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1 Introduction One-dimensional (1D) electronic sys-
tems are expected to show interesting electronic features,
such as spin-charge separation in a Luttinger liquid or Peierls
instabilities [1, 2]. Atomic scale, quasi-1D, nanowires do
also find increasing interest in the technological context of
downsizing the microelectronics into the nanoscale regime.
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Highly anisotropic surface superstructures provide a inter-
esting testbed to study both experimentally as well as
computationally the interplay of structural, vibrational, and
electronic properties of atomic-scale nanowires.

The ordered array of In “nanowires”” formed upon room
temperature (RT) In monolayer (ML) deposition and
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subsequent annealing — probably first described by Lander
and Morrison [3] — is arguably the most intensively
investigated system of this kind. By now, experiment and
theory have established a structural model (see top of Fig. 1)
that is well accepted for the RT phase of the nanowire
array [4—12]: each nanowire consists of two zigzag chains of
In atoms within a (4 x 1) surface periodicity. The nanowires
are separated by Si chains resembling the n-bonded chains of
the clean Si(111)(2 x 1) surface.

In contrast to the RT structure and electronic properties
of the clean In-Si(111)(4 x 1) surface that are meanwhile
well understood, there are open questions concerning
(i) the impact of the adsorption of foreign as well as
In adatoms [13-15] on the In nanowire array and its
properties, (ii) the geometry of the (8 x 2) reconstructed
surface ground-state formed at low temperatures (LTSs)
[16, 17], and (iii) the driving force and mechanism of
the temperature-induced (4 x 1) — (8 x 2) phase transition
[18-21].

Figure 1 (online colorat: www.pss-b.com) Perspective view of the
In-Si(111)(4 x 1) nanowire array (top) as well as top views of two
structural models discussed for the In-Si(111)(8 x 2) surface, trimer
(middle) and hexagon model (bottom), respectively. Dark (red) and
gray spheres indicate In and Si atoms, respectively.
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In this paper the recent progress in clarifying these
questions is discussed. Thereby, first-principles calculations
are used to explain and rationalize experimental and
theoretical findings.

2 Methodology Stekolnikov et al. [21] have care-
fully checked the influence of physical approximations
within density functional theory (DFT) on the energetic and
structural properties of the In-Si(111)(4 x 1)/(8 x 2) surface.
They found a large influence of the d-electron treatment
(core or valence) and the approximation for the electron
exchange and correlation [local density approximation
(LDA) vs. general gradient approximation (GGA)] on the
ground state geometry. While a satisfactory explanation for
this sensitivity (apart from the complexity of the surface
structure and the small energy differences between compet-
ing structures) cannot be given in the moment, it may
partially be related to the description of the In—In bonds. The
peculiar low-symmetry ground state of bulk In is related to
subtle electronic effects and — due to its low stabilization
energy of only 2 meV per atom — is easily distorted [22]. The
correct simulation of the pressure-induced phase transition
of bulk In requires the inclusion of the relativistic mass
velocity and Darwin terms as well as the treatment of the In
4d states as valence electrons [23]. Since the inclusion of
relativistic effects is still out of reach for surface structures as
large as considered here, we use a pragmatic approach in
the present work: the comparison between calculated and
measured fingerprints for the In-Si(111)(8 x 2) surface
[21, 24] as well as the calculated transition temperature for
the (4 x 1) — (8 x 2) phase change [25] suggests that LDA
calculations where the In 4d electrons are frozen into the core
describe the experiment well. This is the methodology used
in the present work. In detail, we use DFT within the LDA
[26] as implemented in VASP [27].

The In-Si(111) surfaces are simulated by repeated
symmetric slabs with 12 Si bilayers and a vacuum region
equivalent in length. The k-space integrations are performed
using uniform meshes equivalent to 128 points in the (1 x 1)
surface Brillouin zone for electronic structure calculations.
The k-point density was increased for optical response and
electronic-entropy calculations, where we used 960 points.
The electron-ion interaction is described by projector-
augmented wave (PAW) potentials. An energy cutoff of
250 eV was found to be sufficient to obtain converged results
and has been used throughout the work.

The Landauer conductance in the limit of zero bias

2 2
G == M(Er)T(Er) (1)

is calculated from the energy dependent number of modes M
and transmission probability 7 using the WanT approach
[28], i.e., a Green function formalism based on “maximally
localized Wannier functions” [29] as a minimal basis set.
Thereby we exploit the fact that the In-related surface states
close to the Fermi energy (Er) depend very little on the
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substrate [30] and study model structures that contain only
the In and nearest neighbor Si atoms with the remaining Si
dangling bonds terminated with hydrogen. Test calculations
for structures with one and two Si bilayers [31] confirm
the validity of this approach.

Reflectance anisotropy spectroscopy (RAS) is a power-
ful technique for probing optically anisotropic surface
and interface structure [32]. It measures the difference
in reflectance, at near normal incidence, of light linearly
polarized in two orthogonal directions at the surface plane.
The response depends on the imaginary part of the difference
in the surface dielectric function in the two orthogonal
directions. The reflection anisotropy AR/R for light polarized
along o« and f can be derived from slab calculations and is
given by (see, e.g., Refs. [33, 34])

AR _R.—Rg
R~ R
_ @Im 47 [atga (@) — app(0)] ’ )
c ep(w) — 1

where &, (w) is the bulk dielectric function, and oy and ogg
are components of the optical polarizability tensor of the
slab with thickness d. In the following, o and g are identified
with the [110] and [112] directions, respectively. In the
present work the slab polarizability is calculated in the
independent-particle approximation based on the electronic
structure obtained within DFT-LDA. A scissors operator is
used to correct the band-gap underestimation. Thereby a
constant shift of 0.5eV is applied to all unoccupied DFT
eigenvalues that lie more than 0.5eV above the highest
occupied electronic state. This ensures an approximate
reproduction of the measured Si bulk band structure. For
the energetically lower lying unoccupied states a linear
interpolation up to a zero shift for states directly at the
Fermi energy is used in order to model the energy
dependence of the electronic self-energy. Beyond this
crude approximation of the self-energy, many-body effects
such as excitonic and local-field effects [35, 36] are
completely neglected. While this certainly results in a loss
of quantitative accuracy and may affect the calculated line
shape, past experience indicates that the calculated spectra
can still be expected to be qualitatively reliable (see, e.g.,
Ref. [34]). This holds in particular if differences and
trends for very similar systems are considered, as in the
present case.

3 Electron transport along the In-Si(111)(4 X 1)
zigzag chains Crystal surfaces with atomically controlled
structures are a very promising playground for studying
low-dimensional transport phenomena, with expectations of
advancing from mesoscopic to nanoscale transport physics.
The In nanowire array formed by the In-Si(111)(4 x 1)
surface lends itself to unambiguous, direct, and quantitative
measurements of electronic transport through single-atomic
layers: the nanowires are of high structural quality and can be
reproducibly and relatively easily prepared. Moreover, the
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metallic In bands are effectively decoupled from the
continuum of Si bulk states. Experimentally, a strongly
anisotropic electrical conductance was measured, where the
electron transport occurs preferentially along the In zigzag
chains [37]. In fact, the surface-state conductance along
the metallic atom chains o} was found to be about 60 times
larger than that in the perpendicular direction o .

