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We present a study of the unoccupied electronic states of one monolayer (ML) Tl epitaxially grown on
Ag(111) in a moiré superstructure. This two-dimensional atomic-layer material is investigated by scanning
tunneling microscopy/spectroscopy, spin-resolved inverse photoemission, and calculations based on density
functional theory. The unoccupied band structure exhibits characteristic spin-dependent hybridization between
overlayer states influenced by the substrate. Most of the experimentally observed bands, their E (k‖) behavior,
and their Rashba-type spin dependence can be qualitatively described by a simple model for a Tl/Ag bilayer. A
more realistic superstructure model reflecting the moiré structure provides deeper insight into the hybridization
mechanisms for states of different orbital composition, further elucidated by calculations of the charge densities.
Experimentally, E (k‖) measurements as well as the analysis of spin-dependent spectral intensities allow us
to distinguish different orbital contributions in the respective spin-up and spin-down components leading to
hybridization gaps with spin-dependent size. Most interestingly, spin-dependent hybridization with overlayer
states was discovered for an image-potential-induced surface band, which is mainly located in front of the sample
surface.
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I. INTRODUCTION

Two-dimensional atomic-layer materials on solid surfaces
play an increasing role in today’s research on quantum infor-
mation devices [1]. Here, the understanding of the electronic
states is of vital importance. In particular, phenomena related
to the electron spin play an important role for spintronic appli-
cations. The research field of spintronics is based on the idea
of using the electronic spin as information carrier. In order
to obtain spin-polarized electron states, the spin degeneracy
of the states must be lifted. This can be achieved either by
exchange interaction or spin-orbit coupling (SOC).

SOC leads to various effects in electronic states with the
Rashba effect as the most prominent example [2]. It was first
observed for the L-gap surface state of Au(111) [3,4]. The
effects of SOC can be observed mainly in materials with high
atomic number. This makes Tl with an atomic number of
Z = 81 as one of the heaviest nonradioactive elements an in-
teresting candidate to study. Consequently, interesting effects
of SOC have been observed in thin Tl films on various sub-
strates. In Tl/Si(111) and Tl/Ge(111), SOC leads to a giant
spin splitting with a rotation of the spin-polarization direction
as a function of k‖ [5–9], while an anisotropic peculiar Rashba
effect was found on Tl/Si(110) [10]. In a bilayer Tl film grown
on Ag(111), the locally broken inversion symmetry leads to
spin-polarized bands, in which the spins in each layer are
oppositely polarized [11]. In this paper, we investigate effects
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of SOC in the unoccupied electronic structure of one mono-
layer (ML) Tl on Ag(111). To some extent, the electron states
around � in Tl/Ag(111) [12] are reminiscent of states in the
sample system Pb/Cu(111), where spin-dependent hybridiza-
tion gaps were observed [13]. In the system Tl/Ag(111),
we discovered spin-dependent hybridization even between
image-potential-induced states and overlayer states.

In general, image-potential states form a two-dimensional
electron gas several Å in front of the surface. Their wavefunc-
tions have only minor overlap with states of the the outermost
atomic layers [14,15]. Despite this very small overlap, image-
potential states can exhibit an exchange splitting on magnetic
surfaces [16–18] as well as a Rashba splitting on surfaces
with strong spin-orbit interaction [19–21]. However, no spin-
dependent hybridization effects of image-potential states have
been reported so far in the literature. Yet, the resonant charac-
ter of the image-potential states in Tl/Ag(111) increases the
overlap with other states, which enables hybridization effects
in this system.

In this paper, we present scanning tunneling
microscopy/spectroscopy data for 1 ML Tl epitaxially
grown on Ag(111) and investigate the unoccupied electronic
structure by spin- and angle-resolved inverse photoemission
(IPE). The experimental results are substantiated by band
structure and charge distribution calculations obtained by
density functional theory (DFT).

II. EXPERIMENTAL METHODS

All experiments have been performed in an ultrahigh-
vacuum apparatus with a base pressure of <5 × 10−11 mbar.
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FIG. 1. (a) Atomic resolution STM topography of 1 ML
Tl/Ag(111) superimposed by a moiré superstructure. (b) 2D-FFT
of (a), with the marked moiré spots in cyan and the Tl spots in
red. (c) LEED pattern, where the diffraction spots for Ag and the
moiré spots are marked with gray- and cyan-colored circles, respec-
tively. (d) dI/dU -point spectrum taken at a comparable surface as
shown in (a) in the energy range of 0.5 eV � E − EF � 6.0 eV. STM
parameters: Ubias = 10 mV, Iset = 25 nA, TSTM ≈ 5 K. STS param-
eters: Umod = 10 mV, Iset = 1 nA, ν = 733 Hz. LEED parameters:
ELEED = 120 eV, TLEED ≈ 300 K.

