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Vibrational properties of the Au-(+/3 x +/3)/Si(111) surface reconstruction
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The vibrational properties of the Au-induced (v/3 x +/3)R30° reconstruction of the Si(111) surface are
investigated by polarized surface Raman spectroscopy and density-functional theory. The Raman measurements
are performed in situ at room temperature as well as 20 K, and they reveal the presence of vibrational eigenmodes
in the spectral range from 20 to 450 cm™!. In particular, two peaks of E symmetry at 75 and 183 cm~! dominate
the spectra. No substantial difference between room- and low-temperature spectra is observed, suggesting that the
system does not undergo a phase transition down to 20 K. First-principles calculations are performed based on the
structural models discussed in the literature. The thermodynamically stable conjugate honeycomb-chained-trimer
model (CHCT) [Surf. Sci. 275, L691 (1992)] leads to phonon eigenvalues compatible with the experimental
observations in the investigated spectral range. On the basis of the phonon eigenfrequencies, symmetries, and
Raman intensities, we assign the measured spectral features to the calculated phonon modes. The good agreement

between measured and calculated modes provides a strong argument in favor of the CHCT model.
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I. INTRODUCTION

Ordered (sub)monolayers of metal adatoms on semicon-
ductor surfaces have attracted great scientific interest due to
their exotic properties resulting from reduced dimensionality.
These systems have been intensely investigated experimen-
tally as well as theoretically to gain information about low-
dimensional physics and correlation effects [1-9]. The elec-
tronic properties of such surface layers are directly linked to
their atomic structure [10-13], which, in turn, also determines
the vibration dynamics [14,15]. Therefore, knowledge of the
vibration modes is an essential ingredient for a comprehensive
understanding of adsorbate systems and their interplay with
the substrate.

Among the well-established adatom systems, Au atoms on
crystalline Si(111) surfaces represent an extensively studied
example. Depending on the deposition parameters, different re-
constructions can be prepared, either one- or two-dimensional
[16,17]. In the former case, denoted as Au-(5 x 2)/Si(111)
reconstruction, the Au atoms are arranged into chains, whereas
in the latter case the Au atoms are ordered in an isotropic two-
dimensional pattern. Among the two-dimensional patterns, the
most common one has a (ﬁ X ﬁ) periodicity. Recently, this
system has been proposed as a platform for two-dimensional
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topological insulators [18]. One- and two-dimensional recon-
structions not only strongly differ in their electronic properties,
but they are expected to exhibit quite different dynamics of the
adatom vibrations. While the lattice vibrations of the Au-(5 x
2)/Si(111) chains have been explored previously [19], no infor-
mation is available concerning the vibrational properties of the
other Au-induced reconstructions. To improve our knowledge
of this prime example of low-dimensional physics, we study
in this work the lattice dynamics of the two-dimensional
reconstruction of one-monolayer Au on a Si(111) substrate,
currently referred to as Au-(+/3 x +/3)R30°/Si(111), by means
of Raman spectroscopy and density-functional theory (DFT).

A detailed consideration of the atomic structure of the
Au-(+/3 x +/3)R30°/Si(111) system investigated in this paper
is necessary to understand its lattice dynamics. Many dif-
ferent structural models possibly describing the experimental
observations have been proposed in the past [20]. The most
relevant among these models are depicted in Fig. 1 and
described briefly in the following. The twisted-trimer (TT)
model by Chester er al. [21,22], shown in Fig. 1(a), was
developed through medium-energy ion scattering and Monte
Carlo simulations. The conjugate honeycomb-chained-trimer
(CHCT) model by Ding et al. [23], depicted in Fig. 1(b),
results from DFT calculations within the local-density ap-
proximation. The honeycomb-chained-trimer (HCT) model
by Zhang et al. [24], displayed in Fig. 1(c), was proposed
after angle-resolved photoelectron measurements. Finally, the
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FIG. 1. Structural models of the Au-(+/3 x +/3)R30° recon-
struction on Si(111). (a) Twisted-trimer (TT) model, (b) conjugate
honeycomb-chained-trimer (CHCT) model, (c) honeycomb-chained-
trimer (HCT) model, and (d) H;-missing-top-layer (H;-MTL) model.
Au atoms in yellow, Si atoms in blue, and topmost Si atoms in light
blue. The substrate (1 x 1) and the (ﬁ X ﬁ) reconstructed surface
unit cells as well as mirror symmetry planes are indicated. See text
for further details.

H;-missing-top-layer (H3-MTL) model by Kadohira et al.
[25], shown in Fig. 1(d), is a result of first-principles calcu-
lations within the local-density approximation. The first three
models (TT, CHCT, and HCT) feature three Au atoms per sur-
face unit cell and thus model a coverage of 1.0 Au monolayer
(ML). All these models are characterized by a trimer of Au
atoms close to the Hj positions. The topmost Si layer also
builds trimers. The three models differ in size and orientation
of the Au and Si trimers against each other. The relative trimer
orientation furthermore determines the surface symmetry. The
CHCT and HCT models possess a mirror symmetry plane
[shown in Figs. 1(b) and 1(c)], which is missing in the TT
model. The fourth structure (H3-MTL) models a lower Au
coverage of 0.66 ML. It displays a hexagonal structure of Au
atoms on the surface. In the middle of the hexagon, the Au
atom corresponding to the Hj position is missing, resulting in
two Au atoms per surface unit cell. Similarly to the CHCT
and HCT structures, the H;-MTL model possesses a mirror
symmetry plane, as shown in Fig. 1(d). In all the proposed
models, the Au atoms form a flat layer atop the Si surface and
show no corrugation. Structural patterns corresponding to a
larger (6 x 6) surface reconstruction formed at an Au coverage
exceeding 1 ML are also reported [26,27], however they are
not a subject of the present investigation.