The electron transport is influenced by electron phonon
coupling, scattering at defects and other electrons which
can be approximately accounted for by a finite effective

relaxation time 1=—1—+ L 4+ _ L1 whereas several

T Tel-ph ~ Tel  Tdefects

band structure related contributions gives rise to the
conductivity: (i) the surface-state bands in the topmost
layers, (ii) bulk-state bands in a space-charge layer beneath
the surface, and (iii) bulk states in the substrate material.
Based on an analysis of measured angle resolved photo-
emission (ARPES) data it was stated in Ref. [37] that “o is
determined by the surface-state band dispersion, while o is
dominated by the space-charge layer”. The bulk states are in
any event not expected to contribute to the anisotropy of the
surface conductivity.

Based on the calculated band structure of the In-
Si(111)(4 x 1) surface we analyze the contribution of the
surface bands to the electron transport properties of the clean
In nanowire array. Thereby we follow at first a semiclassical
approach. Within the Drude picture the conductance o is
related to the mean electron density n and mass m by

3

Starting from a linearized Boltzmann equation in the
case of weak scattering and upon comparison with the Drude
formula, one obtains (see Ref. [38])

2

oj=e -r-l*, “
mr
ij
where the effective mass tensor is given by
1 1 dSx
— = i(k)vi(k) —, 5
m; 7 oy 0 ©

with v = VE(k)/h. For free-electron band structures it can
be shown in a straightforward way that m; reduces to the
usual effective mass as defined by the second derivative of
the electronic bands E(k) averaged over the Fermi surface
(FS)

LUV PER)

mi " Sp Jus B2 okidk;

(6)

Here Sy is the area of the FS. In both formulas, the
conductivity is, thus, determined by the band structure at the
FS. In Fig. 2 the FS of the In-Si(111)(4 x 1) system is shown
for the irreducible part of the surface Brillouin zone. The
three bands contributing to the conductivity are analyzed
according to Egs. (5) and (6) using an n x 1 x 1 equidistant
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Figure 2 (online color at: www.pss-b.com) Dispersion of the
In-related surface states of the In-Si(111)(4 x 1) nanowire array
calculated from DFT-LDA for the irreducible part of the surface
Brillouin zone.

k-point mesh along the FS. Note that for T=0K the FS
reduces to a 1D line (see dashed line in Fig. 2). Equation (5)
depends critically on the k-point sampling. Having in mind,
that usually a limited data set is available from ARPES
measurements this formula has to be used with great care if
applied to experimental data.

In this sense, the formula 6 is more convenient to use. As
shown in Table 1, the values for the effective mass tensor
converge rapidly with increasing density of the k-point
sampling. Thereby the contributions to o) along the In zigzag
chain are comparable for the three bands. In case of the
8 x 1 x 1 sampling, the values for S; and S5 are almost the
same, S, is moderately larger by about 50%. The contri-
butions to o, perpendicular to the In chains are quite
different for the three surface states. The contribution of S5 is
smaller by more than an order of magnitude, in agreement
with its nearly vanishing dispersion along this direction (see
Fig. 2). As a consequence, the three bands contribute in a
different way to the anisotropy in surface conductivity.

Table 1 Elements of the effective mass tensor [m,] estimated
from an analysis of the FS using equidistant n x 1 X 1 k-point sets.
Values split up into the contributions of the three bands Sy, S, S5
are also given.

k-point mesh band (L) < i ) o)/oL
Sy 0.7800 0.0146 53.42
2x1x1 S, 1.1300 0.0118 95.76
S3 0.6900 0.0008 862.50
FS 0.8600 0.0091 93.92
S 0.8974 0.0053 170.94
4x1x1 S, 1.0722 0.0331 32.39
S3 0.7122 0.0022 323.72
FS 0.8939 0.0135 66.05
Sy 0.7762 0.0149 52.09
8x1x1 S, 1.1580 0.0283 40.92
S5 0.7339 0.0018 407.72
FS 0.8894 0.0150 59.29
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Averaging over the three bands, however, we calculate a
value o) along the In-chain that exceeds the one in the
perpendicular direction by a factor of 59, in very good
agreement with the experimental ratio o) /o 1. of about 60. It
is noteworthy that the measured anisotropy of the surface
conductivity could be reproduced solely on the basis of the
dispersion of the surface states at the Fermi level. There is no
need to assume — as done in Ref. [37] — a contribution from
the space-charge layer beneath the surface.

Obviously, the experimental findings for the clean,
(4 x 1) reconstructed nanowire array are well described by
the present DFT calculations. Experimentally, the modifi-
cation of the In nanowire structural and electronic properties
upon adsorption of foreign as well as In adatoms [13—15] and
the corresponding electron transport properties [39] have
found much interest. It was found that the conductivity of
the —at RT metallic [37, 40] — In nanowires is roughly halved
by adsorbing additional In (0.1 ML) on top of the wires [39].
The mechanism that quenches the conductance, and the
impact of other species on the wire resistance is not clear,
however.

In order to address these issues the potential energy
surfaces (PESs) for In, Pb, H, and O adsorbed on the
nanowire array were determined in Ref. [41]. In all cases,
clearly corrugated energy landscapes were obtained. In, O,
and Pb prefer a position between neighboring In chains and H
bonds to a surface silicon atom. While the lateral positions of
In, O, and Pb adatoms are nearly equal, the adsorption
geometry is not. The In and O adatoms are located almost in-
plane with the In chain atoms, whereas Pb prefers a
pyramidal configuration, see Fig. 3. This affects also the
structural relaxation of the In nanowire. Comparatively
small deformations occur for Pb, but larger atomic shifts are
found for In and O deposition. This is reflected in the
standard deviation of the In-In bond length distribution
calculated for ideal and adatom-modified In nanowires, see
Table 2.

Starting from the relaxed adatom positions, the influence
of the perturbation on the In nanowire conductance is
calculated. Obviously, a treatment on a quasi-classical level
as successfully applied to the clean surface will not suffice

\ /& (&?f’d&
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Figure 3 (online color at: www.pss-b.com) Top (a) and side view
(b) of In adatoms adsorbed on the In/Si(111)(4 x 1) surface. The side
view of the Pb adatom is shown in (c).
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Table 2 Standard deviation o, of the In-In bond length distri-
bution for ideal and defect-modified nanowires. Average quantum
conductance G in the energy interval £0.05eV around Eg, G
refers to the respective adatom structure without the adatom. The
last column contains the electronic DOS at Ef.

adatom o5 (A) G(z_el’) G (2_532) DOS (a.u.)
h h

ideal 0.01 3.75 3.75 0.70

In 0.12 2.31 2.77 0.95

Pb 0.07 3.11 3.72 1.23

H 0.04 3.60 3.74 1.44

O 0.11 2.43 3.25 1.22

anymore. We follow the Landauer approach and use in the
following a lead-conductor-lead partitioning of the system.
Here, the In chain segment with the adatom forms the
conductor and the semi-infinite leads are modeled with ideal
In nanowires. The calculated conductance spectra of the
ideal and adatom perturbed In nanowires are shown in Fig. 4.
For In adatoms, a reduction of the quantum conductance at
Eg by more than one third compared to the ideal chain is

G [2e%/h]

-0.1 -0.05 0.0 0.05 0.1
T 1T 1 | T 11 | T 1T7 ] T T T 1
75 — =
E L ideal 4
= \
5 50
£
55,
8
a 25

0.0
E-E, [eV]

-0.05 0.05

Figure 4 (online color at: www.pss-b.com) Quantum conductance
spectrum for electron transport along the wire direction (upper part)
and total DOS (lower part) calculated for ideal and adatom-
modified In/Si(111) structures.

www.pss-b.com

calculated. While the experimental conditions are not
sufficiently well defined to allow for a quantitative
comparison with the available measurements, the calculated
reduction is of the same order as measured [39].
Interestingly, apart from hydrogen which does not substan-
tially modify the electron transport properties, the calcu-
lations predict distinct conductance drops as well for Pb and
in particular for O, see Table 2. Naively, one might want to
explain this finding with a reduced density of electronic
states [density of states (DOS)] at Ex. However, as shown in
Fig. 4 and Table 2, (i) the DOS increases irrespective of the
specific adatom deposited and (ii) the increase of the DOS
shows no clear correlation with the modification of the
conductance. For example, the DOS at Egis larger for Pb and
O than for In adatoms. However, In is most effective in
reducing the conductance. Obviously, the total DOS allows
no quantitative predictions about the conductance.

