” structures in the Au-BD im-
ages for negative bias voltage have not been observed ex-
perimentally. For the EBD model, the additional Au atom at
each facet leads to drastic changes of the STM images [cf.
Fig. 7(c)], especially for a positive tunnel bias. Then, the Au
atoms give rise to isolated features. They may be related to
the “grains” observed on the wires that tend to lead to a
larger superstructure with a period of 32 A in wire
direction.!>*

V. WIRES SEPARATED BY DEEP TRENCHES

From the height profiles of their STM images, van
Houselt et al.'” concluded a surface corrugation of not less
than 6 A. Such deep trenches between the nanostripes in
[110] direction separated 16 A apart should have {11} fac-
ets on both sides. Since n=4 only gives rise to a depth of
about 1 A, they deduced n=1 and hence Au-induced nano-
stripes due to alternating (111) and (111) facets. The facets
are further stabilized by Au atoms, which exhibit a (\/3
X \/§)R30° reconstruction similar to the Au-induced recon-
struction of Ge(111).** The top of the nanostripes is

formed by a Ge dimer row. The authors denoted their model
as GMR model."”

In the original paper!” no translational symmetry is given.
According to Fig. 3 in that paper, the unit cell is suggested to
show a X6 periodicity (i.e., 24 A) in wire direction and an
extend of 16 A in the perpendicular direction. However, a
6 X 4 reconstruction has not been observed experimentally.
We therefore slightly modify the GMR model to fit it into a
p(4X2) unit cell. A phase shift of adjacent wires could be

FIG. 7. (Color online) STM images for energetically favored
bridging dimer models: (a) Au-BD, (b) Ge-BD, and (c) EBD. Left
(right) panels are computed for occupied (empty) states. Bright/red
regions describe protrusions while dark/blue areas indicate deep
corrugations. The circles in the background refer to the atomic po-
sitions. Solid lines illustrate a ¢(8 X 2) unit cell.
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used to create a ¢(8 X 2) reconstruction. Both unit cells cover
the same area. The resulting atomic geometry is illustrated in
Figs. 8(a) and 8(b). No trimerization of Au atoms is observed
on the facets after the ionic relaxation, even if it was as-
sumed in the starting configuration. Rather, the Au atoms
occupy positions of the Ge bulk crystal, with extremely
small deviations from the bulk positions of 0.02 A in the
nominal fifth Ge atomic layer and 0.28 A in the third layer.
The Au atoms are bonded via covalent bonds. The resulting
Ge dimers on top of the ridge possess a bond length of
2.55 A and a buckling angle of 17.8°. They are only some-
what shorter and less buckled compared to the clean surface.
However, from the energetic point of view the GMR model
is completely unfavorable (see Table III).

In order to improve the energetics upon the GMR model,
we tested several rearrangements of Au atoms at the facets
and additional exchange reactions. However, only the modi-
fied GMR model in Figs. 8(c) and 8(d) gave rise to a sub-
stantial improvement of the energetics of about 0.55 eV
(GGA) or even 1.64 eV (LDA) (see Table III). Besides
Au-Ge exchange at the facets, additional Ge dimers appear in
the trenches with a bond length of 2.53 A and a buckling
angle of 18.7°. Compared to the original GMR model the
depth of the trenches is reduced by the additional Ge dimers.
Further, the high symmetry of the GMR ridges is disturbed
by a twist of the top Ge dimers toward the wire direction by
15.0°. This distortion of the ridges can be increased even
more by replacing Ge by Au atoms in the top dimers, i.e.,
Ge-Ge homodimers by Ge-Au heterodimers, which causes a
significant reconstruction of the surface. The top dimer Au
atoms move downward and form Au trimers at the facets [see
Figs. 8(e) and 8(f)]. Consequently, the Ge atoms remaining
on top of the ridges move toward each other, forming linear
chains. We therefore call the result Au-trimer stabilized Ge
ridge (ATSGR) model. For Au-rich preparation conditions its
relative formation energy AQ; [Eq. (3)] indicates stability
with AQ;=-0.44 eV in DFT-GGA (compare Table III).

Despite the energetically less favorable geometry, the
GMR model [Figs. 8(a) and 8(b)] gives rise to interesting
constant-current STM images in Fig. 9(a), with a zigzag ar-
rangement of current maxima. They qualitatively correspond
with the ones measured by Schiifer et al.'> for positive bias.

One possible explanation is the fact that the Fermi level in
experiment is lower in energy due to a p-doping. The latter
one could be due to the grains observed besides the wires in
a distance of about 32 A.*> The MGMR model [Figs. 8(c)
and 8(d)] shows features in the STM images which seem to
be mixtures of those discussed for GMR and ATSGR.
ATSGR yields almost linear features for both bias types
while MGMR exhibits a pronounced zigzag behavior for
negative voltages but less clear features for opposite bias
sign.