Basically, spectroscopic measurements of the vibration dy-
namics of clean surfaces and adsorbate layers are a challenging
task. This is due to the fact that the scattering region only
consists of a small volume. The most established experimental

tools for analyzing surface and adsorbate vibrations are intrin-
sically surface-sensitive techniques, such as high-resolution
electron-energy-loss spectroscopy (HREELS) [28-30] and
helium atom scattering (HAS) [31,32]. Results from these
methods have been published for, e.g., the clean (7 x 7)-
reconstructed Si(111) surface [33,34]. Optical methods such
as transmission infrared spectroscopy (TIRS) have also been
applied successfully to surface systems [35,36].

Raman spectroscopy, as an optical method, is not intrin-
sically surface-specific, but its sensitivity has been proven to
be sufficient for the investigation of extremely thin surface
films [37] and adatom systems [38—42]. In the following,
this application of Raman spectroscopy will be denoted as
surface Raman spectroscopy (SRS). SRS can give information
on vibration modes that is complementary to HREELS and
HAS, e.g., high spectral resolution and symmetry properties
of the vibration eigenmodes. Recently, the Au-(5 x 2)/Si(111)
reconstruction has been studied by SRS in combination with
first-principles calculations [19]. SRS studies of clean surfaces
haven been published for the (7 x 7)-reconstructed Si(111)
surface [43] and various further clean and adsorbed surfaces
[44-46].

Surface Raman spectroscopy becomes a particularly power-
ful tool for surface investigation when supported by atomistic
calculations. Indeed, Raman frequencies as well as selec-
tion rules are strongly related to the surface structure, and
they represent reliable criteria to validate or rule out com-
peting structural models. The comparison of the measured
frequencies with surface phonon calculations for candidate
geometries may thus lead to structural identification and,
more generally, to the assignment of calculated eigenvectors
of the individual vibration modes to the measured Raman
peaks. Unfortunately, an assignment based on frequency and
symmetry configurations is often difficult, since the surface
systems are typically of low symmetry, and the calculations
yield a large number of phonons with different degrees of
surface localization. To achieve a reliable assignment, we
have previously implemented algorithms for the calculation
of the Raman scattering efficiency, which have proven to be
useful for the interpretation of Raman spectra of bulk materials
[47] as well as low-dimensional Au structures at the Si(111)
surface [19].

In this work, we report on the observation and identification
of the surface vibration eigenmodes of the monolayer Au-
(ﬁ X «/§)R3OO reconstruction on the Si(111) surface, most
of them in the range 20-200 cm~!, containing all Au-related
vibration modes. The lattice dynamics is investigated by
polarized in situ Raman spectroscopy under ultrahigh-vacuum
(UHV) conditions and first-principles calculations yielding
vibration eigenfrequencies and eigenvectors as well as their
Raman intensities. After an explanation of the experimental
details and calculation techniques, we discuss the appearance
of characteristic modes of the Au covered Si(111) surface
in contrast to the aged Si(111) surface. Polarized spectra at
room temperature and low temperature are compared to DFT
calculations for the TT and CHCT model, which we find to be
thermodynamically stable. The CHCT model leads to phonon
frequency eigenvalues compatible with the measurements,
while the TT model shows large deviations from the experi-
mental values. Calculated and measured spectra for the CHCT

035412-2



VIBRATIONAL PROPERTIES OF THE Au-( ...

PHYSICAL REVIEW B 97, 035412 (2018)

FIG. 2. LEED pattern of Au-(+v/3 x +/3)R30°/Si(111) at room
temperature. Electron energy E = 80 eV. The blue and green
rhomb denote the (1 x 1)- and the Au-(v/3 x +/3)R30° unit cell,
respectively.

structure are found to be in good agreement, which yields an
argument for this model and allows for the identification and
assignment of the measured spectral features.

II. EXPERIMENT AND CALCULATION METHODOLOGY

Polished highly doped Si(111) was used as a sample
substrate. After an ex situ wet-chemical cleaning procedure
[43], the samples were degassed in situ for several hours.
For the preparation of the clean (7 x 7) surface reconstruc-
tion, the samples were heated by direct current in a flash
annealing process up to 7 = 1550 K. The temperature was
checked by a pyrometer (emissivity 67%). In a second step,
Au was deposited onto the Si(111) surface by an e-beam
evaporator up to a coverage >1.0 ML, measured with a quartz
crystal microbalance. During deposition, the sample was held
at an elevated temperature (7 =~ 800 K). The Au-(v/3 x
\/§)R 30°/Si(111) reconstruction was obtained by subsequent
annealing. The applied annealing temperature was ~900 K and
ensured the desorption of excess adatoms to get a final coverage
of ~1.0 ML. After preparation, the quality of the reconstruction
was checked by low-energy electron diffraction (LEED). The
resulting LEED pattern (Fig. 2) shows a clear (W3 x +/3)
reconstruction without any sign of a (5 x 2) admixture. In
line with the Au/Si(111) phase diagram of Ref. [48], the total
absence of a (5 x 2) signature indicates Au coverage at least
well above 0.76 ML.