This holds also for the local density of states (LDOS).
The adsorption of Pb leads to a very localized LDOS
modification — illustrated in Fig. 5 — whereas the adsorption
of In adatoms modifies the LDOS even more than 10 A away
from the adsorption site (not shown here). In all cases apart
from oxygen, where a small reduction occurs, the LDOS
projected on the wire direction increases at the adatom
position. Its modification shows no clear trend with the
change of the nanowire conductance.

In the case of CO adsorption on substrate-supported Au
chains, the drastic conductance drop could be traced to an
electron localization effect, induced by the deep potential
well arising at the adsorption site [42]. In order to see if a
similar mechanism acts here, the local effective potential has
been extracted from the DFT calculations. This potential is
then averaged in a plane perpendicular to the nanowire
direction chosen large enough to contain — within their
covalent radii — the nanowire In atoms as well as the adatoms.
As shown in Fig. 6, the systems studied here differ drastically

Figure 5 (online color at: www.pss-b.com) Isodensity surface of
the LDOS at Ef, illustrating the LDOS at the ideal In nanowires and
its modification upon Pb adsorption.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Vi [RY]

7.73 23.18

11.59
x-coordinate along transport direction [A]

15.45 19.31

Figure 6 (online color at: www.pss-b.com) Averaged (see text)
effective potential along the wire direction calculated for ideal and
adatom-modified In/Si(111) structures.

with respect to the local potential. A very deep potential well
is formed upon Pb adsorption, while additional In atoms
barely change the potential along the wire direction. Thus, it
seems likely that the conductance modification upon Pb
adsorption obeys a similar mechanism as proposed for CO
adsorbed on Au chains [42]. Judging from Fig. 6, however,
this mechanism cannot explain the conductance drop
upon In deposition: In adatoms drastically reduce the In
nanowire transmittance without giving rise to large potential
fluctuations. These considerations are corroborated by 1D
model calculations, where the time-dependent Schrodinger
equation for the potentials shown in Fig. 5 is solved. The
transmission of Fermi wave-vector electrons across the Pb
potential well is reduced by 8%, while we obtain a reduction
by only 3% in case of In.

In order to understand the conductance drop in the latter
case, it is helpful to come back to the initial observation that
the adatoms deform the nanowire to different degrees.
While the smallest deformations are observed for H and Pb
adsorption, In causes large deformations (cf. Table 2). The
computational modeling allows for separating the impact
of the adatom-induced structure deformation from the
impact of the adatom itself: transport calculations were
performed for nanowire structures that are deformed
according to their relaxation in response to the adatom, but
do not contain the adatom. The results are shown in Fig. 7
and compiled in Table 2. As can be seen here, the —
comparatively small — geometry changes of the In nanowire
upon adsorption of hydrogen or lead do not substantially
reduce the wire conductance. This is in contrast to the
stronger deformations caused by the adsorption of oxygen or
indium, where moderate to strong conductance reductions
are calculated.

This does now allow for a classification of the adatom
induced conductance modifications. Pb adsorption does not
substantially modify the nanowire geometry, but forms a
deep potential well that effectively scatters the electrons and
thus reduces the transmittance. In the case of In no potential
well is formed. Here, the conductance drop is related to the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7 (online color at: www.pss-b.com) Quantum conductance
spectrum for electron transport along the wire direction calculated
for ideal and adatom-modified In/Si(111) structures that do, how-
ever, not contain the adatom.

wire deformation. Both factors contribute in the case of
oxygen. A moderate potential well is formed and on top of
that the nanowire gets somewhat deformed. This results in a
conductance drop of similar magnitude as calculated for In.
Hydrogen, finally, does neither act as a potential well nor
does it deform significantly the nanowire. Consequently, it
has no substantial impact on the electron transport.

4 Low-temperature In-Si(111)(8 X 2) geometry
Yeom et al. [16] reported that In-Si(111)(4 x 1) undergoes
a reversible phase transition below 120K to an (8 x 2)
structure, with a strong reduction of the DOS at the
Fermi energy. From photoemission and scanning tunneling
microscopy (STM) studies they concluded that this
phase formed a 1D charge-density wave (CDW) system
driven by a Peierls instability. These intriguing results
provoked much experimental and theoretical work.
However, the mechanism of the (4 x 1) — (8 x 2) phase
transition as well as the LT ground-state and its properties
remain controversial. While the RT (4 x 1) phase is a quasi-
1D metal as shown above, it has been variously suggested
that the LT (8 x 2) phase is metallic, but with a lower DOS at
the Fermi level [19, 43, 44], semimetallic [19], and
semiconducting with a fundamental energy gap of 0.1-
0.3eV[16,39,45-47]. Most ab initio calculations predict the
nanowire ground state to be characterized by the formation
of In trimers (c¢f. middle panel in Fig. 1) and find no gap
opening [5, 8, 10, 12]. However, also an In hexagon structure
resulting from shear distortions in neighboring chains (cf.
bottom panel in Fig. 1), has been predicted, which is
semiconducting [20]. Total-energy calculations [21] of the
hexagon and the trimer model for the LT phase concluded
that an unambiguous identification of the internal structure
of the ground state on energetic arguments is problematic.
The energy differences between the competing structures are
very small and depend on the approximations made in
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the calculations, e.g., the treatment of the In 4d states, and
exchange and correlation effects. Cho and Lee [48] state that
the hexagon model is not stable, but the model has been
supported recently by positron diffraction studies [49].
Given the ambiguities of the total-energy calculations in
determining the ground-state structure of the (8 x 2) phase,
the comparison of fingerprints calculated for structural
candidates with measured data may be helpful. The
calculated optical anisotropies [8] for the (4 x 1) and the
trimer-reconstructed (8 x 2) nanowire arrays are compatible
with the measured evolution of the surface optical response
during the (4 x 1) — (8 x 2) phase transition [9]: RAS data
measured for the In-Si(111)(4 x 1) surface [50-52] show an
optical anisotropy in the energy region of 2 eV, which splits
into two peaks, at 1.9 and 2.2 eV, upon formation of the LT
phase of the In-Si(111) surface [9, 53]. Wippermann and
Schmidt [54] have shown that also the hexagon model
provides an optical signature that describes the experimental
findings for the LT phase equally well as the trimer model, at
least within the energy window considered in Refs. [50-52],
i.e., for photon energies above about 1 eV. On the other hand,
the small differences in geometry of the trimer and hexagon
model lead to significant changes in the band structure near
the Fermi level [20, 21]. Optical transitions in this energy
region are expected to be very sensitive to such changes.
In fact, recent measurements of optical excitations in the
mid-infrared (IR) spectral range from 0.31 to 0.99 eV show
distinct differences in the optical response of the LT and RT
phase of the In nanowire array [24]. Figure 8 shows the
measured data. A smooth increase of the RAS signal is
observed going to low energy for the RT (4 x 1) phase, while
the LT (8 x 2) phase shows two sharp positive peaks at
0.50 and 0.72 eV. Positive anisotropy indicates that optical
transitions parallel to the chains are dominant in this

Energy [eV]
0.5 1.0 1.5 2.0 2.5 3.0

Experiment

In/Si(8x2) 70K AR/R, |

D.DII

In/Si(4x1) RT

- 0.53eV

In/Si(8x2) trimer

| AR/R, -
0.02
L Theory =
| PSS A AT ST AN AU U SRS A N U AT AN RS A ST AN A A A AR A
0.5 1.0 1:5 2.0 25
Energy [eV]

Figure 8 (online color at: www.pss-b.com) RAS spectra of
In-Si(111)(4 x 1) at RT (300K) and In-Si(111)(8 x2) at LT
(70 K): upper, experiment; lower, theory. Note the different scales.
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spectral region. Both phases show the broader, negative
1.9eV feature, which splits below the phase transition
temperature [8, 53, 54].

