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Vibration-Driven Self-Doping of Dangling-Bond Wires on Si(553)-Au Surfaces
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Density-functional theory is used to explore the Si(553)-Au surface dynamics. Our study (i) reveals a
complex two-stage order-disorder phase transition where with rising temperature first the x3 order along
the Si step edges and, subsequently, the x2 order of the Au chains is lost, (ii) identifies the transient
modification of the electron chemical potential during soft Au chain vibrations as instrumental for disorder
at the step edge, and (iii) shows that the transition leads to a self-doping of the Si dangling-bond wire at the
step edge. The calculations are corroborated by Raman measurements of surface phonon modes and
explain previous electron diffraction, scanning tunneling microscopy, and surface transport data.
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Dangling-bond (db) nanostructures are potential funda-
mental building blocks for atom-scale electronics [1-4].
Given the electronic instabilities in one-dimensional sys-
tems [5-8], it is a particular challenge to render db wires
metallic and much effort is spent to tune their conductance
[9-13] and magnetic properties [14,15].

The Si(553)-Au surface, providing self-organized Si db
wires [16—18], is a prototype example. It consists of Si(111)
terraces separated by single atomic steps and is stabilized
by a submonolayer of Au atoms; see Fig. 1. The gold atoms
form a double chain on the terrace, next to a Si honeycomb
chain at the step edge [19]. The Si step edge atoms feature
dangling bonds (dbs). Two fully occupied sp> hybridized
dbs alternate with one empty p orbital of sp? hybridized Si
in the ground state (2,2,0) electron configuration [20]. This
x3 periodicity together with a x2 periodicity due to Au
chain dimerization is seen by scanning tunneling micros-
copy (STM) [17,21-23] and low-energy electron diffrac-
tion (LEED) [24]. Thermal excitation leads to a sudden
conductivity increase along the step edge at around 65 K.
Further temperature increase quenches first the x3, and,
subsequently, the x2 periodicity [25].

In this Letter, density-functional theory (DFT) calcula-
tions and Raman measurements are presented which
(i) provide a consistent explanation for the experimental
data and (ii) reveal a complex phase transition mechanism
that involves the electron doping of the step edge db wire:
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A soft Au chain phonon mode is identified that facilitates—
via Au — Si db charge transfer—an order-disorder tran-
sition at the Si step edge starting below 100 K. At higher
temperatures, the Au chain order is quenched.

In detail, DFT calculations were performed using the
Vienna ab initio simulation package (vAspP) [26] and the
PBEsol functional [27]. Collinear spin polarization is
assumed. This methodology was recently shown to cor-
rectly describe the ground state of the 1 x 6 reconstructed
Si(553)-Au surface [20]. A supercell containing six Si
bilayers (H passivated at the bottom), a 450 eV plane-wave
energy cutoff, and a 2 x 3 x 1 Brillouin-zone sampling
ensure numerical convergence. The Nosé-Hoover thermo-
stat was used for ab initio molecular dynamics (AIMD)
calculations.

FIG. 1.

Atomic structure of the 1 x 6 reconstructed Si(553)-Au
surface. Yellow, (dark) gray, and blue balls indicate Au, (honey-
comb) Si, and Si atoms with empty dangling bonds, respectively.
Filled and empty dangling bonds in the ground state (2,2,0)
configuration are shown (only at one step edge) in red and blue,
respectively.
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FIG. 2. Calculated potential energy surface from the (2,2,0)
ground state to the self-doped (2,2,1) configuration for the AIMD
calculated average dimerization at 100 K (12.8%, black), a
reduced dimerization (10%, blue) and a 0.4 electron doped
1 x6 supercell (red). The dimerization is defined as
d=|a—Db|/a, where a and b are the Si lattice constant and
Au-Au bond length in chain direction, respectively. The reduction
of the total energy difference between (2,2,0) and (2,2,1) structures
due to vibrational free-energy corrections at 100 K is indicated.

Surface Raman measurements were performed in back-
scattering geometry using a triple Dilor-xy spectrometer
with a high-efficiency Si-based CCD detector from Andor
iDus. A Krt laser operated at 647 nm is used as light
source. This setup allows for the registration of Raman
intensity down to 15 cm™! with a spectral resolution below
3 cm™!. The sample temperature was controlled with a PID
control loop, combining the operation of a closed-cycle He
cryostat with a heating wire system.

Tegenkamp and co-authors [25] attribute the surface
conductivity increase above 65 K to an Au — Si db charge
transfer. Such a charge redistribution characterizes the
spin-liquid structure suggested by Erwin et al. [14,24]
for Si(553)-Au: It has a (2,2,1) electron configuration, i.e.,
two fully occupied dbs alternate with one singly occupied
db along the step edge. The occupation of the formerly
empty Si p orbital causes a sp> + p — sp> rehybridization
and moves the respective Si atom out of the planar sp?
configuration [20].