The Raman spectra of Au—(«/g X \/§)R3OO/Si(1 11) were
obtained in sifu under UHV conditions immediately after
preparation (base pressure p < 1 x 107! mbar). For these
spectra, two separate Raman setups with different facilities
were employed. The setup for spectra at room temperature
(RT) consisted of a solid-state laser that used the 660 nm
line (£1.87 eV) with a power of 300 mW. The scattered light
was collected by a modified DILOR-XY triple spectrometer,
which enabled the registration of Raman intensity down to
13 cm™! from the laser line. The other setup, which was

essentially applied for measurements at low temperature (LT),
i.e., T ~ 20 K, employed an Ar™ ion laser that was operated
with the 488 nm line (£2.54 eV) with 120 mW laser power.
Here, the Raman light was analyzed by a SPEX 1000M
single monochromator after passing an ultrasteep longpass
edge filter (SEMROCK RazorEdge), which allowed spectra
down to 45 cm™! toward the laser line. Low temperatures
were obtained by cooling with a continuous-flow He cryostat.
Both setups were equipped with high-efficiency Si-based CCD
detectors (ANDOR iDus series) and were operated in near-
backscattering geometry. The spectral resolution was 3 cm ™.

To analyze the symmetry properties of the vibration modes,
Raman spectra were recorded with well-defined linear polar-
ization of the incident and scattered light. They are labeled
according to the Porto notation [49,50]: backscattering from
a z-oriented surface with incoming and scattered polarization
directions e; and e;, respectively, is denoted as z(e;e;)Z. The
laser beam was polarized vertically, indicated as x, while the
scattered light was analyzed either in x or y polarization. If no
polarization analyzer was employed, both configurations were
measured simultaneously [notation for unpolarized spectra:
2(xx)Z + z(xy)z].

A detailed analysis of the measured peak properties includes
polarization dependences and group-theoretical considera-
tions. The threefold two-dimensional surface space group of
Au-(v/3 x +/3)R30°/Si(111) is p31m (corresponding to the
three-dimensional point group C3,) [51] for the CHCT-, HCT-,
and H3-MTL model, and p3 (corresponding to C3) for the
TT model. Since with regard to Raman spectroscopy the
point groups C3 and C3, behave alike, we consider in the
following only the latter. According to the character table of
the group Cj,, there are two nondegenerate modes, A; and
A,, and a doubly degenerate mode E [52]. Modes with A,
symmetry are silent modes, i.e., optically inactive. The modes
of A; and E symmetry are Raman-active instead. According to
the basis functions of the irreducible representations (finding
its counterpart in the Raman tensor [53]), the A; modes
(basis functions x? 4 y?,z%) are only visible in a z(xx)z
configuration, while the E mode [basis functions (x> — y%,xy)
and (yz,xz)] are visible in both polarization configurations,
Z(xx)Z and z(xy)Z [50]. The latter basis function of E has
no relevance in our experiments in backscattering geome-
try on the z-oriented surface since it contains a z-direction
contribution.

The Au structures on the Si(111) surface are modeled within
the DFT, as implemented in the Vienna ab initio simulation
package (VASP) [54,55]. Thereby, we perform total-energy cal-
culations both within the local-density approximation (LDA)
[56,57] and within the generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) formulation
[58,59] in order to estimate the influence of the calculation
details on our results. Projector augmented wave (PAW)
potentials [60,61] with projectors up to/ = 1 for H, / = 2 for
Si, and [ = 3 for Au are used. The number of valence electrons
that were employed for the simulation of the H, Si, and Au
atoms amounted to 1 (1s'), 4 (3s23p?), and 11 (5d'%6s"),
respectively. The electronic wave functions are expanded into
plane waves up to an energy cutoff of 500 eV. A 12 x 12 x 1
Monkhorst-Pack [62] k-point mesh was used to perform the
integration in the Brillouin zone (BZ).
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The Si surfaces are modeled with asymmetric slabs consist-
ing of six Si bilayers stacked along the [111] crystallographic
direction modeling the substrate, the surface termination in-
cluding the Au layer, and a vacuum region of about 20 A.
H atoms saturate the dangling bonds at the backside face of
the slabs. The atomic positions are relaxed until the residual
Hellmann-Feynman forces are below 0.01 eV/A. Three Si
bilayers and the H atoms are kept constrained in order to model
the substrate, while the Au layer and the remaining Si atoms
are allowed to relax.