Very interesting are the band structures of the GMR
model [Fig. 10(a)] and the strongly modified ATSGR model
[Fig. 10(b)]. The GMR model is metallic. The Fermi level
crosses several bands. The most interesting metallic band is
that with almost one-dimensional character in wire direction
and a (filled) minimum near the center of the I'X line at
about —0.15 eV. The position of the minimum and its sur-
face character seem to be in agreement with the ARPES mea-
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FIG. 8. (Color online) Side and top views of stick-and-ball mod-
els (relaxed geometries) for wires separated by deep trenches. (a)
GMR, (b) MGMR, and (c¢) ATSGR models. The bright/orange
(dark/blue) circles represent Au (Ge) atoms. A p(4 X 2) unit cell is
indicated by solid lines. The Au coverage varies between ®=0.50
and 1.00.

surements of Schifer et al.'> However, the band dispersion is
too weak while the band filling (about 1/2) is too large. A
stronger band dispersion would require a stronger interaction
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FIG. 9. (Color online) STM images for occupied states (left
panels) and empty states (right panels) for (a) GMR, (b) MGMR,
and (c) ATSGR models. The bright/red regions indicate wire ridges
whereas dark/blue areas describe trenches between the wires. The
underlying atomic geometry is also indicated.

of the ridge atoms. A possible reduction in the band filling
may be explained by surface doping. In the case of the
ATSGR model also metallic bands with almost 1D character
occur along the direction of the nanowires I'X. However, one
is crossing the Fermi level at about 0.71'X while the rather
flat one exhibits the minimum near 0.75T'X. Both observa-
tions are not in agreement with the ARPES findings."’

VI. SUMMARY AND CONCLUSIONS

In summary, we have performed geometry, energy, and
electronic-structure  calculations  within the density-
functional theory using two different local or semilocal
exchange-correlation functionals in order to explore the
atomic geometry and stoichiometry of the gold-induced,
quasi-one-dimensional nanowire arrays on top of a Ge(001)
surface for several Au coverages. The explicit computations
have been performed using the VASP package. In addition, for
each interesting surface reconstruction we have calculated
constant-current STM images for negative and positive tun-
nel bias since corresponding measurements have been pub-
lished by three different experimental groups.
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FIG. 10. (Color online) Band structure for the (a) GMR and (b)
ATSGR models versus a direction I'X along the wires and X'’
perpendicular to the wires in the Brillouin zone of a p(4 X 2) sur-
face. The size of the dots indicates the degree of localization at the
surface. Consequently, the smallest dots represent states of the Ge
substrate. The Fermi level is used as energy zero.

Altogether we have studied more than 150 candidates for
surface models and their possible modifications. They can be
classified in about four classes: (i) simple linear or zigzag
gold chains on top or between Ge dimer rows of the clean
Ge(001) surface that could be ruled out here due to their
unfavorable energetics. (ii) Dimer-row models where dimer
Ge-Ge homodimers are replaced by Au-Au dimers or Au-Ge
heterodimers, which were found to give rise to a significant
lowering of the surface formation energy, at least in DFT-
GGA. Unfortunately, the resulting STM images cannot ex-
plain important experimental findings. (iii) Perpendicular
dimers bridging two dimer rows together with the removal of
every second dimer row of the clean Ge(001) surface were
found to lead to very promising structural candidates from
both points of view, the surface formation energy and the
structural details seemingly observed in STM. Here, Au at-
oms stabilize {114} facets of the nanowires. However, these
models cannot explain the differences in the STM images
measured for filled and empty surface/nanowire states. (iv)
The giant missing-row model follows the idea of relatively
high nanowires with steep Au-stabilized facets (here {111})
and a wire ridge only of Ge atoms. It allows to describe
rather pronounced nanowires and, most important, the differ-
ences between the STM images of filled and empty states
can be uniquely explained by this model. However, the for-
mation energy of the giant missing-row geometry is signifi-
cantly too large to be the final explanation for the surface
structure observed in experiments. Nevertheless, substantial
modifications with rearrangements of the Ge ridges of the
wires, the formation of Au trimers on the side facets, and
additional Ge dimers in the trenches give rise to lower for-
mation energies.
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With only one-electron difference per noble-metal atom
between Pt and Au, in contrast to the Pt/Ge(001) system the
tetramer-dimer-chain model is unable to explain all the struc-
tural and spectroscopic details found for Au-induced wires
on top of the Ge(001) surface. One reason is the favored
bonding coordination of the Au atoms. Another one is the
loss of the strong tendency of the Pt atoms to be incorporated
in the surface in a more or less fourfold bonding configura-
tion.
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