Also shown in Fig. 8 are the theoretical data from the
DFT calculations. The calculated anisotropy of both the
trimer and hexagon models of the (8 x 2) structure agree well
with the experiment above 0.7 eV, as has been discussed in
Ref. [54]. However, below 0.7 eV, only the hexagon model
looks similar to the experimental results. In particular,
two positive peaks are predicted, separated by 0.24 eV. This
splitting agrees very well with the experimental splitting of
0.22eV. The origin of the two peaks in the mid IR can be
traced to optical transitions close to the M and X point of the
surface Brillouin zone, as indicated by P, and P,/Pj in
Fig. 9. Around these points, nearly parallel valence and
conduction bands close to the Fermi level give rise to a high
joint DOS. From the orbital character of states (shown in
Fig. 10) we can assign P; to transitions between bonding
and non-bonding In chain states within the single In
zigzag chains, while P, and P} involve in addition In-In
bonds between the two parallel zigzag chains. These
bonds are exclusively formed for the hexagon model (bottom
in Fig. 1). The spectra measured in the mid-IR are thus
directly related to the hexagon structure of the In nanowire
array. We mention, however, that the detailed analysis of
the calculated RAS signal (cf. Ref. [55]) shows that
additional contributions to the optical signal stem from
inside the Brillouin zone.

Detailed comparison reveals that the calculated mid-IR
peaks are redshifted by about 0.2 eV (note the different scales
in Fig. 8). The underestimation of excitation energies is
typical for DFT calculations where self-energy effects are
neglected. The complexity and size of the In nanowire
structure prevents the calculation of optical spectra using
many-body perturbation theory that includes self-energy and
excitonic effects [35]. Quasiparticle calculations for the
high-symmetry points of the hexagon model surface band
structure found self-energy effects to increase the lowest
transition energies by 0.26eV on average [21]. A larger

e o o =
e (= co [=1
B L RS BN

Energy [eV]
o
o

I 1
e o o9
N -]

N TN

Ik X M Y r

Figure 9 (online color at: www.pss-b.com) Band structure of the
hexagonmodelforIn-Si(111)(8 x 2).Pronounced optical transitions
showing up in the RAS spectra are marked. Gray regions correspond
to the projected Si bulk bands.
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shift of 0.5eV, typical for Si excitation energies [35],
applies to the higher energy negative optical anisotropies,
because the optical transitions involve Si states [54].
Allowing for these energy shifts, the agreement between
the calculated and measured RAS spectra is truly
impressive and provides very strong evidence for the
hexagon structure.

5 Metal-insulator transition What remains still an
open question, however, is the nature and driving force of
the metal-insulator transition. Originally, it was explained
as a CDW formation due to the Peierls instability [16].
However, the phase transition cannot be based on a simple
CDW model because only one of the metallic bands nests
properly [19, 39, 45, 47, 56]. A triple-band Peierls instability
has been proposed, where an interband charge transfer
modifies the FS to improve nesting [30, 47, 57], while a
periodic lattice distortion that lowers the energy has
also been suggested [5, 10, 12, 43, 58]. On the other hand,
many-body interactions were made responsible for the LT
phase [13]. Several theoretical studies proposed the phase
transition to be of order—disorder type [5, 20, 59] and
explained the RT phase in terms of dynamic fluctuations
between degenerate ground state structures. However,
photoemission [46, 60] and Raman spectroscopy [61] results
have cast doubt on this model.

In order to address this issue, free-energy calculations
[25] were performed where in contrast to earlier work, the
vibrational and electronic entropy of the In nanowire array
is included in the calculations. For a fixed stoichiometry,
the ground state of the surface-supported nanowires is
characterized by the minimum of the free energy F as
a function of the substrate crystal volume V and the
temperature 7. It can be obtained using atomistic thermo-
dynamics, see, e.g., Ref. [62]. Within the adiabatic

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10 (online color at: www.pss-b.com)
Orbital character of surface electronic states at
the X and M high-symmetry points that contribute
strongly to the optical anisotropy of the hexagon
model for the In-Si(111)(8 x 2) nanowire array
in the mid-IR regime. The notation is consistent
with Figs. 8 and 9. The isosurfaces are drawn fora
density of 0.0015 A3, Blue and white isosurfaces
correspond to valence and conductance states,
respectively.

approximation, F is given by
F(Va T) :Fel(V,T)"'_Fvib(V,T)a (7

with Fg = Eio — TS., where the total energy E is
approximated by the zero-temperature DFT value and the
electronic entropy S is obtained from

St = kB/dE mlfnf+(1—f)n (1=l ®

Here ng and f denote the density of electronic states and
the Fermi distribution function, respectively. The vibrational
free energy of the supercell with volume §2 is calculated in
harmonic approximation

Vlb_ﬁ/d?’kz:( ha)l

_ I (k)
—|—kBTln(1 —e kBT> .

The wave-vector dependent phonon frequencies w;(k),
as well as the corresponding eigenvectors are obtained
from the force constant matrix calculated by assuming
Fa(V,T) ~ Ex(T =0), ie., neglecting the explicit
temperature and volume dependence. Given the extremely
flat PES of the In-Si(111) system — that renders already
the search for the minimum energy structure a difficult
problem [5, 21, 48] — the uncertainties induced by the above
approximations are expected to be small compared to the
overall error bar of the calculations.

The calculated I-point frequencies for strongly surface-
localized vibrational modes of the In-Si(111) nanowire
array are compiled in Table 3. The table contains
the present results for the (4 x 1) phase as well as their
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Table 3 Calculated I-point frequencies for strongly surface loca-
lized A’ (upper part) and A” phonon modes (lower part) of the In-
Si(111)(4 x 1)/(8 x 2) phases. The symmetry assignment of the
(8 x2) modes is only approximate, due to the reduced surface
symmetry.
present results wg (cm™!)
Ax1) - (8 x2)
22 — 20

27

hexagon rotary mode
44 — 47
51 — 53
62 — 58, 69
65, 68 — 70, 69, 78, 82
100, 104 — 97, 106, 113, 142
129, 131 — 137, 142
143, 145 — 139, 145, 146, 147
28 — 18, 19
shear mode
— antisym./sym. shear mode

35

51

75

82
assignment to the frequencies of geometrically similar
eigenvectors of the (8 % 2) phase. The comparison with the hexago rotary mode: 27 cm”
Raman data from Fleischer et al. [61] shows that measured
and calculated frequencies of the (8 x 2) phase agree Figure 11 (online color at: www.pss-b.com) Calculated

typically within a few cm™', while the deviations between
experiment and theory are slightly larger for the (4 x 1)
modes. This indicates that anharmonicity effects neglected
here affect the modes of the RT phase more noticeably than
the LT data.