The lattice dynamics is calculated in two stages. In a
first step, the vibrational displacement patterns as well as
the eigenfrequencies of the zone-center optical phonons are
calculated within the frozen phonon method [63]. The conver-
gence of the phonon eigenvalues with respect to the number of
mobile atomic layers is thereby tested. The calculated phonon
eigenfrequencies depend to some extent on the details of the
calculations, such as the exchange-correlation functional or
the substrate lattice constant. We have calculated the phonon
modes both with the LDA and the GGA, employing the
respective calculated equilibrium lattice constant as well as
the experimental lattice constant. We show in this work the
values calculated at the experimental Si lattice constant. The
frequencies calculated with the different approaches agree
for most phonons within a few cm™'. The largest calcu-
lated deviation between DFT-LDA and DFT-GGA amounts
to 9 cm~!, which is considered the uncertainty of the method.
In a second step, the differential Raman-scattering efficiency
is calculated following the formalism that was employed also
in Refs. [19,47] and is described in detail in Refs. [50,64]. The
central quantity in this approach is the Raman susceptibility
tensor o,

1)

X,
off o Y S tm(kB), (1
K,B TKﬁ

where u,,(kf) are the eigenvectors and 1,4 represents the
displacement of atom « in direction B within the phonon
mode m. Xi(j]) is the electronic linear dielectric susceptibility
tensor, which is related to the frequency-dependent dielec-
tric permittivity, in CGS units, by e/, = 1 + 47 x/;. The
imaginary part of the frequency-dependent dielectric tensor is
calculated within the independent-particle approximation [65]
by a summation over empty states. This requires an accurate
checking of the convergence of the dielectric function with
respect to the total number of bands. We employ 2000 bands
in our models, which yields a convergence up to 1073 Due to
computational limitations, quasiparticle and excitonic effects
are not included in our computation of the dielectric tensor.
This will affect the calculated spectra by introducing some
error that is hard to quantify.

III. RESULTS AND DISCUSSION

A. Surface structure

After the preparation procedure, the LEED pattern for each
Au/Si(111) sample was registered for a quality check of the
reconstruction. Therefore, a mixture of one-dimensional (5 x
2)-Au chains and two-dimensional (\/§ X \/g)—Au-induced

T T T Ul T
———— Au-(V3xV3)/Si(111)
aged Si(111)

2TA |
21 z(xx)z + z(xy)z

RT

Relative intensity 1/(10° 1 )
(&)
1

T T T T T T T T
100 200 300 400 500 600
Raman shift (cm™)

FIG. 3. Waterfall plot of the Raman spectra of Au-(+v/3 x
V3)R30°/Si(111) for the polarization configuration z(xx)Z + z(xy)Z
for room temperature (RT, red) and T ~ 20 K (LT, blue). For both
cases, as a reference the aged and unreconstructed Si(111) is plotted
(black). The additional intensity features of the Au-covered surfaces
are attributed to the Au-(\/g X \/3) reconstruction. The highlighted
spectral range up to 200 cm ™! is analyzed in more detail and plotted
on an extended frequency scale in the following figures. The green
arrows indicate Au-induced features at higher frequencies.

reconstructions can be ruled out. The LEED pattern for Au-
(+/3 x +/3)R30° obtained at RT with an electron energy of
80 eV is shown in Fig. 2. The very sharp superstructure spots of
the ( V3 x \/§) reconstruction are marked by the green rhomb,
which is rotated by 30° with respect to the blue rhomb of the
(1 x 1) unit cell. The edge lengths of the rhombs differ by a
factor /3, confirming the notation as (+/3 x +/3)R30°. The
Au trimers that constitute this reconstruction are shown in the
real-space picture in Fig. 1.

B. Surface Raman spectra

In Fig. 3, nonpolarized Raman spectra over a wide spectral
range are plotted for RT and LT. Together with the spectra
of the Au-reconstructed surface, those of the aged and hence
unreconstructed Si(111) surface are shown as a reference. This
aging procedure consists of an exposure to higher pressure
(p > 1078 mbar) for several minutes, and it was explained
in more detail in Ref. [19]. After aging, no structured LEED
pattern of a reconstructed surface was found. For all surfaces,
the most prominent features are identified as bulk vibration
modes from the Si substrate [66,67]. The most dominant bulk
Si mode by far is the degenerate longitudinal and transverse
optical phonon (LTO), located at 520 cm~!. Its peak intensity
exceeds the vertical scale of the figure by a factor of about
10%. The second-order process of the transversal acoustical
phonons (2TA) is centered around 300 cm~!. Its intensity
maximum is attributed to the X point in the BZ, the kinks left
and right originate from the L and W point, respectively. Below
200 cm~!, we observe the most striking differences between
the Au-reconstructed and -unreconstructed surface. Because
of the high atomic mass of Au (mass number A = 197), it
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FIG. 4. Raman intensity difference between the Au-(v/3 x
+/3)R30°/Si(111) and the unreconstructed Si(111) reference surface
for the polarization configuration z(xx)Z + z(xy)Z: (a) room temper-
ature (RT), (b) low temperature (LT, T = 20 K). The phonon peaks
shift slightly to higher wave numbers after cooling. Note the arising
peak at 183 cm™! (green arrow) at LT.

is this low-frequency range where those vibration modes are
expected that are dominated by Au atom oscillations, while
vibrations of the rather light Si atoms (mass number A = 28)
should occur predominantly at higher frequencies. Therefore,
the following analysis will focus on the frequency range from
about 20 to about 200 cm ™! (see, e.g., Fig. 4). Further features
are observed at 217, 221, 397, and 414 cm~!. These peaks are
labeled with green arrows in Fig. 3. Their frequencies for RT
and LT are listed in Table II.

