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The quasi-one-dimensional Si(553)-Au surface is investigated with time-resolved two-photon photoemission
and laser-based photoemission. Several occupied and unoccupied states inside and outside the bulk band gap
of silicon were found near the center of the surface Brillouin zone. A nondispersing unoccupied state 0.62 eV
above the Fermi level with a lifetime of 125 fs matches the spin-split silicon step-edge state predicted by density
functional theory calculations. Two occupied bands can be associated with the bands calculated for nonpolarized
step-edge atoms.
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I. INTRODUCTION

Submonolayers of gold on vicinal Si(111) surfaces form a
variety of atomic chain structures that are excellent realizations
of one-dimensional electronic model systems.1 Although the
gold atoms are rigidly locked to the substrate, electronic states
near the Fermi level EF lie inside the band gap of silicon
and thus cannot hybridize with the three-dimensional states
of the substrate. These surfaces have been investigated in
detail both theoretically2–7 and experimentally,1,2,8–19 with
particular emphasis on the exotic phenomena predicted for
one-dimensional electrons.
The most perfect of these vicinal surfaces is Si(553)-Au,11
which exhibits a miscut angle of 12.5◦ from the [111] direction
towards [112]. Its (111) terraces are 1.48 nm wide and contain
2.1 ± 0.4 gold atoms per (553)-1×1 unit cell, running parallel
to the single-height atomic steps.2,19 The latest structural
model consists of a gold double chain on each terrace and
a silicon honeycomb chain at the step edge.6,7
Density functional theory (DFT) calculations predict that
in the ground state of Si(553)-Au, every third silicon atom
at the step edge is fully spin polarized.7 The spin-polarized
atoms create a 3× modulation of the electron density along
the step edges, which explains the periodic lattice distortions
(or charge-density waves) previously observed in scanning
tunneling microscopy (STM).1,9–11 The gold double chain
creates two metallic bands strongly dispersing in the direction
parallel to the gold chains with minima at the boundary of
the 1 × 1 Brillouin zone, as observed in photoemission. The
two gold bands are slightly split by the spin-orbit interaction,7
and the larger splitting of the lower band has been observed
in photoemission.14 The exchange interaction strongly splits
the one of the three silicon step-edge bands.7 This exchange
splitting dramatically shifts the unoccupied minority spin
band to ∼0.5 eV above the Fermi level. Because this energy
region is devoid of any other narrow bands, the experimental
detection of this predicted state should be possible and
would strongly support the predicted spin-polarized ground
state.
1098-0121/2012/85(24)/245413(9)

While the occupied part of the band structure of Si(553)Au has been investigated in great detail by angle-resolved
photoemission spectroscopy,1,2,8,9,14,15 the unoccupied bands
remained largely unexplored. Since the Fermi level of Si(553)Au is pinned close to the valence band maximum, most
occupied surface states overlap with bulk bands near the zone
center. Unoccupied states up to ≈1 eV above the Fermi energy
lie in the band gap and thus are truly two- or one-dimensional.
Experimental studies of these unoccupied surface states have
not been reported yet to our knowledge.
In this study we use two-photon photoemission (2PPE)
to investigate the energy region between the Fermi level
EF and vacuum level EV , as sketched in the left part of
Fig. 1. The combination of infrared (IR) and ultraviolet
(UV) photons makes energy ranges of about 1.5 eV below
the vacuum level and above the Fermi level accessible,
depending on the time sequence of the IR and UV pulses.
Additional information about the symmetry of the involved
states is obtained from polarization-dependent laser-excited
single-photon photoemission (1PPE). These methods have
been successfully applied to Si(557)-Au.20,21