The Ag(111) substrate was cleaned by cycles of Ar ion
sputtering at an energy of 600 eV and annealing to ≈700 K.
Subsequently, one ML of Tl was deposited by a home-built
evaporator, while the substrate was held at a temperature of
≈480 K.

The Tl overlayer forms a moiré superstructure, caused by
the lattice mismatch between Tl and Ag, which is checked
via scanning tunneling microscopy (STM) topography and
low-energy electron diffraction (LEED) measurements. The
results are summarized in Fig. 1. The topography in Fig. 1(a)
shows the atomically resolved Tl layer, which is superimposed
by the much longer modulation of the moiré superstructure.
Figure 1(b) illustrates the corresponding two-dimensional fast
Fourier transform (2D-FFT) of Fig. 1(a). This figure shows
both the hexagonally arranged patches of the Tl layer (red
circles) oriented along the � MAg(111) axes and the moiré
superstructure (cyan circles) rotated by ≈24◦ with respect to
the Tl lattice. Here in reciprocal space, the Tl lattice has the
larger lattice constant compared to the moiré superstructure.
In Fig. 1(c) a LEED diffraction image is shown. In addition
to the Ag(111) spots (gray circles), the figure shows the moiré
superstructure marked with cyan circles, indicating that the
moiré superstructure is rotated by ≈26◦ with respect to the
Ag(111) lattice. The small variation in the rotation angles of
the moiré superstructure with respect to the Ag(111) lattice in
Figs. 1(b) and 1(c) may be explained by different measuring

temperatures of TSTM ≈ 5 K and TLEED ≈ 300 K, respectively,
which may cause slight temperature-dependent structural
modifications. Figure 1(d) shows a dI/dU -point spectrum in
the energy range of 0.5 eV � E − EF � 6.0 eV of the moiré
superstructure, with a sharp maximum at E − EF ≈ 3.20 eV,
comparable to the data already presented in [12]. The overall
growth behavior and analysis of Tl on Ag(111) is described in
Ref. [12].

The unoccupied electronic structure was investigated at
room temperature by spin- and angle-resolved IPE [22,23].
For excitation with spin-polarized electrons, we used a GaAs-
based photocathode as electron source with a spin polarization
of 29% [24]. The electron spin polarization is aligned in the
surface plane and perpendicular to k‖, i.e., along the Rashba
component. The electrons are guided to the sample via an
electron optics and impinge on the sample at an angle θ

with respect to the surface normal with an angular resolution
of �θ ≈ 3◦ [25]. The emitted photons from transitions into
unoccupied electronic states are detected via two bandpass
detectors with a mean detection energy of h̄ω = 9.9 eV [26].
Counter C1 is located at an angle of 65◦ with respect to the
electron beam within the measuring plane and 32◦ out of it,
while counter C2 is located at an angle of −70◦ within the
measuring plane, i.e., on the opposite side of the electron
beam (see Fig. 4 below). The sign of θ is defined in such a
way that in measurements for negative θ the surface normal
is rotated towards C2. The overall energy resolution is about
400 meV [7].

III. THEORETICAL METHODS

We employ density functional theory (DFT) with the local-
density approximation (LDA) [27] to obtain the structural and
electronic properties of the system. These calculations [28]
are performed employing nonlocal norm-conserving pseu-
dopotentials in the separable Kleinman-Bylander form [29]
including scalar-relativistic corrections and spin-orbit cou-
pling (SOC) [30]. Electronic wavefunctions are represented
by Gaussian orbitals with s, p, and d symmetries.

Calculations have been conducted for two model systems.
In a first simple model, the electronic structure of a bilayer
containing one ML Tl and one ML Ag is calculated. The
Ag layer is saturated by H atoms to suppress the interaction
with the retral Ag surface state [31]. Thereby, Tl and Ag
have the same in-plane nearest-neighbour (NN) distance of
3.48 Å, which represents the experimental NN distance of the
Tl monolayer. The Tl atoms are positioned on the threefold
hollow sites of the Ag layers.