Interestingly, the calculations confirm the existence
of a low-frequency shear mode of A” symmetry for the
In-Si(111)(4 x 1) phase at 28 cm™~'. This mode, which
was also detected by Raman spectroscopy [61], is energe-
tically below the phase transition temperature of about
kgT ~ 83 cm~! and has been suggested to correspond to the
lattice deformation characteristic for the (4 x 1) — (8 x 2)
phase transition [20, 30, 59]. The calculated eigenvector
of this mode (Fig. 11a) shows the two In atom zigzag chains
oscillating against each other. This deviates somewhat from
earlier predictions [63], but agrees with recent first-
principles molecular dynamics (MD) simulations [20, 59].
In fact, the structural transformation from the In zigzag-
chain structure with (4 x 1) symmetry to the In hexagons
with (8 x 2) translational symmetry (Fig. 1) is perfectly
described by superimposing the calculated eigenvector of the
28cm~ ' mode with the two degenerate low-frequency X
point modes at 17 cm ™" (one of the symmetrically equivalent
modes is shown in Fig. 11b). Similarly, the combination
of the corresponding shear mode of the In-Si(111)(8 x 2)
phase at 18 cm ™' with the hexagon rotary mode at 27 cm ™"
(Fig. 11c) transforms the In hexagons back to parallel zigzag

www.pss-b.com

eigenvectors for three prominent phonons modes (notation as in
Table 3) of the In-Si(111)(4 x 1) (a,b) and In-Si(111)(8 x 2) phase
(c). The mode shown in (b) — occurring at the X point of the (4 x 1)
BZ-istwofold degenerate due to the existence of an equivalent mode
at the neighboring In chain.

chains. The calculated phonon modes support the geometri-
cal path for the phase transition proposed in Refs. [20, 30,
59]. Infact, they give an atomistic interpretation of the triple-
band Peierls model [17, 30, 47]: the soft shear mode lifts one
metallic band above the Fermi energy, while the rotary
modes lead to a band-gap opening for the remaining two
metallic In surface bands.

What, however, is causing the phase transition?
In Fig. 12 we present the free energy difference between
the In-Si(111)(4 x 1) and In-Si(111)(8 x 2) phases. It
vanishes at 128.5K if only the vibrational free energy
is taken into account. Additional consideration of the
electronic entropy lowers the calculated phase transition
temperature to 125 K. At this temperature, the vibrational
and electronic entropy is large enough to compensate for the
lower total energy of the insulating (8 x 2) phase compared
to the metallic (4 x 1) phase. The calculated phase transition
temperature is slightly above the experimental value of
about 120 K. Still, given the sensitivity of the total-energy
calculations with respect to the approximations used for
modeling the XC energy and the In 4d states discussed above,
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Figure 12 (online color at: www.pss-b.com) Difference of the
free energy F(T) calculated for the (4 x 1) and (8 x 2) phase of
the In-Si(111) nanowire array. The stable phase is indicated. The
inset shows enlarged the entropy difference calculated by neglecting
the electronic contributions and by restricting the BZ sampling to
the I"point.

the agreement between theory and experiment should be
considered to be fortuitously close.

The present calculations show that the phase transition
is caused by the gain in (mainly vibrational) entropy
that overcompensates for higher temperatures the gain in
band-structure energy realized upon transforming the
metallic In zigzag chains into semiconducting In hexagons.
Indeed, a general trend to higher surface phonon frequencies
upon hexagon formation is clearly observed. This can be
seen from most values in Table 3 — with the shear mode as a
notable exception — as well as from the comparison of the
respective phonon densities of states shown in Fig. 13. The

phoneon density of states (PDOS) [a. u.]

; %
o (4x1) ideal

0.4/..E....I....I....I..

(8x2) hexagon

0 25 50 75
wave number [cm-']

100

Figure 13 (online color at: www.pss-b.com) Phonon DOS
calculated for the (4 x 1) and (8 x 2) phase of the In-Si(111)
nanowire array (4cm™' broadening). The inset shows a specific
displacement pattern that hardly changes upon the phase transition
but shifts in frequency. Arrows (feathers/heads) indicate down/up
movements.
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present calculations essentially confirm earlier experimental
work that states ““all major modes of the (4 x 1) surface are
found in the (8 x 2) spectra, though blueshifted”” [61]. A
typical example is shown as inset in Fig. 13. The eigenvector
corresponding to the alternating up and down movements of
the In atoms hardly changes upon the (4 x 1)—(8 x 2) phase
transition. The according frequency, however, goes up from
63 to 67cm . This shift in frequency is easily understood
from the formation of additional In—In bonds upon hexagon
formation, resulting in larger force constants.

The free energy calculations thus explain the (4 x 1)—
(8 x 2) phase transition of the In-Si(111) nanowire array in
terms of a subtle interplay between the lower total energy
of the insulating In hexagon structure and the larger
vibrational and electronic entropy of the less tightly bound
and metallic In zigzag chain structure at finite temperatures.
Accordingly, both the (4 x 1) and (8 x 2) phases are stable
and well-defined structural phases [25]. This contradicts
earlier DFT results where the (4 x 1) reconstruction is
interpreted as time-averaged superposition of (8 x 2) units,
i.e., the dynamic fluctuation model [5, 20, 59]. In order to
clarify the question whether or not two distinct and ordered
phases exist, the calculated spectral signatures should be
compared with the experimental findings. On the one hand,
the overall good description of the distinct, but similar, sets
of vibrational modes measured for the LT and RT phase by
calculations for (8 x 2) and (4 x 1) geometries is a strong
argument against the dynamical fluctuation model. Also, if at
elevated temperatures the system were frequently visiting
configurations associated with (8 x 2) structures, significant
contributions from the LT structure should be present in
the RT spectra, in contrast to the actual experimental
findings [61].

The hypothesis of the dynamic fluctuation model rests
essentially on ab initio MD calculations [20]. In order to
assess the reliability of such calculations, we perform MD
calculations and use the obtained snapshot structures as
input for electron transport calculations. In detail,
the temperature-dependent conductance is calculated by
averaging over the individual conductances of random
configurations obtained from either frozen phonon (FP) or
MD calculations, respectively. After an equilibration time of
5000 steps with a time-step of 2fs, 30 MD configurations
have been selected randomly from MD runs at 50 and 300 K
in each case. The required FP configurations are generated
by relating the potential energy resulting from the elongation
of the mode m to the expectation value of the energy
according to

1,1 A
Z EMiwm (\/—M;bm(T)ul’m> = (Vlm(T) §>hwm,
(10)

where M; denotes the mass of atom i and w,,, u;, are the
modes eigenfrequency and eigenvector, respectively.
The mode occupation is determined by the Bose—Einstein
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distribution
)
in(T) = |e BT/ ]

Solving this equation for the temperature-dependent
scaling factor b,,(T) yields the maximum elongation of
the mode m at the temperature 7. Subsequently, 30 configur-
ations are generated by superimposing the modes with
random phase factors for 7= 0, 50, and 300 K, respectively.
The non-zero temperature quantum conductance in linear
response [generalization of Eq. (1)] is then be obtained
from the band structures of the individual configurations

according to
dE T(E) (_ %) ,

-1

(1)

_ 262

— 12
G h oE (12)

where T(E) and f, denote the transmission function and
Fermi distribution, respectively. Neglecting the contact
resistances, T (E) is equal to the number of bands at energy
E. To approximately account for self-energy effects, a
constant shift of 0.5eV is applied to all unoccupied DFT
eigenvalues that lie more than 0.5eV above the highest
occupied electronic state, ensuring an approximate repro-
duction of the measured Si bulk band structure. For the
energetically lower lying conductance states a linear
interpolation up to a zero shift for states directly at the
Fermi level models the energy-dependence of the electronic
self-energy. This approach equals the one used for the
optical response calculations in Section 4.