II. EXPERIMENTAL TECHNIQUES

Si(553)-Au surfaces were prepared on p-type silicon
substrates (resistivity ≈0.1  cm) in ultrahigh vacuum
(base pressure <5 × 10−11 mbar) following procedures described in detail in the literature.2,20 The sample preparation
was optimized by low-energy electron diffraction (LEED).
Figure 2 shows a diffraction pattern with faint half- and
third-order horizontal streaks which are characteristic of the
(1 × 2) and (1 × 3) reconstructions of the gold chains and
step-edge atoms, respectively.7 The steps and chains are
oriented vertically in Fig. 2. The streaking is due to the poor
correlation between the antiphase domains from one chain to
the next.11,22
Two-photon photoemission experiments were carried out
on these samples using femtosecond laser pulses. Infrared
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FIG. 1. (Color online) (left) Possible two-photon photoemission
processes. (right) Experimental geometry showing a sample with the
gold chains and step edges oriented perpendicular to the plane of
incidence; i.e., the mirror plane is in the plane of incidence. In situ
azimuthal rotation of the sample by 90◦ allows measurement of the
dispersion along the step edges.

(hνIR = 1.55 eV, pulse duration τIR ≈ 35 fs) radiation was
generated by a Ti:sapphire oscillator running at a repetition rate
of 80 MHz and a center wavelength of λIR = 800 nm. Thirty
percent of the IR laser output was sent to the sample via a delay
stage. The remaining 70% was fed into a frequency tripler to
generate ultraviolet pulses (hνUV = 4.65 eV, τUV ≈ 55 fs). For
1PPE experiments the fourth harmonic generated as the sum
frequency of the IR and UV provided a polarized source of
6.2-eV photons.
The polarizations of the IR and UV beams were rotated
independently such that the electric-field vector was aligned
either perpendicular (s) or parallel (p) to the plane of incidence
defined by the direction of the incoming laser pulses and
the surface normal. The polarization of the fourth harmonic
could also be switched between s and p. Figure 1 depicts
the experimental geometry. The angle between incident laser
beams and the electron analyzer is fixed at 80◦ . In normal
emission the beams are incident on the sample at a glancing
angle of 10◦ . In this geometry the component of the electric
field parallel to the surface may be neglected for p-polarized
light. Using optical dipole-selection rules, the parity of the
electronic states at normal emission, which is even or odd with
respect to the (110) mirror plane orthogonal to the step edges,
is evaluated.

FIG. 2. (Color online) LEED image of Si(553)-Au with faint halfand third-order horizontal streaks indicating the reconstruction of the
gold chains and step-edge atoms, respectively. The (1 × 1) unit cell
of the Si substrate is outlined in red.

Experiments were carried out with this mirror plane
oriented parallel or perpendicular to the plane of incidence by
in situ azimuthal rotation of the sample. The latter orientation
corresponds to the [110] direction denoted K in reciprocal
space. For the other sample orientation, with the incident light
parallel to the mirror plane, strict dipole selection rules for
odd and even states apply. However, the opposite M and M 
directions, [3 3 10] and [3 3 10], respectively, are not equivalent
as the (3 3 10) plane is not a mirror plane. This situation applies
to all fcc-based (111) surfaces like Si(111).23 For the K direction the (110) mirror plane ensures a symmetric dispersion.
Photoelectron spectra were recorded using an Omicron EA
125 HR spectrometer with seven Channeltron detectors at an
angle and energy resolution of 1.6◦ and 34 meV, respectively.
Data shown were obtained for a sample temperature of 90 K;
additional data taken at room temperature showed similar
results with increased linewidth and lower intensity.