In a second more realistic model, the moiré structure is
treated by a supercell with a large lateral lattice constant.
To take the mismatch between the Ag and the Tl lattice into
account, a (4 × 4) cell of Tl corresponding to a (5 × 5) cell
of reconstructed Ag is employed. Using the experimental NN
distance of 3.48 Å for the Tl adlayer, neighboring Ag atoms
have in average a distance of 2.78 Å in each layer. This is
slightly smaller than the NN distance of 2.86 Å in bulk silver.
The supercell contains a Tl layer, five Ag layers and a saturat-
ing layer of H atoms to inhibit the interaction between top and
bottom surface states. Relaxations on the topmost four layers
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FIG. 2. Calculated band structure of a Tl/Ag bilayer in a (1 × 1)
unit cell. The red (blue) dot size indicates the Rashba component
of the spin-expectation value for spin-up (spin-down) electrons. The
light-yellow area represents the region of vacuum continuum states.

were taken into account. The resulting NN distances between
Tl and Ag atoms are between 2.94 Å and 3.26 Å.

Since the LDA does not lead to an image-like surface
barrier, we replace in both models the LDA potential in the
vacuum region by a potential [32] containing the correct 1/z
asymptotic tail. To represent the wavefunctions in the vacuum,
Gaussian orbitals located at the positions of the missing Tl
atoms are used.

We simulate the inverse-photoemission process by assum-
ing a plane wave as the initial state and compute the dipole
transition matrix elements employing the final states resulting
from our DFT calculations. An exponential damping term
with a decay length of 1.25 Å has been used to consider the
finite penetration depth of the incoming electrons.

IV. RESULTS AND DISCUSSION

A. Expectations from the bilayer model

We start our analysis with a look at the theoretical elec-
tronic structure of our bilayer model system of 1 ML Tl/1 ML
Ag. The resulting band structure along the � M direction
(which we define as x direction) is shown in Fig. 2, where four
parabolically dispersing states are visible. The state labeled
A at about E − EF = 4.2 eV at � is an image-potential state,
while state B at about 3 eV is derived from s, pz, and dz2 states
of the Tl monolayer coupled to the Ag substrate (s, dz2 ). The
third state C at about 0.5 eV below EF is a result of a Tl pz state
of the free standing monolayer coupled to Ag pz and dz2 states.
The state labeled D below the Fermi energy originates from
Tl pz states coupled to s and dxz states of Ag. Additionally,
we find a state with downward energy dispersion crossing
the dispersion of the aforementioned states. This state is a
Tl px state that hybridizes with the other states. As a result,

FIG. 3. Spin-integrated IPE spectra of Tl/Ag(111) for various
angles of electron incidence θ . The dispersions of selected spectral
features are highlighted by colored lines.

spin-dependent hybridization gaps open at the crossing points.
In particular, for state B, the hybridization is strongly spin
dependent resulting in a large hybridization gap for spin down
and a small one for spin up. This scenario is strongly remi-
niscent of the behavior of an overlayer band in Pb/Cu(111)
[13]. The hybridization of px with C opens a hybridization
gap with opposite spin dependence (small for spin down, large
for spin up). Changing the positions of the Tl atoms in the
simple model from hollow to top or bridge sites, however,
changes the spin splitting for C, i.e., spin up has a smaller
hybridization gap than spin down (not shown) [33]. Therefore,
we expect a more complex behavior in experiment, since the
real sample system can be considered as a superposition of all
atomic positions.

Interestingly, the calculation predicts hybridization be-
tween the image-potential state A and the Tl px state. This
may come as a surprise, since image-potential states exist far
in front of the surface with only small overlap with electronic
states of the sample. Therefore, in our data analysis, we will
pay special attention to whether such hybridization effects can
be observed experimentally. We note that, as in the case of
C, the spin structure is influenced by the particular atomic
positions within the model.