The net contribution of the Au-(+/3 x v/3)R30° recon-
struction, i.e., the Raman intensity difference between the
Au-reconstructed surface and the unreconstructed Si(111)
reference surface, is plotted in Fig. 4 in the unpolarized
configuration, i.e., z(xx)Z + z(xy)z. The main peak of the RT
spectrum [Fig. 4(a)] is located at 73 cm~! and has a shoulder on
the low-frequency side. Another dominant feature is the group
of three peaks located at 104, 114, and 125 cm~!. Furthermore,
there are additional peaks at 46 and 62 cm~!, and a broad
feature at about 170 cm™!. All peaks are listed in Table II.
The spectrum at LT [Fig. 4(b)] shows only slight differences
from the RT spectrum, apart from the temperature-induced
peak energy differences due to anharmonic effects. The most
striking difference is the peak at 183 cm ™!, which arises in the
LT spectrum. Generally, the spectral shape above 150 cm™! is
more structured at LT with respect to the rather flat behavior at
RT. This aspect will be discussed in more detail in the context
of the peak fits below. Moreover, it should be noted that no
significant changes in the Raman spectra, which would indicate
structural transitions, are observed down to 7 ~ 20 K.

To determine the symmetry properties of the vibration
modes, we have plotted the polarized LT spectra for z(xx)z
and z(xy)Z separately in Figs. 5(a) and 5(b). The spectra were
fitted with Voigt profiles in order to evaluate the individual
contributions of the peaks in more detail. The cumulative fit
(black curve) in each spectrum shows the sum over the Voigt
profiles. Although each peak of one polarization configuration

Intensity difference (a.u.)

T T T T T T T T T T T
60 80 100 120 140 160 180 200
Raman shift (cm™)

FIG. 5. Polarization-dependent difference spectra of Au-(+/3 x
\/3)/Si(111) for low temperature (LT, 7 ~ 20 K): (a) polarization
configuration z(xx)z, (b) polarization configuration z(xy)z. The
spectra are fitted with Voigt profiles (full lines) and plotted together
with the cumulative fit (black).

finds its counterpart in the other one, the relative intensities
of the peaks within each spectrum are specifically determined
by the polarization configuration. Hence we will denote peaks
with predominant intensity in a z(xx)Z configuration as A
modes. Accordingly, peaks with approximately the same in-
tensity in both panels will be labeled as £ modes. The most
obvious polarization-induced variation occurs for the intensity
ratio of the peak at 128 cm™! to its left-side neighbor peak. In
the z(xx)Z configuration this ratio is much higher, and already
in the direct view of the spectrum the 128 cm~' peak appears
much more pronounced. Therefore, it is identified as an A
mode. All other peaks show no clear polarization dependence
and are considered as E-like. These symmetry labels are listed
in Table II. The full width at half-maximum (FWHM) of the
fit contribution at about 165 cm™! is unusually high, which
may be due to a superposition of spectrally closely spaced
structures. This phenomenon is even more pronounced at RT
[Fig. 4(a)] where the spectral shape above about 155 cm™!
appears as a broad continuum. Due to the high signal intensity,
both in z(xx)z and z(xy)Z polarization, we tentatively assign
a peak to the feature at 169 cm™!, which is later confirmed
by theory. However, due to the large noise in this region, here
caution must be taken in the interpretation. The prominent peak
at about 183 cm~! appears slightly shifted if both polarization
configurations are compared. This may result from the fact
that this peak is located spectrally at the steep onset of the
second-order 2TA structure of the Si substrate (see Fig. 3). The
latter occurs strongly for z(xx)Z polarization, but much weaker
for z(xy)z (see also Ref. [43]). Therefore, the subtraction of
the stronger steep bulk background in the z(xx)z case may
shift slightly the peak position in the difference spectrum in
Fig. 5(a).

C. Results of first-principles calculations

To identify the thermodynamically stable structure model-
ing the Au-(\/g X ﬁ)/Si(l 11) reconstruction, we have calcu-
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TABLE I. Formation energy of the investigated monolayer cov-
erage structures for different XC potentials, given in eV per surface
unit cell and with respect to the CHCT model. LDA®Y and GGA®?
label LDA and GGA calculations with the corresponding calculated
equilibrium lattice constant, while LDA®*® and GGA®® indicate
the calculations performed with the experimentally measured lattice
constant. The HCT structure is not stable and relaxes either to the TT
or to the CHCT geometry.

Structure LDA®® GGA®® LDA®® GGA®®
TT 0.085 0.022
CHCT =0 =0 =0 =0
HCT

lated the formation energy for the different models discussed
in the literature. As the structural and energetic differences
among the discussed models are rather small, the calculations
have been performed both within DFT-GGA and DFT-LDA
employing the corresponding equilibrium lattice constant as
well as within the LDA and the GGA with the experimentally
measured Si lattice constant. In this way, we have checked
the effect of the computational parameters on our results. The
outcome of our calculations concerning the stability of the
ML Au structures is shown in Table 1. Irrespective of the
XC functional, the CHCT model shows the lowest formation
energy. In agreement with Lee and Kang [20], the HCT
structure is found to represent a saddlepoint of the energy
landscape and relaxes either to the TT or to the CHCT model.
The TT model is only stable within DFT-GGA and is less
favorable than the CHCT model by roughly 85 meV per unit
cell, or 22 meV per unit cell if the substrate lattice constant is
constrained to the experimental value. The calculated energy
difference between the CHCT and the TT model is of the same
magnitude as in previous calculations [20,25,27].