III. RESULTS
A. Energy reference

Photoelectron spectra measure the kinetic energy of the
emitted electrons relative to the electrodes of the analyzer. In
the single- and two-photon photoemission spectra presented
here the kinetic energies range from 0 to 1.2 eV. For metallic
surfaces, such as Si(553)-Au, the upper cutoff of the spectra
at the Fermi level EF is a convenient reference level. For bulk
silicon the valence-band maximum would be the appropriate
energy reference, but here it is masked by surface states and
band bending. Hence we choose EF as a reference level. This
also facilitates the comparison with theory.
In addition, a photovoltage arises at low temperature and
high illumination intensities due to a reduction of the band
bending at the surface.24 The photovoltage shifts the whole
spectrum by an amount which increases with the laser intensity
and saturates when the bands are completely flat.25
Another possible energy reference is the low-energy cutoff
of the spectrum which corresponds to the vacuum energy of the
sample, provided the work function of the analyzer is lower
than that of the sample (which is fulfilled here). However,
the work function changes with the quality of the sample
preparation. The low-energy cutoff is thus a less reliable
reference than the Fermi level.
In order to determine the work function of the sample, the
low-energy cutoff is measured for different laser intensities.
If a reduction of the laser intensity does not show any further
shift of the spectrum, the photovoltage is assumed to be zero,
and the work function of the sample can be obtained from
the known work function of the analyzer. If an increase of the
laser intensity does not lead to any further shift of the spectrum,
the saturated photovoltage corresponds to flat band conditions
of the valence-band maximum (VBM) and conduction-band
minimum (CBM). From the known dopant concentration of
the silicon substrate the position of the bulk VBM relative
to EF can be calculated. By adding the work function (the
distance between EF and the vacuum level), the ionization
energy (the distance between VBM and the vacuum level) is
obtained. For Si(553)-Au a work function of 4.95 ± 0.03 eV
is found, together with an ionization energy of 5.05 ± 0.03 eV.
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FIG. 4. Photoemission intensity maps (hν = 6.2 eV) for azimuthal orientations and polarizations showing the downwarddispersing peak D (cf. Fig. 3). In the K direction the bands assigned
to the Au chains can be seen. Their Fermi-level crossings are marked.
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FIG. 3. Polarization-dependent 1PPE spectra recorded with
6.2-eV photons in normal emission for the mirror plane oriented
parallel (dashed curves) and perpendicular (solid curves) to the plane
of incidence (cf. Fig. 1). The peaks labeled B (D) represent occupied
states that are even (odd) with respect to the mirror plane (cf. Fig. 1).

B. Photoemission spectra

Figure 3 presents 1PPE spectra of Si(553)-Au obtained
with the fourth harmonic of 6.2-eV photon energy in normal
emission. Top and bottom lines show data obtained with p
and s polarization, respectively. Dashed lines are for incident
light in the mirror plane (perpendicular to chains and step
edges), and solid lines are for light perpendicular to the mirror
plane. The spectra show two pronounced peaks, B at 0.45 eV
kinetic energy and D at 0.8 eV. The spectra are normalized to
the same height at the low-energy cutoff. Slight variations in
the peak positions for different polarizations and orientations
might be attributed to background contributions or variation
of the sample normal upon rotation. However, the existence of
different transitions cannot be excluded.
Peak B corresponds to an occupied initial state 0.79 eV
below EF . The polarization dependence indicates an even
state with respect to the mirror plane. Perpendicular to the
mirror plane the selection rules cannot be applied strictly.
The observation of peak B for s- and p-polarized light in
that geometry is compatible with an orbital perpendicular to
the step edges and significant contribution along the surface
normal.
Peak D at 0.45 eV below EF shows the opposite behavior
upon sample rotation compared to peak B for s-polarized light.
In addition, the peak is not observed for p-polarization in
the mirror plane. This proves that peak D corresponds to an
initial state of odd symmetry with respect to the mirror plane,
e.g., a py orbital oriented along the step edges. The orbitals
comprising the surface bands in the relevant energy range