How likely is a local transition to such an electron-doped
(2,2,1) configuration? In order to answer this question we

50 K 100 K

first calculate the total energy along the reaction path
where—within the 1 x 6 surface unit cell—a single Si atom
with an originally empty db is raised from the flat sp?
coordination to the sp? configuration, see Fig. 2. Here the
Au chain dimerization is fixed at its average value at 100 K.
The movement of the Si edge atom is accompanied by an
Au — Si db charge transfer, see the Supplemental Material
[28] for band structures. Along the reaction path a
metastable structure appears that locally corresponds to
the (2,2,1) structure [14]. The energy barrier hindering such
a local (2,2,0) — (2,2,1) transformation amounts to
58 meV, far above the thermal energy at 65 K, i.e,
about 6 meV. The energy barrier may be reduced at finite
temperatures due to entropy effects [30]. In order to assess
their magnitude, free-energy calculations were performed
within the adiabatic approximation [31] based on surface
vibrational modes determined in harmonic approxima-
tion by frozen-phonon calculations. As shown in Fig. 2,
entropy effects indeed ease the (2,2,0) — (2,2,1) tran-
sition, but not sufficiently enough to explain a transition
close to 65 K.

In order to probe the possibility that a concerted move-
ment involving a variety of atoms causes the sp> + p —
sp> rehybridization and the accompanying charge transfer,
AIMD is performed. The time evolution (after equilibra-
tion) of the Si step edge atom vertical positions is shown
in Fig. 3. Here it is discriminated between three configu-
rations: sp? hybridized Si with an empty p orbital db,
partially sp? hybridized Si hosting a single electron in its
db, and completely sp* hybridized Si with fully occupied
db. The 1 x 6 surface unit cell considered in the calcu-
lations is nearly entirely characterized by (2,2,0) structures
at 50 K. In fact, there are only two very short occurrences
of singly occupied Si dbs. These occurrences get more
frequent and last longer at 100 K. Also an emptying of the
originally doubly occupied dbs is observed at this temper-
ature. Still, the (2,2,0) configuration is the most dominant
structural motif at 100 K. However, strong vertical vibra-
tions of the Si step edge atoms occur. These vibrations get
more pronounced for higher temperatures and quench the
dominance of the (2,2,0) structure. Increasing disorder is
observed and singly occupied dbs occur frequently for
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Projection of the AIMD calculated Si step edge atom vertical positions on the heights corresponding to Si with empty

(g < 0.5e, blue), singly occupied (0.5¢ < g < 1.5¢, orange), and doubly occupied (¢ > 1.5¢, gray) dbs.
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FIG. 4. (a) Distribution of the Si step edge atom vertical
positions for various temperatures. Equilibrium positions of Si
with empty (0), singly (1), and doubly (2) occupied dbs are
indicated. (b) Temperature dependent distribution of Au chain
dimerization. Color coding as shown left. (c) Probability of
(2,2,1) ordered surface domains derived from the dimerization
distributions shown in (b), see text.

temperatures in excess of 200 K. The AIMD results clearly
show an order-disorder type phase transition.

The distribution function of the Si edge atom vertical
positions in Fig. 4(a) provides additional details. At 50 K
the distribution is bimodal, with cluster points for com-
pletely filled and empty Si dbs. A third, very weak
accumulation point in between appears for T > 50 K. It
corresponds to the occupation of the local energy mini-
mum of the reaction path shown in Fig. 2, i.e., singly
occupied dbs. For higher temperatures, the distribution
gets broader and the Si vertical positions scatter broadly.
This shows that the description of the phase transition in
terms of solitons and antisolitons [32], i.e., binary occu-
pancy shifts along the db wire, simplifies the actual surface
dynamics.

Why does the order-disorder transition start at far lower
temperatures than expected from the rehybridization barrier
(black line in Fig. 2)? The answer is related to the electron
chemical potential of the Au chain. A strongly dimerized
chain has a stronger electron affinity than a weakly or
undimerized chain [33]. Therefore, a reduced dimerization
favors the Au — Si charge transfer required for the rehy-
bridization. In Fig. 2 it can be seen that a reduction of the
dimerization from 12.8% (average value at 100 K) to 10.0%
reduces the sp> + p — sp? transition barrier (blue line) as
strongly as doping the 1 x 6 unit cell with 0.4 electrons (red
line). While the average dimerization is larger than 10.0%
even at 400 K, already for temperatures above 50 K Au
chain segments with 10.0% dimerization occur temporarily,
cf. distribution in Fig. 4(b). With increasing temperature,
even lower dimerization values occur and reduce locally the
energy barrier for the Si sp? + p — sp® rehybridization.
Because of the nonlinear dependence of the reaction rate on
the energy barrier, the rehybridization probability depends
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FIG.5. (a) Temperature-dependent Raman spectra, focusing on

a Raman mode located at the step edge at 415 cm™! depicted in
(b) and one located at the Au chain at 41 cm™! depicted in (d).
The measured frequency shift of the 41 cm™! mode is in
(c) compared with the calculated shift and the relative change
in dimerization.

not only on the average dimerization, but on its entire
distribution function. The probability for the occurrence of
self-doped (2,2,1) structures derived from the temperature-
dependent dimerization distribution under the assumption
of thermodynamic equilibrium between (2,2,0) and (2,2,1)
surface domains is shown in Fig. 4(c). Its rise for tem-
peratures above 50 K is—even quantitatively—consistent
with the AIMD findings discussed above and explains
the disorder along the Si step edge already at moderate
temperatures.