The stability of the submonolayer H;-MTL phase has been
investigated as well. We find this phase to be a stable structure
on the potential energy surface, both within the LDA and the
GGA. According to our calculations, it is energetically favored
for Au-poor preparation conditions, while Au-rich conditions
stabilize the CHCT. This is in excellent agreement with similar
calculations by Kadohira et al. [25]. Yet, as our measurements
are performed for Au monolayer structures, we only show
in this work the vibrational spectra calculated for the 1 ML
models.

The frozen phonon calculations yield a large number of
phonon modes. They can be divided into A modes, which are
nondegenerate and preserve the threefold rotational symmetry,
and E modes, which are twofold degenerate and reduce the
crystal symmetry. We consider as surface localized modes
those phonons whose eigenvectors are localized by 75% or
more within the topmost three atomic layers. The number of
calculated surface localized modes still exceeds the number of
measured spectral features, as not all surface localized modes
are Raman-active (e.g., A, modes) and some modes have
vanishing scattering efficiency within the employed scattering
geometry and laser wavelength. To assign the measured peaks
to the calculated phonon modes, we calculate the individual
scattering efficiencies for the latter at the given excitation

frequency and construct a theoretically calculated surface
Raman spectrum. However, special care must be given to the
proper choice of the excitation wavelength.

The measured Raman spectra depend strongly on the photon
energy of the exciting laser. In particular, each phonon mode
is coupled to certain electronic states that may or may not be
involved in the excitation process, depending on their energy.
The Raman efficiency of each mode has thus a particular
dependence on the laser wavelength, which is neither linear nor
monotonic. As the dielectric tensor employed in the estimation
of the Raman intensities is calculated as a sum over electronic
states, the DFT models are in principle able to reproduce the
Raman peak intensity dependence on the laser wavelength.
Unfortunately, the DFT typically underestimates the band gap
of Si by about 0.5 eV [68], resulting in a corresponding
redshift of the calculated dielectric function with respect to
the experiment. A pragmatic way to take into account this
artifact is to rigidly shift the eigenvalues by 0.5 eV, as was
previously done, e.g., for the calculation of RAS [69] or Raman
[19] spectra of Au chains on the Si(111) surface. In practice,
we calculate the Raman spectra for an incident photon energy
of about 2 eV, which, after the above-explained correction,
matches the photon energy of 2.54 eV, corresponding to the
wavelength of 488 nm employed in the LT experiment.

The spectra are calculated according to the following
procedure. At first, we assign the measured spectral features to
the calculated phonon modes on the basis of their frequen-
cies, Raman intensities, and symmetries. Then the spectra
are calculated as a sum of Voigt profiles centered at the
calculated frequencies and with the calculated height. Thereby
we assign a FWHM corresponding to the measured value. The
results of this procedure are shown in Fig. 6 for the spectra
calculated according to the CHCT model and the TT model
in an (xx) polarization configuration in the range between 40
and 210 cm~'. The spectra are directly comparable with the
measurements shown in Fig. 5(a). The spectrum calculated for
the TT model shows large deviations from the experiment. On
the contrary, considering the approximations in our theoretical
approach and the difficulty of the experiments, the spectrum
calculated for the CHCT model is in satisfactory agreement
with the corresponding measured data and allows for their
interpretation.

D. Discussion

The frozen-phonon calculations for the CHCT and TT
structural models show roughly corresponding eigenvectors, as
the structural elements such as Au and Si trimers are common
to the two models. Representative modes for the CHCT model
are shown in Fig. 7. The main differences between the two
models are observed in the phonon eigenfrequency values,
as the relative orientation of the Au and Si trimers results in
bonds of different strength at the two surfaces. An illustrative
example is given by the phonon shown in Fig. 7(c), consisting
in a symmetric expansion (breathing mode) of the Au trimer.
Within the CHCT model, the Au movement is limited by the
presence of Si atoms that are located exactly in the direction of
the displacement. Within the TT model instead, this expansion
is not constrained by the presence of other atoms, as due to
the rotation of the Si trimers the Si atoms are no longer in the
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FIG. 6. Raman spectrum of the Au-(+/3 x +/3)/Si(111) surface
reconstruction calculated for the (xx) polarization according to the
(a) CHCT model and the (b) TT model within the DFT-GGA. Dashed
lines show experimentally observed features that have vanishing
intensity in our calculations. They do not contribute to the cumulative
spectrum (black).

direction of the displacement [see Fig. 1(a)]. Thus, while this
mode has a calculated frequency of about 85 cm™! in the TT
structure, it is much harder within the CHCT model, with a
frequency of 127 cm™! (see Table II).

Despite roughly comparable phonon eigenvectors, the TT
model shows phonon eigenvalues that are not in agreement
with the measured values. While the low-frequency, Au-related
vibrations roughly match the measured values, the absence
of surface localized phonons with frequencies in the range
between 109 and 151 cm™', as well as between 209 and
242 cm™!, is hardly compatible with the experimental data
shown in Fig. 5, where different peaks appear in this range.
Moreover, different vibrations in the range between 200 and
209 cm™! are predicted for the TT model, but they are not
observed in the experiment. The calculated relative intensity
of the Raman peaks [shown in Fig. 6(b)] does not reproduce
the measured spectrum shown in Fig. 5(a). In particular, the ab-
sence of spectral features of outstanding intensity between 190
and 200 cm™! is in striking contrast with the measurements.
The CHCT model, instead, allows us to assign each calculated
frequency to a measured phonon and vice versa, as shown in
Table II and Fig. 6.