all have even symmetry (s or pz ). However, states of odd
symmetry can also be formed from the antisymmetric coupling
of base orbitals of even symmetry due to the reconstruction of
the Si(553)-Au surface along the step edges. This concept can
also explain the observation of states of odd symmetry on the
Si(557)-Au surface, which had not been understood before.20
The odd symmetry of peak D could also be explained by
bulk transitions from initial states near the VBM, where the
heavy-hole band splits into states with even and odd symmetry
with respect to the mirror plane.
Additional information about the character of the observed
states can be obtained from spectra for different emission
angles. Angle-resolved data were taken by rotating the sample
around the vertical axis in Fig. 1. Depending on the sample
orientation, the dispersion perpendicular or parallel to the step
edges in the M or K direction in the surface Brillouin zone
is sampled. Figure 4 shows photoemission intensity excited
by 6.2-eV photons in an inverted gray scale plot as a function
of energy relative to EF and parallel momentum. A peculiar
feature of photoemission spectra at such low kinetic energies
is the parabolic dependence of the low-energy cutoff on the
parallel momentum k , given by Ecutoff = h̄2 k2 /2me .26,27 The
polarization was chosen for the two azimuthal orientations
such that peak D is observed at normal emission (cf. Fig. 3).
Peak D disperses downward with an effective mass of −0.06me
perpendicular to the mirror plane, whereas peak B shows no
significant dispersion. The strong negative dispersion of peak
D in both azimuthal directions supports the assignment to a
bulk transition near the VBM.
Peak B shows strong dispersion for light incident within the
mirror plane (see Fig. 5). At normal emission the dispersion
exhibits no maximum, but rather a strong slope. Similar
behavior is found for the Si(111)-(7 × 7) surface.28,29 By timereversal symmetry the band structure of the initial and final
states must be symmetric, E(k ) = E(−k ). Photoemission
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FIG. 5. Photoemission intensity maps in opposite azimuthal
directions (M and M  ) obtained with p-polarized 6.2-eV photons
incident in the mirror plane. The lack of mirror symmetry shows that
peak B represents a bulk transition.

from surface states couples directly to free-electron states
in front of the surface which can carry the electron toward
the detector. Photoemission from bulk bands proceeds via
final states in the bulk. Depending on the group velocity
∂E(k⊥ )/∂k⊥ the electron can propagate towards the surface
and be emitted or it can disappear into the bulk.30 The group
velocity might change sign by going from k to −k , explaining
why a transition might be observed only in certain directions,
in particular for the case when the rotation axis is not in a mirror
plane. The pronounced asymmetry observed for peak B along
MM  proves that this feature is due to a bulk transition.
Two additional weaker features appear in the right half
of Fig. 4 near the Fermi energy EF : an upward-dispersing
band crossing EF around 0.16 Å−1 and a downward-dispersing
double band crossing EF at 0.27 Å−1 and 0.30 Å−1 . The latter
fits very well to the spin-orbit-split bands of the gold double
chain observed previously with higher photon energies.2 The
opposite dispersion direction identifies the single band as the
upper Au-atom related band (cf. Fig. 11) back folded by
the (2 × 1) reconstruction. At higher photon energies this band
is observed without back folding to the first (2 × 1) Brillouin
zone.2
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FIG. 6. The 2PPE spectra recorded in normal emission for all
polarization combinations of IR and UV photons and for the mirror
plane oriented parallel (dashed curves) and perpendicular (solid
curves) to the plane of incidence (cf. Fig. 1).

excitation sequence as 3hν-1hν or 1hν-3hν processes (see left
and right sketches in Fig. 1). The different possibilities may be
distinguished by determining the change of the kinetic energy
with photon energy α = d Ekin /d hν. Slope α = 1 is found
for a 3hν-1hν excitation sequence, α = 3 for 1hν-3hν, and
α = 4 for simultaneous absorption of two photons from an
initial state. For 1hν-1hν excitation the total photon energy is
below the work function, and 3hν-3hν processes could not be
observed because of a lack of sufficient UV intensity.
In the present experimental setup the photon energy hν
can be varied only in a limited range from 1.51 to 1.58 eV.
Therefore the determination of slopes is not very accurate.
The assignment of the transitions is corroborated by the
polarization dependence of the involved states and by timeresolved data as a function of pump-probe delay.

C. Two-photon photoemission

The absorption of two photons in 2PPE may proceed
from the same initial states as in regular photoemission. In
the present experiments the sum of the photon energies in
2PPE, 1hν + 3hν, is equal to the 4hν used to obtain the
1PPE results presented in the preceding section. Therefore
the corresponding peaks assigned to occupied initial states in
2PPE should appear at the same kinetic energies.
In 2PPE spectra additional peaks can arise from intermediate states. These states may be populated and probed by
IR or UV photons and may be characterized according to the