B. Experimental results

Figure 3 presents spin-integrated IPE spectra for various
angles of incidence θ . The energy dispersions of the promi-
nent spectral features are highlighted by colored lines. For
small θ , two features stand out with an upward energy dis-
persion for increasing θ , marked by orange and purple lines.
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Their energy positions and parabolic dispersion in comparison
with the model calculation in Fig. 2 suggest that these states
represent the predicted states A and B. The spectral shape of
A, a peak followed by a step-like increase of the background,
is characteristic of an image-potential state [34]. Furthermore,
the energy of B around normal incidence coincides with our
STS measurement in Fig. 1(d). The dispersion, effective mass,
and spin dependence of A and B was already discussed in
our previous publication [12]. Experimentally, we obtained
effective masses for A and B of m∗

A/me = 1.2 ± 0.1 and
m∗

B/me = 1.6 ± 0.2, respectively. The effective mass for A
is very similar to values of about 1.3 for the n = 1 image-
potential state of the pristine Ag(111) surface [35,36]. For
small angles, the states A and B exhibit no spin splittings.
With the measured work function of φ = 4.3 eV, the binding
energy of the image-potential state A amounts to 0.3 eV with
respect to vacuum level, which is small compared with typical
binding energies (0.85 eV to 0.38 eV) of image states within
a bandgap [14,15]. This suggests that A is an image-potential
resonance rather than an image-potential state. The downward
dispersing state between 4 eV and 5 eV for angles higher than
θ = 40◦ is attributed to state B in the second Brillouin zone of
the (1 × 1) Tl adlayer.

In the spectrum for θ = 12◦, a further spectral feature C
appears above the Fermi energy. With increasing θ , this fea-
ture broadens and gains intensity. It may be associated with
state C of the model calculation. However, the broad linewidth
of several eV, indicated by the gray-shaded area, questions
this interpretation. It seems that this feature comprises several
states, which are not represented in the simple model. In
the spectrum for θ = 26◦, an additional feature is starting
to split off from B. This feature disperses downwards and
is, therefore, identified as the px state of Tl (marked with a
green line in Fig. 3). The high spectral intensity just above the
Fermi level for θ � 42◦ is associated with state D in the model
calculation.

The experimentally obtained angular dependence of the
spectral features is qualitatively well described by the band
structure of the simple model in Fig. 2. Additionally, the spec-
tra for angles up to 26◦ are reminiscent of the spectra obtained
for Pb/Cu(111) [13]. In this sample system, hybridization of
a pz-like Pb-Cu state and a px-like Pb state was observed. In
particular, the spin-resolved spectra revealed spin-dependent
hybridization gaps in a similar way as it is predicted for
Tl/Ag(111) by our model calculation.

To check whether similar spin-dependent hybridization ef-
fects occur for Tl/Ag(111), we have taken spin-resolved IPE
spectra in small angular steps. They are displayed in Fig. 4 for
positive angles between θ = 18◦ and 26◦ in (a), for negative
angles between θ = −18◦ and −24◦ in (b), and for larger
positive angles between θ = 28◦ and 42◦ in (c). Spectra for
positive θ were measured with counter C1, while C2 was used
for spectra with negative θ . The spectra show a distinct spin
dependence, which changes sign upon changing the sign of
θ as expected for a spin-orbit-induced Rashba-type behavior.
Small deviations from a perfect reversal of the spin depen-
dence are expected because the photon detection geometries
of C1 and C2 are slightly different.

For θ = 18◦, A and B show almost no spin-dependent en-
ergy splitting, only B shows spin-dependent intensities. This
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FIG. 4. Spin-resolved IPE spectra for positive (a) and nega-
tive (b) angles of incidence θ between 18◦ and 26◦ showing clear
evidence of reversed spin asymmetry upon sign reversal of the mo-
mentum. Spectra for higher positive angles are shown in (c). Peak
positions for spin down (blue) and spin up (red) are indicated by
tickmarks [37]. Spectra for positive (negative) angles of incidence
were measured with counter C1 (C2). The experimental geometries
are sketched on top of the (a) and (b) columns.

changes with increasing θ . A small spin splitting is observed
for B and, more remarkably, an almost pure spin-down state
splits off from the image-potential state A with downward
dispersion and merges into B. In addition, B splits into two
states, one following the parabolic dispersion and the other
disperses downwards in energy while losing intensity. From
our theoretical model, we identify the downward dispersing
feature as the px-type band of Tl. For θ = 26◦, the px-derived
feature at E − EF ≈ 3 eV has only small intensity but gains
intensity especially in its spin-up part for higher angles. From
θ = 28◦ to 32◦, the state has almost pure spin-up intensity but
between θ = 34◦ and 38◦ this state has similar intensities in
both spin channels, now with a clear energy splitting. For even
higher θ , the spin-down feature gains again intensity while the
state crosses the dispersion of state D that appears above EF at
about θ = 42◦.