The number of bands at an energy E in the linear
response expression Eq. (12) needs to be known with high
accuracy. We find that using a dense k-point sampling
alone does not necessarily lead to converged results if no
information about the energy ordering of the eigenstates in
the vicinity of a specific k point is available. Therefore, we
project the wave functions on atomic orbitals centered at
the positions of the ions and derive a k-point dependent
numerical fingerprint of the orbital character of the
respective electronic states. This fingerprint is then used to
determine which electronic states adjacent in k space belong
to the same band. The number of bands in interjacent k-space
regions is then linearly interpolated.

The resulting averaged conductances obtained from
both the FP and MD approaches are compiled in Table 4. At

Table 4 Average conductances and standard deviations per
(8 x 2) unit cell in linear response obtained for Bose—Einstein
occupation of FP modes and from MD calculations.

frozen-phonon molecular dynamics

T=0K only zero-point vibrations contribute to the ionic
movement. However, their associated elongations are far too
small to induce any metallic behavior. At 50 K both the FP
and MD configurations remain semiconducting. Though as a
result of thermal smearing the conductance is marginally
elevated. Increasing the temperature to 300K, however,
reveals a dramatic difference between the conductances
predicted by both approaches. The FP approach, assuming
stable and well-defined structural phases due to its inherent
harmonic approximation, yields a conductance of roughly
half than that of a zero temperature calculation for the ideal
(4 x 1) reconstruction. On the other hand, the MD approach
predicts an RT conductance that is considerably lower.
According to the dynamical fluctuation model, for which
MD calculations actually provide the main support, the
(4 x 1) reconstruction is explained as the time-average of a
system that is oscillating between the degenerate (8 x 2)
ground states. Since the system frequently visits these
semiconducting ground states the conductance is signifi-
cantly lower than in the case of stable and well-defined
structural phases. The conductance obtained from the FP
approach overestimates — by roughly a factor of 1.2 — the
experimentally determined surface state conductance in
the RT regime [37, 39, 40]. This effect is expected due to
the neglect of contact resistance. However, the dynamical
fluctuation model leads to an underestimation by a factor of
0.76. These results provide a further indication that the
dynamical fluctuation model does not describe the physics of
the phase transition correctly.

As discussed above, the FP calculations confirm the
existence of alow-frequency shear mode of A” symmetry for
the In-Si(111)(4 x 1) phase at 28 cm ™. This mode, which
was also detected by Raman spectroscopy [61], corresponds
in conjunction with a twofold degenerate low-frequency
X-point mode at 17cm™' to the lattice deformation
characteristic for the (4 x 1) — (8 x2) phase transition.
According to the dynamical fluctuation model the soft shear
mode drives the fluctuations between degenerate ground
states. Examining this mode in detail is therefore expected to
provide new insights with respect to phase stability. Table 5
lists the frequency of the shear mode obtained by FP and
MD calculations in comparison with experimental data
from Ref. [61]. Within the MD configurations the shear
mode was identified by Fourier-decomposing. Selecting the
correct Fourier coefficient and transforming back into the
time domain yields very little ionic motion besides the shear
mode. The eigenfrequency is then easily obtained from the
periodicity of the ionic motion along the FP eigenvector of

Table 5 Frequency of the soft shear mode obtained by FP and MD
calculations in comparison with experimental data from Ref. [61].

G [2¢%/h] G [2¢%/h] 8x2)(ecm™) —  (@x1D(mh
0K 0.00 £0.00 - experiment [61] 2-235+0.8 — 28+0.9
50K 0.11+0.28 0.22+0.36 frozen-phonon 18, 19 — 28
300K 3.09£0.65 1.95£0.86 molecular dynamics 20 — 16
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the shear mode. However, a clear distinction between the
frequencies of the symmetric and antisymmetric shear
modes is difficult from the MD data. So only one frequency
is given in Table 5. At LTs both approaches agree closely
with the measured frequency of the shear mode. Upon the
transition to (4 x 1) translational symmetry a blue-shift of
the shear mode frequency is observed experimentally. This
blue-shift is well reproduced by FP calculations, which
implicitly assume that the surface is trapped in the (4 x 1)
minimum on the PES. However, according to the dynamical
fluctuation model the system was initially trapped in one of
the degenerate (8 x 2) minima. Upon heating the surface it
begins to fluctuate between the degenerate ground states at
activation temperature, thereby giving rise to a (4 x 1)
translational symmetry on average. In this case the shear
mode would red-shift, rather than blue-shift. Calculating the
shear mode’s frequency from an MD run at 300K yields
indeed the expected red-shift (¢f. Table 5), in clear
contradiction to experiment.

From the above results it is obvious that the MD
simulations, while providing the main support for the
dynamic fluctuation model, describe the temperature-
dependent vibrational and electron-transport properties of
the In-Si(111)(4 x 1)/(8 x 2) nanowire array worse than
FP calculations. This result is surprising, given that the
harmonic approximation is supposed to introduce noticeable
errors in the calculations for elevated temperatures. What is
the reason for these discrepancies between experiment
and MD simulation? Quantum mechanics requires the
occupation of the phonon modes to obey the Bose—Einstein
distribution. However, MD employs a Boltzmann distri-
bution over ion velocities instead. Therefore, it is only
accurate for sufficiently high temperatures. For the subtle
energy balance at the In-Si(111)(4 x 1)/(8 x 2) surface
the error at 300 K is still noticeable. The MD simulation at
300K features an average elongation of the shear mode
of 0.43 A, with a maximum elongation of up to 0.76 A.
This corresponds to excitation energies from 40 meV up
to 145meV, respectively. In contrast, the Bose—Einstein
occupation of this mode at 16cm ™" results in an energy
expectation value of 26 meV. The overestimation of the
occupation of that mode in the MD simulation gives rise to an
erroneous observation of dynamical fluctuations.

6 Alkali adsorption perturbs phase transition
Already ten years ago it was noted that tiny amounts of
adsorbates, specifically less than 0.1 MLs of Al, Ga, In, or Ag
adatoms revert the LT (8 x 2) phase to the (4 x 1) structure
usually observed above 120K [15]. The structural modifi-
cation was found to be accompanied by an increase in
electrical conductivity. This is in contrast to more recent
studies [64, 65] which report a decrease of the metal-
insulator transition temperature 7 upon In adsorption. Also
the exposure of the In nanowires to oxygen was found to
increase Tc. Intriguing indirect interactions between the
adatoms mediated by the In nanowire CDW were observed
for Pb [66] and Co [67] adsorption. Probably most studies in

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the context of atomic adsorption on the In nanowire array are
devoted to the influence of sodium. Using STM, Lee et al.
[14] found that the metallic (4 x 1) In zigzag chain structure
turns in an insulating system with a doubled periodicity
along the chains upon Na deposition. This was attributed to
an adsorbate-induced CDW pinning. Density functional
calculations by Cho et al. [68], however, found the doubling
of the periodicity energetically unfavorable and did not
support a Na-induced metal-insulator transition resulting
from a CDW gap. In 2008 temperature-dependent low-
energy electron diffraction (LEED) data were interpreted in
terms of an increase of the transition temperature 7 due to
Na adsorption [69], confirming the trend reported in
Ref. [14]. In fact, a value of 7c =186 K was reported for
the adsorption of 0.1 ML Na. In clear contrast, Shim et al.
[70] as well as a very recent study by Yeom and coworkers
[71] found an almost linear decrease of T with the amount of
Na atoms deposited on the In nanowire array. In Ref. [70]
a variation between 125 and 90K is reported for 7¢. In
Ref. [71] a (4 x 1) LEED pattern was detected at heavily
alkali-doped In-Si(111) even at S0 K.