1. Initial states

Figure 6 depicts spectra obtained for all four possible
polarization combinations of the IR and UV laser pulses.
Dashed (solid) lines are for the mirror plane oriented parallel
(perpendicular) to the plane of incidence. The main peaks
observed are labeled A, B, and C. In most spectra peak B is
observed at 0.45-eV kinetic energy and is readily assigned to
the peak B found in Fig. 3. It is suppressed only for s-polarized
UV photons at light incidence in the mirror plane, where strict
dipole selection rules apply. This indicates that the two-photon
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2. Image-potential state

Peak C is visible in all spectra with a p-polarized IR
pulse, which indicates an even intermediate state. The energy
of the state lies at EV − 0.59 eV. We assign it to the n =
1 image-potential resonance analogous to peak C on the
Si(557)-Au surface.20 Its energy can be calculated with
the Rydberg-like formula for image-potential states by taking
the dielectric constant of silicon, r ≈ 11.7, into account.31,32
Time-resolved measurements (not shown; for spectra at
different time delays, see Fig. 8) show a lifetime of 15 fs for
peak C pumped by UV (3hν) and probed by IR (1hν) pulses,
supporting the assignment to an image-potential resonance. A
similar lifetime of <10 fs was found on Si(557)-Au.20 The
relatively short lifetimes are in agreement with the location
of the states in the conduction-band continuum of the silicon
substrate.
Photon-energy-dependent measurements of the energy of
peak C indicate a slope of α ≈ 3 for both polarization
combinations for which it is observed. This would imply an
IR-pump UV-probe process, in contrast to the assignment
of an image-potential state and the evidence from timeresolved measurements. Due to the limited photon-energy
range available, a slope of α ≈ 3 could be explained by
overlapping contributions from initial states (α = 4) and
UV-pumped intermediate states (α = 1).32,33
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Kinetic energy (eV)

excitation process involves some intermediate state which is
ionized by p-polarized UV light. As the transition is observed
for s- and p-polarized IR light, the excitation sequence is
1hν-3hν, involving an intermediate state of even symmetry
populated from even or odd initial states. Peak B in Fig. 3
was assigned to an even state. However, the spectrum for
s-polarized light in the mirror plane shows a small peak in
Fig. 3, and the corresponding peak in the IR-s/UV-p spectrum
of Fig. 6 is also relatively small. Peak B is found in all spectra
taken with incident light perpendicular to the mirror plane
in single- and two-photon photoemission. That observation
provides no further information on the character of initial or
intermediate states. The identification of an intermediate state
contributing to peak B is in conflict with the assignment as
bulk transition from Fig. 3. The intermediate state would also
be in the band gap. We conclude that the 2PPE peak B might
contain some contributions from the initial state observed in
Fig. 3, but its main intensity arises from even intermediate
states, which will be confirmed below by the dispersion and
time-resolved data.
Peak D was observed in 1PPE at Ekin = 0.8 eV. None of the
2PPE spectra show a clear peak at this energy. This suggests
that there are no intermediate states for 2PPE transitions
available which have sufficient overlap with the initial state
or sufficient lifetime to be observed.
At this point we would like to note that neither peak B
nor D was observed in 2PPE using 2hν + 2hν. This finding
further supports the existence of an intermediate state for
2PPE transition B using IR and UV light. For 2hν + 2hν
transitions the intermediate state would be in the conduction
band, providing many possible intermediate states. Possible
surface states would have a large overlap with bulk states. The
resulting short lifetimes would lead to low 2PPE signals.
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FIG. 7. Dispersion of the image-potential resonance C parallel
and perpendicular to the mirror plane. Data were taken with a time
delay of 50 fs between the p-polarized UV-pump and IR-probe pulses
to enhance the relative intensity of the image-potential resonance.
Along M  the intensity above 0.7 eV is enhanced to show the imagepotential resonance more clearly.