C. Discussion based on the moiré superstructure model

The experimental results are summarized in an E (k‖) di-
agram shown in Fig. 5(a), which underlines the parabolic
dispersion of the states A and B with effective masses of 1.2
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FIG. 5. (a) E (k‖) dispersion of the spectral features marked in
Figs. 3 and 4. Blue symbols are used for spin-down, red for spin-
up, and black for spin-integrated spectral features. (b) Calculated
photocurrent for the moiré superstructure model. The light-yellow
area resembles the region of vacuum continuum states and the light
blue area indicates regions of backfolded Ag bulk bands. The dot size
represents the intensity of the spin-dependent calculated photocur-
rent. The markers αi, β, and γ indicate k points, at which the charge
distribution was calculated for the states A, B, and C, respectively
(see Figs. 6 and 7). The black [in (a)] and white [in (b)] dashed
lines indicate parabolic dispersions of A and B with effective masses
m∗/me of 1.2 and 1.6, respectively.

and 1.6, respectively, as indicated by dashed lines. Addition-
ally, a spin-dependent hybridization gap between B and the
downward dispersing px state opens in the crossing region.
The gap is rather large for spin down and much smaller for
spin up as expected from the calculations in Fig. 2. The gray-
shaded area in Fig. 5(a) represents the gray-shaded area of
Fig. 3, where the state C is observed. The hybridization of the
downward dispersing Tl px state with the other states A, C,
and D, which is also expected from Fig. 2, is hardly visible in
the data.

To gain more insight into the spin-dependent hybridization
scenarios of the system 1 ML of Tl on Ag(111), we use the
results of our more advanced model described in Sec. III. For
the large (4 × 4) unit cell of this system, backfolding leads
to a large number of bands throughout the Brillouin zone,
which complicates the analysis of the electronic structure.
The blue-shaded area in Fig. 5(b) indicates regions of back-
folded Ag bulk bands. To enable a direct comparison between
theory and experiment, we calculated the photocurrent (see

Sec. III). The results, which are presented in Fig. 5(b), unveil
the dispersion of the adsorbate-induced electronic states, how
they can be expected in our IPE spectra. The overall E (k‖)
dependence of the photocurrent is very similar to the bands of
the simple model as shown in Fig. 2 except for the exact ener-
getic positions. Similar to the simple model, four parabolically
dispersing states A to D are visible together with a downward
dispersing Tl px state. In particular, the parabolic dispersion of
A and B around � resembles well the experimental results [see
black and white dashed lines in Figs. 5(a) and 5(b)]. The Tl px

state hybridizes with all states in the crossing regions leading
to spin-dependent hybridization gaps. The situation is most
clear for state B, where a hybridization gap of several hun-
dreds of meV opens for spin down, while it almost vanishes
for spin up. This behavior is well confirmed by our IPE results.
A very similar behavior was identified and explained in detail
for Pb/Cu(111) [13]. The other hybridization gaps are less
pronounced and their spin dependence less clear, again in line
with our E (k‖) data.

However, there is more experimental information available
than the energy position of a spectral feature: the spectral
intensity. In cases, where the orbital composition of the state
is independent of its spin character, the intensities in both
spin channels are expected to be comparable. In cases, where
spin-up and spin-down band components have different or-
bital symmetries, e.g., caused by hybridization, the spectral
intensities for spin up and spin down might differ. As a con-
sequence, far away from a hybridization point, the downward
dispersing px state should have the same orbital character for
spin-up and spin-down electrons leading to the same spectral
intensities for both spin states. In contrast, the considerable
higher spin-up intensities for px in the spectra between θ =
28◦ and 34◦ indicate significant hybridization with state C.
This conclusion is further supported by the fact that the px

state is located within the gray-shaded area of C in Figs. 3 and
5(a). Similarly, the high intensity for spin down in the spectra
for θ = 40◦ and 42◦ at about E − EF = 1 eV also indicates
hybridization of the px state with D.