While DFT calculations have contributed greatly to the
understanding of the clean nanowire array, we are aware of
only relatively few studies addressing computationally the
adsorption of adatoms on the nanowires [41, 66, 68, 72].
None of them addresses the influence of adatoms on the
(8 x 2)—(4 x 1) phase transition. In the following we perform
DFT calculations with the aim to better understand the
impact of Na adsorption on the metal-insulator transition of
the In-Si(111)(4 x 1)/(8 x 2) surface.

We start by determining the PES for Na adsorbed on the
RT (4 x 1) phase of the nanowire array. These calculations
are performed in a (4 x 4) unit cell with three bilayers of Si.
The calculated energy landscape and the most favored lateral
positions for Na adatoms are shown in Fig. 14a. For one
Na-adatom per (4 x4) unit cell we find three nearly
degenerate adsorption sites H;, H,, and H; with adsorption
energies of 2.165, 2.150, and 2.174 eV, respectively. At this
as well as higher coverages sodium prefers a position
between neighboring In and Si chains (H3). Lowering the
coverage to one Na adatom per (8 x 4) unit cell, leads to H,;
being the most stable adsorption site. Our results largely
agree with earlier DFT calculations of the Kleinman and
coworkers [68] which — using a (4 x 3) unit cell and the
generalized gradient approximation — reported adsorption
energies of 1.452 and 1.446 eV for adsorption at the H; and
H, site, respectively, while the adsorption between the
In and Si zigzag chains was found to be somewhat less
favored than in the present work. The corrugation of the PES
with a distinct channel along the chain direction suggests a
strongly anisotropic diffusion behavior and a high adatom
mobility along the In zigzag chains.

The two energetically most relevant structures, H; and
H;, are schematically shown in Fig. 15. Obviously Na prefers
a pyramidal configuration. The structural deformations of
the In nanowire array are comparatively minor. The largest
deviation from the ground-state geometry of the clean
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Figure 14 (online color at: www.pss-b.com) (a) PES (in eV)
calculated for Na adatoms on the In/Si(111)(4 x 1) surface. Three
local minimum energy positions for the adsorbed species are marked.
Dark and light balls indicate In and Si positions, respectively.
(b) Starting configurations for Na adatoms on the In/
Si(111)(8 x 2) surface.

In-Si(111)(4 x 1) surface occurs in case of the H; adsorption
and modifies the In-In distance across the two parallel
zigzag chains by about 0.16 A.

In order to probe long-range correlation effects between
surface adsorbed adatoms possibly due to adsorbate induced
Friedel oscillations [73] we performed calculations for
different adatom distances along and perpendicular to the In
chains. The results are summarized in Fig. 16. Sodium
adsorbed in H,,; position was calculated using a (4 X n)
translational symmetry with n=1, 2, 3, 4, 5, 6. In case of
H, adsorption it is found that the adsorption energy is
monotonously increasing with increasing distance, at least
for the distances computationally accessible. In the case of
H; two rather shallow energy minima are found forn =3, 5.
If the adatom distance is increased vertically to the In
chains, the energetical order of the two adsorption sites
may change: H; adsorption is more favored than Hj
adsorption for a (8 x 4) surface periodicity. While the details
of the adsorption geometry will thus depend on the surface
coverage as well as the adsorption kinetics, there is a clear
overall trend for increased adsorption energy with increased
adatom separation. Similar results were obtained in Ref. [68]
and explained by an electron transfer from the Na adatoms

www.pss-b.com

Figure 15 (onlinecolorat: www.pss-b.com) Equilibrium structure
of NaadsorbedontheIn-Si(111)(4 x 1)surface atthe H, (top) and H3
(bottom) site.

in the In-chain derived orbitals. Thus, adsorbed Na
atoms become effectively positive ions, giving rise to a
repulsion interaction. The stability of semiconductor surface
reconstructions is often surprisingly well described by the
Madelung energy of surface atoms charged according to
the electron counting rule, see, e.g. [74, 75]. Assuming a
similarly simple picture to hold here, we calculated the
Coulomb repulsion for a periodic lattice of positively
charged Na adatoms, assuming a screening that is approxi-
mately given by half the static dielectric constant of Si
(due to the reduced screening at the surface). Using the

0 ©0—o0 (4xn) H3
m—a (4xn) H1
¢+ (8xn) H3 ]
-0.1 a-.4 (8xn) HI ]
02 .

energy [eV]
&
(53
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e
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n

Figure 16 (online colorat: www.pss-b.com) Change of the adsorp-
tion energy upon increasing the distance between Na adatoms
adsorbed for (4/8 x n) translational symmetry.
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charge transfer as fit parameter, it is found that the data of
Fig. 15 are well described for a charge transfer of about 0.8e.
Certainly, the result of such a procedure has to be taken with
caution. Nevertheless, it fits well to the ARPES data given
in Ref. [71]. Here, it was concluded that roughly a single
electron is donated to the surface from each Na adsorbate
atom.

The impact of Na adatoms on the In nanowire electronic
properties is controversially discussed. There are reports that
Na deposition increases [69] as well as decreases [70, 71] the
metal-insulator transition temperature 7c. Morikawa et al.
[71] performed STM studies and discriminated between two
effects of the Na deposition, the global suppression of the
metal-insulator transition versus a local lattice distortion
that results in a reduced DOS at the Fermi energy. While in
Ref. [71] it is stated that in spite of the reduced DOS at
the Fermi energy the In nanowire remain metallic, the
opening of a small gap of about 0.1 eV has been concluded
from high-resolution electron-energy-loss spectroscopy
(HREELS) data [14].

Before we explore possible implications of the adsorbate
atoms on the phase transition, we discuss its local influence
on the nanowire electronic properties. Thereby we start from
the relaxed adatom positions H; as well as H; and consider
single Na adatoms calculated in a (4 x 8) surface unit cell.
According to our DFT calculations, the modification of the
DOS is negligible in the intermediate vicinity of the Fermi
energy. The metallicity of the nanowires is not affected by
the alkali adsorption. However, about 0.1eV below the
Fermi energy a clear reduction in the DOS is calculated for
the Na adsystem, both for H; and H; adsorption. This
confirms earlier DFT calculations by the Kleinman and
coworkers [68] performed for smaller unit cells, i.e., higher
Na coverages. The change of the DOS calculated here for
energies below the Fermi may explain HREELS findings for
Na-adsorbed nanowires that show the Drude tail due to
transitions near the Fermi level to be drastically reduced in
width compared to the clean surface [14]. We also studied the
influence of the Na adatoms on the In nanowire conductance
using the Landauer approach described in Section 3.
Compared to the calculations for the ideal structure, a
reduction of the quantum conductance at Er by about one
tenth (H;) to one third (H;) compared to the ideal chain
is obtained for the case of Na adatoms (see Ref. [76]
for details). Comparing these data with the results discussed
in Section 3 one finds that sodium is about as effective as
Pb in hindering the electron transport through the wires.
From the calculations we can conclude on a sizeable
conductance drop due to the adsorption of Na on the
In-Si(111)(4 x 1) surface.