Peak C shows measurable dispersion along and perpendicular to the gold chains for both pulses being p polarized, as
shown in Fig. 7. The effective masses are m∗ C = −0.13 me
along and m∗⊥C = −0.14 me perpendicular to the chains.
Similar values were found for the image-potential resonance
on the Si(557)-Au surface.20 The remarkable strong negative
dispersion of this state might be dominated by an initial state of
even symmetry 0.23 eV below the bulk VBM with an effective
mass comparable to the light-hole band near the VBM of
silicon, which is characterized by an effective mass of m∗lh =
−0.16 me .34 For an image-potential resonance an upward
dispersion characterized by the free-electron mass would be
expected.31 This supports the finding from the photon-energy
dependence that initial states significantly contribute to peak C.
The initial state may dominate the dispersion as observed for
the image-potential resonance on the clean Si(100) c(4 × 2)
surface.32
For s-polarized UV pulses peak C is found at an energy
0.05 eV lower than for p polarization. Also the dispersion
becomes weaker with m∗ C = −0.28 me along the step edges.
Perpendicular to the steps in the mirror plane the dispersion
is asymmetric, similar to peak B in Fig. 5. This indicates the
involvement of bulk bands in this transition. Dipole selection
rules demand an initial state of odd parity relative to the mirror
plane. The doubly degenerate heavy-hole band of Si splits into
odd and even bands in the mirror plane and is characterized by
an effective mass of −0.49 me near the VBM.34
There is strong evidence for an assignment of peak C to
an image-potential resonance from energy, polarization, and
lifetime considerations. However, the observed photon-energy
and polarization dependence as well as the dispersion indicate
significant contributions from initial states near the VBM.
At higher photon energies than available in this work this
assignment could be confirmed by the observation of the
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FIG. 8. Photoemission spectra in normal emission with the time delay negative (left, UV before IR) and positive (right, IR before UV). The
mirror plane is oriented perpendicular to the plane of incidence (see Fig. 1). All spectra are recorded for both pulses p polarized.

3. Intermediate state

The last feature to be discussed in the two-photon photoemission spectra of Fig. 6 is peak A around 0.3 eV kinetic
energy. It is clearly observed only for p-polarized UV light
incident in the mirror plane and shows no dispersion (see
Fig. 7). The polarization behavior suggests an IR-pump UVprobe process from a state of even symmetry in the mirror
plane oriented perpendicular to the step edges. Because it
is not clearly observed for the rotated sample orientation,
the orbital seems to be oriented more parallel to the surface
than perpendicular. A quantitative analysis of orbital orientation would require more extensive polarization-dependent
measurements.35
The IR-pump UV-probe process is corroborated by the
spectra taken for different time delays t presented in
Fig. 8. Peak A gains in relative intensity compared to
other peaks with increasing positive time delay. Peak C
disappears for time delays | t| > 150 fs, in agreement with
the rather short lifetime of 15 fs mentioned before. Peak B
persists for positive time delays up to +500 fs, in agreement
with the existence of an intermediate state for a 1hν-3hν
transition.
For a quantitative determination of the lifetime of peak A
the intensity as a function of time delay is shown in Fig. 9. The
decay can be fitted by two decay times of 125 and > 600 fs.
The larger value indicates a delayed filling, presumably
from electrons excited in the bulk and diffusing towards the
surface.36 The energy of the intermediate state is 0.62 eV above
EF , which is close to the center of the Si bulk band gap. The
lack of dispersion indicates a localized state. For these reasons
relatively long lifetimes of 125 fs are no surprise. At the same
time the localized state in the band gap might serve as an
efficient trap for electrons diffusing in the conduction band
towards the surface.

IV. DISCUSSION

The initial-state energies Ei and intermediate-state energies
Em relative to EF or EV observed in normal emission (cf.
Figs. 3 and 6) are collected in Table I, and the transitions
are plotted in Fig. 10. For single-photon photoemission no
intermediate-state energy is given, and the photon energy
dependence has not been measured. The effective masses
depend on the sample orientation. The last two columns in
Table I give the polarization combinations where the peaks are
observed clearly.
The occurrence of the image-potential resonance C is
consistent with the 2PPE results for Si(557)-Au.20 Very
similar observations were made on the clean Si(100) c(4 × 2)
surface.32,33 This proves that screening of an external electron
leads to image-potential states also on semiconductor substrates. The different energies and effective masses depending
on the polarization of the UV photon prove a strong influence