Given the approximative character of the models and the
challenge of the experiments, the calculated spectrum for
the CHCT model in (xx) polarization [shown in Fig. 6(a)]
agrees well with the corresponding measured data shown in

CHCT structure calculated within DFT-GGA at (a) 17, (b) 45, (c)
128, and (d) 205 cm™~'. The arrows show the atomic displacement
within the (+/3 x +/3) surface unit cell. The symmetry-preserving
modes [(b) and (c)] are A-type, the symmetry-reducing ones [(a) and
(d)] are E-type.

Fig. 5(a). Two peaks of outstanding intensity with £ and A
symmetry can be identified at 64 and 198 cm~!, respectively,
corresponding to the measured peaks at 75 and 183 cm™!. The
first peak is due to a displacement pattern of the Au atoms
along the z direction causing a buckling of the Au layer, while
the second is a vertical breathing elongation of the Si layer
accompanied by minor lateral and symmetric breathing of the
Autrimers. A difference between theory and experiment is the
occurrence of a shoulder for the peak of E symmetry at 75 cm™!
in the measured spectra, which has no counterpart in theory. As
no mode (neither a surface-localized mode nor bulk resonance)
of similar frequency results from our calculations, this shoulder
might originate from the splitting of the main £ mode at
75 cm~!. This might be caused, in turn, by structural aspects
(adsorbates, domain boundaries, etc.) lifting the degeneracy of
the mode.

Between these two main peaks, all peaks with nonvanishing
Raman intensity can be identified, appearing in the measured
spectraat 90, 109, 117, 128, 142, 155, and 169 cm~ L. They cor-
respond to a substrate shear mode (90 cm™!), a breathing mode
of the Au trimers without and with substrate involvement (109
and 128 cm ™! [Fig. 7(c)]), adistortion of the Au trimers without
and with substrate involvement (117 and 169 cm™!), a torsion
of the Au trimers accompanied by a vertical movement of the
underlying Si layer (142 cm™"), and a vertical displacement of
the Silayer (155 cm™"). Experimentally, the fit of the spectra in
the spectral range around 165 cm~! by a single mode requires
an unusually large FWHM of about 20 cm~! (see Fig. 5).
Moreover, such a single mode would experience a blueshift
from LT to RT, which is even more peculiar. Therefore,
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TABLE II. Experimental and theoretical peak frequencies (in
cm!) of Au-(v/3 x V/3)R30°/Si(111). Displayed are the experimen-
tal room-temperature (RT) and low-temperature (LT) peak positions
together with the peak symmetry as described in the text. Theoretical
values are shown for the energetically stable models CHCT and TT
within the DFT-GGA. “Int.” labels the calculated Raman scattering
efficiency, normalized to the highest peak of each spectrum. “Loc.”
denotes the localization of a mode at the Au layer (Au), the Si layer
(Si), or in between (Mix.). Calculated modes with vanishing Raman
intensity or no surface localization are omitted.

Theory
Experiment CHCT TT
RT LT Sym. Freq. Int. Sym. Loc. Freq. Int. Sym. Loc.
17 0759 E Au 16 0093 E Au
25 ? 33 0001 A Au 33 0387 A Au
46 54 E 45 0253 A Au 49 0.196 E Mix.
62 66 E 55 0013 E Mix. 51 1000 A Au
69 71 E 64 1000 E Mix. 55 0267 E Au
73 75 E 76 0031 E Au
8 90 E 8 0354 E Si 8 0307 A Au
104 109 E 97 0038 A Mix. 109 0224 A Au
114 117 E 102 0215 E Au
125 128 A; 127 0063 A Au 151 0.065 E  Si
141 142 E 153 0013 A Mix. 157 0.002 A Mix.
170 155 E 160 0.127 A Si 159 0.016 A Si
169 E 165 0.114 E Mix. 162 0.012 A Mix.
183 E 198 0.620 A Mix. 198 0.073 A Mix.
200 0.133 E Mix.
205 0.037 E  Si
209 0.040 E Mix.
209 0.095 A Mix.
217 219 A, 205 E Si
221 222 E 221 E Mix. 242 A
397 401 A, 400 A Si
414 419 A, 417 A Si 413 A

it is supposed that we are dealing with a superposition of
distinct closely spaced modes that moreover show a different
temperature dependence. This interpretation is corroborated by
the calculations, which predict modes of similar frequencies at
161 cm~! with vanishing Raman scattering efficiency, which,
however, become visible at higher laser wavelength.
Additional modes are calculated outside this spectral range.
Below the main peak at 75 cm~', DFT predicts a low-frequency
E mode at 17 cm™! that cannot be verified experimentally
due to the spectral limits of the employed setups. This mode
corresponds to a rigid translation of the Au layer in the xy
plane and is depicted in Fig. 7(a). A similar mode, albeit with
a larger substrate contribution, is predicted by our calculations
at 55 cm~!, and it is found in the experiment at 66 cm~ L
A further mode corresponding to a vertical rigid translation
of the Au layer is found at 33 cm™~!, which can be assigned
to an experimental feature at 25 cm~'. A phonon mode due
to the rotation of the Au trimers [see Fig. 7(b)] is found at
54 cm~! in the Raman measurement and 45 cm~! in the
calculations. While for all investigated modes the calculated
Raman-scattering efficiency roughly matches the measured

relative intensity, this mode appears in the spectra, although
the calculations describe it as a Raman mode with vanishing
scattering efficiency. We also observe that due to the typi-
cal tendency of the LDA to overestimate cohesive energies,
phonon frequencies, and elastic moduli (overbinding) [70], this
mode is strongly blueshifted in the LDA with respect to the
GGA and experiment.