D. Spin-dependent hybridization of image-potential state

Less expected and, therefore, most interestingly, our
calculations predict hybridization of the Tl px state with
the image-potential-induced surface state A. Image-potential
states exist several Å in front of a surface and their wave
functions exhibit only minor overlap with electronic states of
the outermost layers. The calculated hybridization gap vis-
ible in Fig. 5(b) between A and px is, however, too small
be be observed as an energy gap in our IPE. Nevertheless,
with the same argument used for C and D, we searched for
indications of hybridization between A and px via analyz-
ing spin-resolved IPE spectral intensities. In the spectra for
θ = 19◦ to 21◦, a significant spin-down intensity splits off the
image-state emission and disperses downward in energy, well
above the hybridization crossing between B and px. This strik-
ing behavior, also observed with opposite spin order in the
spectra for negative θ , is a clear fingerprint of hybridization
between the image-potential state A and px. If the downward
dispersing feature were caused by the px state alone, spin-
down and spin-up intensities would be comparable.
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FIG. 6. Charge distribution of the image-potential-induced state
A in the xz plane containing Tl as well as Ag atoms for different
k‖ points as indicated in Fig. 5. At α1, the charge distribution is
identical for both spin directions, while it is different for the two
spin directions at α2 and α3. The white (black) dots represent the
positions of Tl (Ag) atoms. The layer-dependent charge density at α1

is presented on the left-hand side of the upper diagram.

Besides the experimental evidence of hybridization be-
tween image-potential states and Tl px states in the atomic-
layer material Tl on Ag(111), we tested our findings by
calculations of the charge distribution of the respective states
at selected k‖ points: α1, α2, and α3, as indicated in Fig. 5(b).
The charge distributions are presented in Fig. 6. At α1 =
0.21 Å−1, which is far away from the hybridization point,
the charge distribution is predominantly concentrated in front
of the surface for both spin components. This is a typical
fingerprint of a surface state caused by the image potential.
However, the substantial charge distribution within the first
atomic layers indicates the surface-resonant character of A,
as already proposed in Ref. [12], which enables hybridization
with states of proper symmetry at the sample surface.

The charge distributions at α2 = 0.39 Å−1 and α3 =
0.41 Å−1 show a significant dependence on k‖ and spin. This
in turn is a proof of hybridization. At α2, the states are mainly
image-potential like with only a small admixture of Tl px

orbitals. At α3, which is even closer to the hybridization
point, the charge distribution in front of the surface is strongly
reduced for both spin components and the Tl px contribu-
tion is distinctly increased. Furthermore, these hybridization
effects are stronger for the energetically lower lying spin-up
states (red) compared with the spin-down states (blue), lead-
ing to different experimental intensities for the different spin
states.

0

1

2

3

4

5×10 a
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FIG. 7. Charge distribution for states B and C. For both states,
the selected k‖ points β and γ [as indicated in Fig. 5(b)] are at higher
k‖ than the respective hybridization points. The white (black) dots
represent the positions of Tl (Ag) atoms.

A similar behavior of the charge distributions was observed
for the spin-dependent hybridization scenarios of B and C, as
shown in Fig. 7. At β = 0.56 Å−1 [see Fig. 5(b)], the charge
distribution of B reveals that the spin-up part keeps its s, pz,
and dz2 character. For the spin-down state, however, a strong
admixture of Tl px orbitals is obtained. Strong hybridization
leads to a large hybridization gap for spin-down states. Almost
vanishing hybridization for spin-up states results in the small
hybridization gap. For state C at γ = 0.68 Å−1, we find the
same behavior with a small hybridization gap for spin-up
states, which keep their Tl pz character coupled to pz and dz2

states of the substrate. In contrast, the spin-down states hy-
bridize strongly with Tl px states resulting in spin-dependent
intensities as observed in experiment.

V. CONCLUSION

We investigated the two-dimensional atomic-layer mate-
rial Tl/Ag(111) with emphasis on the unoccupied electronic
structure by scanning tunneling microscopy/spectroscopy,
spin-resolved inverse photoemission and DFT-based calcula-
tions. The latter were performed for a simple Tl/Ag bilayer
system and a more realistic superstructure model to reflect
the experimentally observed moiré structure. The unoccupied
band structure shows characteristic spin-dependent hybridiza-
tion between overlayer and substrate states. Most of the exper-
imentally observed bands can be qualitatively described by the
simple model, not only with respect to their E (k‖) behavior
but also their Rashba-type spin dependence. Details of the hy-
bridization mechanism are revealed by superstructure model
calculations for the band structure as well as their charge
distributions at specific k‖ points. Experimentally, we used
not only E (k‖) measurements but also the analysis of spin-
dependent spectral intensities to distinguish different orbital
contributions in the respective spin-up and spin-down com-
ponents. We observed a similar behavior for all investigated
hybridizations: strong hybridization in one spin state and al-
most vanishing hybridization in the other spin state leads to
spin-dependent hybridization gaps. Most interestingly, this
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behavior was also observed for an image-potential-induced
surface band, which is mainly located in front of the sample
surface.
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