1600

2PPE intensity (arb. units)

correct slope and dispersion or the second image-potential
state.32,33

EKin = 0.24 eV

1200

800

τUV = 36 fs
τ1 = 125 fs
τ2 > 600 fs
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–400
–200
UV before IR

0

200

Time delay (fs)

400
600
IR before UV

FIG. 9. (Color online) Time-resolved 2PPE intensity of peak A
for both pulses being p polarized. The spectrum shows intensity for
negative (UV before IR) and positive (IR before UV) time delays,
which indicates an UV-pump IR-probe and an IR-probe UV-pump
process, respectively. For positive time delays the decay exhibits two
decay constants of 125 and >600 fs.
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TABLE I. Initial-state energies Ei , intermediate-state energies Em , effective masses m∗ , and polarization (pol.) combinations (IR/UV for
2PPE) of the observed states for the mirror plane oriented parallel and perpendicular to the plane of incidence. The parameter α is the change
of the kinetic energy with photon energy.
Peak
A
B
B
D
C
C

Method

Ei (eV)

Em (eV)

α

m∗ (me )

m∗⊥ (me )

pol.

pol.⊥

2PPE
2PPE
1PPE
1PPE
2PPE
2PPE

EF − 0.93
EF − 0.79
EF − 0.79
EF − 0.42
EF − 0.31
EF − 0.26

EF + 0.62
EF + 0.76

2
2

EV − 0.63
EV − 0.59

3
3

∞
∞
asymmetric
−0.34
asymmetric
−0.14

∞
∞
∞
−0.06
−0.28
−0.13

pp,sp
pp,sp
p
s
ps
pp

–
pp,ps,sp,ss
p,s
p
ps
pp

of the initial band structure. This explains also the slope α = 3
deviating from the expected value of α = 1.
The slopes α = 2 for 2PPE transitions A and B are not
compatible with the expected values of 3 and 4 for intermediate
and initial states, respectively. The time-resolved data in Fig. 9
show that peak A has a significant contribution from 3hν-1hν
excitations, which would give a slope of 1. The overlap of
these two contributions might yield a slope different from
the expectation for single transitions. To resolve this issue
a larger variation of the photon energy than available in the
present setup would be necessary, as already discussed for the
image-potential resonance.
The bulk transition B can also be found in similar 1PPE
measurements on the clean Si(111)(7×7) surface28 and on
the Si(557)-Au21 surface. The strong polarization-dependent
behavior is in good agreement with bulk band-structure
calculations.28 The observation of peak B at the same energy
in 2PPE as in 1PPE suggests that the same initial state is
involved. However, for the 2PPE transition no intermediate
bulk band would be available. Also the dispersion is very
weak, in contrast to the results shown in Fig. 5. As discussed
in Sec. III C 1, the 2PPE transition B seems to be strongly
influenced by an intermediate state 0.76 eV above EF . The
time-resolved data in Fig. 9 show a behavior similar to peak
A with a lifetime of 30 ± 10 fs. Also the dispersion is quite
similar to that of peak A for all four polarization combinations
measured. The band-structure calculations presented in the
following section present a convincing interpretation of peak

Energy

B

A
EV
–1.23 eV

hν

–0.59 eV
–1.09 eV

4hν

3hν
CBM

C

D

B

0.62 eV

0.76 eV

–0.93 eV

–0.79 eV

EF
VBM

–0.42 eV

–0.26 eV

–0.79 eV

FIG. 10. (Color online) Energy diagram of the observed 2PPE
transitions at normal emission. The energies of the intermediate states
are referenced to the vacuum level for 3hν-1hν processes and to the
Fermi energy for 1hν-3hν processes.