Next, we study the influence of the Na adatoms on
the phase transition. At first we adsorbed sodium on the
structure of the LT (8 x 2) phase of In-Si(111). Thereby we
used the lateral positions indicated in Fig. 14b as starting
configurations. Structural relaxation leads to variety of local
energy minima. Interestingly, the transformation of the In
hexagon structure in the zigzag-chain geometry of the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(4 x 1) phase with the Na adatom assuming the H; position
shown in Fig. 14a represents the global energy minimum
among the necessarily limited number of structures
investigated. Thus, the alkali adsorption seems to perturb
the subtle energy balance between the semiconducting
In hexagons and the metallic In zigzag chains in favor of
the latter.

The changes in the calculated -electronic band
structure accompanying the (4 x 1)—(8 x 2) phase transition
are shown in Fig. 17. The hexagon formation is related to the
opening of a small gap. The charge transfer from the adatoms
into the surface lowers the gain in band structure energy upon
hexagon formation. This could be one plausible mechanism
that explains why Na adsorption tends to favor the formation
of the (4 x 1) phase. In order to verify this assumption we
follow Ref. [77] and calculate the energy difference between
(4 x 1) and (8 x 2) reconstructed In-Si(111) surfaces —in the
absence of any alkali adatoms —in dependence on the surface
charging. The results are shown in Fig. 18. Obviously, the
charging of the surface destabilizes indeed the (8 x 2)
surface with respect to the (4 x 1) phase. If one assumes that
the adsorption of Na atoms changes the vibrational energy of
In-Si(111)(4 x 1) and In-Si(111)(8 x 2) surfaces by a similar
amount due to the appearance of new localized phonon
modes and neglects any influence of local strain on the phase
stability, the change of the phase transition temperature can
be estimated from the modification of the difference of
the respective total-energies upon charge transfer into the
surface calculated above. We thus obtain the phase transition
temperatures indicated on the right hand side in Fig. 18. From
the data shown in Fig. 17 we would thus predict a phase
transition temperature of 7c = 97 K for a Na coverage of 0.01
ML. Given that — as argued above — the local strain induced
by the Na adsorption also favors In zigag chains rather
hexagons, this temperature should be considered an upper

r X

mMmr X MT X M

Figure 17 (online colorat: www.pss-b.com) Band structures of the
zigzag chain (a) and hexagon model (c) of the In-Si(111) surface
calculated within a (4 x 2) surface unit cell. The electron bands of a
transitional structure obtained from the superposition of the phonon
modes that transform between these structural models (see Ref. [25])
is shown in (b). Bands of equal color are characterized by similar
wave functions.
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Figure 18 (online color at: www.pss-b.com) Difference in total
energy (per surface atom) between In-Si(111)(4 x 1) and In-
Si(111)(8 x 2) surfaces in dependence on the surface charging
(per (8 x 2) surface unit cell). The right scale indicates the phase
transition temperature predicted for the respective charging assum-
ing that the adatoms modify the vibrational entropy of (4 x 1)
and (8 x 2) surfaces by the same amount. Circles and triangles
indicate energies obtained with and without structural relaxation,
respectively.

limit for the actual value. Unfortunately, the present
experimental findings do not allow for a direct comparison,
as no detailed information on the coverage dependent value
of T¢ is available. The order of magnitude predicted here,
however, seems to agree with the recent experimental data
reported in Refs. [70, 71].

On the other hand, Na deposition at very LTs will not
necessarily lead to the ground-state geometry where local
strains favors the zigzag chain formation. It is very well
conceivable that Na adsorption at some metastable position
leads to geometrical constraints that favor hexagons and thus
lead to an apparent pinning of the In-Si(111)(8 x 2) surface.

From Fig. 18 it is clear that a reduction of the phase
transition temperature should also occur in case of p-doping.
This appears plausible in the picture discussed above,
because the energetic preference of the insulating (8 x 2)
reconstructed In-Si(111) surface over the metallic (4 x 1)
will be reduced no matter in which direction the Fermi
energy is shifted. However, we are not aware of an
experimental study in this context.

7 Summary This paper summarized briefly the recent
progress in the understanding of the structural and electron
transport properties of the prototypical In-Si(111)(4 x 1)/
(8 x 2) nanowire array. The RT (4 x 1) reconstructed In-
Si(111) surface is characterized by In zigzag chains giving
rise to three pronounced surface states at the Fermi energy.
The dispersion of these surfaces explains naturally the strong
anisotropy of the electron conductance along and perpen-
dicular to the chain direction. There is no need to assume
contributions from the space charge layer in order to
reproduce the experimental results. The adsorption of
adatoms is predicted to lead to a specific and in some cases
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pronounced decrease of the wire conductivity. For In
adatoms, where measurements exist, the calculated
reduction by more than one third agrees with the existing
data. For oxygen deposition, the calculations predict a
similar drop in conductance, whereas the impact of Pb and
Na atoms is slightly smaller. The reduction of the nanowire
conductance can be traced to either potential-well scattering
or the quenching of conduction channels due to nanowire
deformation or a combination of both effects. According to
the DFT calculations, the adsorption of hydrogen does not
substantially reduce the conductance.

While previous experiments as well as total-energy
calculations have not been able to unambiguously identify
the geometry of the (8 x 2) reconstructed In-Si(111) surface
formed at LTs, the comparison of the calculated spectral
signatures with the experimental data gives strong evidence
for the formation of In hexagons. In particular, strong
anisotropic optical interband transitions are found at
0.50 and 0.72 eV for the In-Si(111)(8 x 2) phase. In contrast
to the trimer model, optical response calculations for the
hexagon model reproduced the measured features. In
particular, the 0.7eV peak arises from optical transitions
involving the additional In—In bonds that are formed in the
hexagon model. These results settle the long-standing
argument about the In nanowire ground state in favor of
the hexagon model.

Free energy calculations explain the (4 x 1)—(8 x 2)
phase transition of the In-Si(111) nanowire array in terms of
a subtle interplay between the lower total energy of the
insulating In hexagon structure and the larger vibrational
and electronic entropy of the less tightly bound and metallic
In zigzag chain structure at finite temperatures. Both the
(4 x1) and (8 x2) phases are stable and well-defined
structural phases. Soft shear and rotary vibrations transform
between the In zigzag chains stable at RT and the
hexagons formed at LTs. The present work resolves the
discrepancies arising from the interpretation of the (4 x 1)
reconstruction as time-averaged superposition of (8 x 2)
structures given by the dynamic fluctuation model. In fact,
we could show that the order—disorder model for the phase
transition does not account for the measured electron
transport properties and phonon frequencies shifts. MD
calculations that provide the main support for a order—
disorder type phase transition do not describe the surface
dynamics entirely correct, due to the classical velocity
distribution employed.

Sodium adsorption on the In nanowire array has a strong
influence on its phase change. The present calculations show
that the LT (8 x 2) phase gets destabilized due to the charge
transfer from the adatoms into the In nanowires as well as due
to local strain. This leads to a decrease of the phase-transition
temperature and may trigger an insulator-metal transition at
specific temperatures.
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