Above the high-intensity peak of E symmetry at 183 cm™!,
further peaks are found. Raman-active £ modes at 205 and
221 cm~! are predicted by the calculations and measured at
219 and 222 cm~!. Experimentally measured high-frequency
modes of 401 and 419 cm™~! are calculated as modes of A
symmetry at 400 and 417 cm~! that only involve Si atoms
[see Fig. 7(d)]. The spectral range between these two groups
is experimentally inaccessible due to the presence of the
spectral intensity corresponding to the 2TA bulk phonons, and
it will not be discussed in detail. All phonon modes localized
on the Au layer affect the system’s polarizability and are
Raman-active. They are characterized by a frequency of at
most 127 cm~!. Modes with higher frequency are related to
atomic displacements within the Si layer or both the Si and Au
layers.

The good agreement between experiment and theory rep-
resents on the one hand a very strong argument for the CHCT
structural model. On the other hand, it means that the spectral
features measured in the frequency range between 20 and
200 cm™~! are true Au-induced phonon modes and they do
not originate from second-order processes or other quasipar-
ticles. Discrepancies in the relative intensity of measured and
calculated Raman peaks might be traced to the approximations
in our calculations and to spurious polarization components in
the experiment due to a nonperfect scattering geometry.

The calculated spectrum for the (xy) polarization is not
shown in this work, as it only features a subset of the Raman
peaks appearing in Fig. 6. Indeed, while modes of E and A
symmetry appear in the spectra obtained for (xx) polarization,
only phonons of E symmetry appear in the (xy) polarization,
according to the Raman selection rules. Modes not appearing
in the (xy) polarization are exactly the modes that we have
identified above as A modes due to the eigenvector symmetry
and their missing degeneracy, which confirms the validity of
our approach.

The good agreement between measured data and calcula-
tions according to the CHCT model allows for an assignment of
the phonon modes of the Au-(\/§ X ﬁ)R30°/Si(1 11) surface
reconstruction. The assignment, based on the mode frequency,
surface localization, symmetry, and Raman-scattering effi-
ciency, is shown in Table II. The experimental peak positions
for room temperature and low temperature together with the
theoretical positions, intensities, symmetries, and localizations
calculated within the DFT-GGA are listed. The mean deviation
from the experimental values, amounting to 7.5 cm~!, demon-
strates a good agreement between theory and experiment and
corroborates our mode assignment.

While the identification of the measured Raman peaks with
the calculated phonons is unambiguous and clear for most
modes, the mode at 54 cm~' shows different symmetries
in experiment and calculations and a vanishing scattering
efficiency in our models, such as also the mode at 142 cm~ L,
The reasons for this discrepancy might be manifold. Scanning
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tunneling microscope (STM) measurements found domain
walls for Au-(+/3 x +/3)R30°/Si(111) [27]. Tt is likely that
our prepared samples also have domain walls. Their density
is unclear due to different preparation procedures, but it has
most likely an effect on the vibrational modes. The theoretical
calculations do not take domain walls into account. Deviations
might arise because of this fact. We remark furthermore that our
approach directly models surface localized vibrations of the
Au-induced reconstruction of the Si(111) surface, while these
are extrapolated in the experimental procedure as the difference
of Au deposited and aged Si(111) surfaces. Furthermore,
while our models represent spectra corresponding to an ideal
backscattering configuration, in real experiments we deal with
a slightly oblique angle of incidence of the laser light as
well as a finite acceptance angle for the Raman light, so
that unwanted light components might to some extent induce
spurious features in the spectra.

IV. SUMMARY

Surface Raman spectroscopy together with theoretical mod-
els within DFT were employed to explore the vibrational prop-
erties of the Au-induced (ﬁ X \/§)R30° reconstruction of the
Si(111) surface. Upon Au deposition, new Au-induced surface
localized vibration eigenmodes appeared, in the spectral range
from 20 to 450 cm™', comprising two dominant peaks of
E symmetry at 75 and 183 cm~!. Temperature-dependent
measurements suggest that the system does not undergo a
phase transition down to 20 K. First-principles calculations

demonstrate the stability of the conjugate honeycomb-chained-
trimer model (CHCT) among the structural patterns discussed
in the literature. The calculation of the vibrational frequencies
at the BZ center shows an eigenvalue spectrum that is compat-
ible with the experimental results for the CHCT model, while
larger deviations are predicted for the TT model. In addition
to vibrational frequencies at the BZ center, the corresponding
elongation patterns and the Raman intensities within different
scattering geometries have been calculated for the CHCT
and TT structure. Only the first model exhibits satisfactory
agreement with the experimental results. All vibrational modes
completely localized at the Au layer are found to be Raman-
active and visible in the experiments. The good agreement
between the measured phonon modes and the calculations
corroborates the CHCT structural model and allows for an
assignment of the measured spectral features to the calculated
phonon modes.
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