Are these computational findings in agreement with the
actual surface dynamics? First the temperature dependence
of the surface Raman signatures is explored. Two signa-
tures that are particularly strongly affected by temperature
are shown in Fig. 5(a): There is a low-frequency phonon
mode at around 41 cm™! that softens considerably with
rising temperature. A phonon mode at around 415 cm™!
appears slightly below 100 K and strongly gains intensity
with rising temperature. Both signatures show a continuous
rather than an abrupt change in energy or intensity,
respectively. This supports the interpretation of the
AIMD results in terms of an order-disorder transition.

Frozen-phonon calculations for Si(553)-Au surfaces
allow for a microscopic interpretation of the Raman
data. The calculations show the existence of a Au chain
dimerization mode at 41 cm™! for the (2,2,0) ground state,
see Fig. 5(d). Its thermal frequency shift—obtained by
projecting the AIMD atomic velocities on the phonon
eigenvector—is in close agreement with the low-energy
Raman signature described above, see Fig. 5(c). The
phonon-mode softening with rising temperature roughly
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FIG. 6. Temperature-dependent x3 and x2 LEED spot inten-
sities from Ref. [25] vs average structure factors including
Debye-Waller effects obtained from the AIMD geometries.

parallels the reduction of the dimer strength, i.e., is
caused by the reduction of the average Au-Au bond
strength. Because of its very low frequency, the Au chain
mode is occupied already at a low temperature. It
reduces temporarily the Au chain dimerization and thus
lowers—as discussed above—the sp? + p — sp° activa-
tion energy.

Frozen-phonon calculations for the (2,2,1) surface pre-
dict a transversal shear mode along the Si honeycomb chain
with a frequency of 415 cm™!, see Fig. 5(b). Its frequency
coincides with that of the high-temperature mode seen by
Raman spectroscopy. This mode is replaced by localized Si
vibrations for the (2,2,0) structure, due to the stronger
variation of the force constants along a step edge where sp?
and sp? hybridized Si atoms alternate. This explains, why
the measured mode disappears upon cooling the sample
below 100 K.

The calculated surface geometries are furthermore con-
sistent with the evolution of the LEED data, see Fig. 6. Here
the x3 and x2 LEED intensities measured in Ref. [25] are
compared with the squared structure factors including
Debye-Waller effects obtained from AIMD. Both the
measured data and the calculations show a gradual loss
of order starting below 100 K, which first affects the x3
signatures and subsequently the x2 features, in agreement
with earlier STM observations [22,23]. The quenching of
the x3 signals is well reproduced by the calculated order-
disorder transition at the Si step edge, whereas the
measured disappearance of the X2 intensities clearly
precedes the calculated Au chain order-disorder transition.
This is, however, to be expected: While the AIMD
calculations find a broadening of the dimerization distri-
bution, cf. Fig. 4(b), they cannot correctly account for
disorder arising from dimerization phase shifts. The rela-
tively small 1 x 6 unit cell leads to an overestimation of the
defect or antidefect interaction that blueshifts the calculated
critical temperature. Since the Au atoms are directly
bonded, this effect is more relevant for the Au chain than
for indirectly interacting step edge Si.
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FIG. 7. Calculated average number of (unpaired) electrons per
dangling bond.

Both the total number of electrons as well as the number
of unpaired electrons in the db wires strongly increase for
temperatures in excess of 50 K, see Fig. 7. This reflects the
increasing probability for (2,2,0) — (2,2,1) surface
structure transitions, i.e., the temperature induced self-
doping of the surface. Similar to other activated atomic
wire systems [34-36], the structural transition is accom-
panied by strong band structure modifications. As shown in
the Supplemental Material [28], the weakly dispersing Si
step edge states do not only shift in energy, they also
hybridize with the Au chain states for thermally activated
surface structures. This reduces drastically the effective
masses characteristic for the Au bands [28]. The measured
increase of the surface conductivity for temperatures above
65 K [25] is thus probably related to Si-modified Au states.
This interpretation is supported by the experimental finding
that toward higher temperatures the surface conduc-
tivity decreases again, which is a hallmark of metallic
transport [25].

To conclude, the present DFT calculations and Raman
measurements do not only provide for the first time a
consistent description of the experimentally observed two-
stage Si(553)-Au surface phase transition, they also reveal a
novel mechanism for the self-doping of db nanostructures:
Thermally excited vibrations of the Au charge reservoir
lead to transient changes of its electron affinity and thus
facilitate electron doping at low temperatures. This mecha-
nism can be expected to be relevant beyond the family of
gold-stabilized Si surfaces, and to be conveniently tuned by
modifying the species of the charge reservoir, the metal
coverage, and the db density.
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