A but offer no additional intermediate state slightly above A
near . A consistent interpretation of the experimental data
can be obtained by assigning peak B to an initial state which
is observed by an off-resonant 2PPE transition37 involving
intermediate state A.
In comparison to the 2PPE study of Si(557)-Au20 the closest
similarity is found for the image-potential resonance C. Peak A
shows somewhat similar behavior regarding the long lifetime
of intermediate states close to the center of the band gap.
The peak labeled B in the Si(557)-Au study shows upward
dispersion and is located close to the conduction minimum.20
There is no comparable state found on Si(553)-Au. For peaks
B and D observed in 1PPE similar transitions are found also on
Si(557)-Au.21 This supports an assignment to the same bulk
transitions as observed on the clean Si(111)-(7 × 7) surface.28
The 2PPE peak B as well as peak A involve intermediate
states in the bulk band gap. These states must be characteristic
features of the electronic and geometric structure of the
Si(553)-Au surface.
V. THEORETICAL BAND STRUCTURE

To help identify the origin of the observed peaks, we performed first-principles calculations of the electronic structure
of Si(553)-Au using the structural model proposed in Ref. 7.
The calculations were performed in a slab geometry with
six or more layers of Si plus the reconstructed top surface
layer and a vacuum region of at least 10 Å. All atomic
positions were relaxed, except the bottom Si layer and its
passivating hydrogen layer, until the largest force component
on every atom was below 0.02 eV/Å. Total energies and
forces were calculated within the Perdew-Burke-Ernzerhof
(PBE) generalized-gradient approximation38 to DFT using
projector-augmented-wave (PAW) potentials, as implemented
in VASP.39,40 The plane-wave cutoff for all calculations was
250 eV.
It is important to realize that the energy bands arising from
Si surface orbitals are here quite narrow, less than 0.5 eV,
and therefore may be subject to electron correlation effects
not accurately described by PBE. For this reason we used the
screened hybrid functional of Heyd, Scuseria, and Ernzerhof
(HSE)41,42 to calculate the electronic band structure. The HSE
functional replaces a fraction of the PBE exchange potential by
the exact Hartree-Fock exchange potential and generally leads
to a more accurate description of the electronic properties of
many materials. In this work we are mainly interested in the
states related to Si surface dangling bonds. For this reason we
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FIG. 11. (Color online) (a) Comparison between theoretical band structure of Si(553)-Au and three states detected experimentally by 2PPE.
Colored symbols correspond to the colored atoms in the structural model shown in (b). Yellow circles are bonding (lower) and antibonding
(upper) states from the Au chains, red diamonds are exchange-split states from spin-polarized Si atoms at the step edge, green diamonds are
states from nonpolarized Si step-edge atoms, and green circles are states from nonpolarized Si atoms on the opposite side of the honeycomb
chain. The zone boundary (ZB) is that of the 1×1 unit cell. Because the actual cell is a 1×3 cell (we used a ferromagnetic array of polarized
Si atoms rather than the full 1×6 antiferromagnetic array of Ref. 7), we unfolded the 1×3 Au bands into the 1×1 cell for easier visualization.

used a mixing fraction, a = 0.11, previously shown to give an
accurate description of the dangling bond in bulk Si.43
The resulting spin-polarized HSE band structure is shown
in Fig. 11. The main features are very similar to those obtained
using standard PBE and were already discussed in Ref. 7. One
important difference arises from the HSE hybrid functional:
the unoccupied spin-split Si step-edge band is shifted upward,
to 0.5 eV, significantly higher than the PBE value of 0.3 eV.
This shift indicates the important role of electron correlation
within this spin-polarized Si dangling-bond state.
Figure 11 also shows a comparison between the theoretical
band structure and the peaks detected by 2PPE. The red
unoccupied spin-down band matches well the observed peak
A. Peak D could be assigned to the green step-edge band
and/or the red occupied spin-up band, which are closely
superimposed. The observed odd symmetry along the step
edges may correspond to the antibonding combination of the
orbitals on two neighboring nonpolarized step-edge atoms.
However, the observed dispersion is at variance with the
calculated band structure. Peak B matches closely the band
of the nonpolarized step-edge atoms.
VI. CONCLUSIONS

Stepped surfaces with large unit cells, such as Si(553)Au, contain many different structural elements and pose a
challenge for theoretical calculations, structural analyses, and
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