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Abstract
By use of photoemission spectroscopy with high resolution in both energy and
momentum, one is able to observe a considerable splitting of the Shockley-
type surface state on the (111)-face of gold. This splitting exists over the
complete two-dimensional Fermi surface of this surface state but disappears
at normal emission. A comparison with fully relativistic density functional
calculations proves that the splitting is caused by spin–orbit interaction,
which—in combination with the lack of inversion symmetry at the surface—
resolves the spin degeneracy of the surface state band. This paper gives a
summary of recent experimental and theoretical investigations on the split
Shockley state on Au(111). In addition, it will be demonstrated that the splitting
is influenced by adsorbates, and it will be discussed why it has not been observed
experimentally on other noble metals.

1. Introduction

1.1. Surface states in general

The approach to the theoretical description of solids starts with an infinite crystal with a perfect
translational symmetry, where the ions are arranged in a regular periodic array. But such a
perfect crystal is fictitious; in every real crystal there must exist distortions of the periodicity of
the lattice, imperfections, that are important for many physical properties of the solid. The most
obvious of these imperfections is the crystal surface which forms the region of contact with
the surroundings. Here one can observe completely new phenomena and physical features,
e.g. particular surface phonon modes or the electronic surface states.

Specific electronic states localized near the crystal boundary were predicted theoretically
as early as 1932 by Tamm [1]. An important step in the understanding of these surface states
was made a few years later by Shockley [2], who investigated theoretically, how surface states
originate from the discrete levels of atoms. To commemorate these fundamental works today,
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one distinguishes between two different kinds of surface state: Tamm states, which are split off
from weakly hybridized bulk states due to the change of the potential in the outermost cells,
and Shockley states, which are caused by a symmetric termination of the periodic potential
in systems where the atomic orbitals overlap sufficiently that band crossing can occur. The
present paper deals with the second type, in particular Shockley states on the (111)-faces of
noble metals.

In general, calculations of the electronic band structure are based on the one-electron
approximation, i.e. one electron is embedded in the periodic ionic potential plus an averaged
constant field of all other electrons, which replaces the individual pair potentials. In addition,
one neglects nuclear motions and assumes fixed ionic potentials centred at the periodic
lattice of the crystal (Born–Oppenheimer approximation). The solution of such a one-
electron Schrödinger equation gives the well known Bloch electrons, travelling independently
throughout the crystal with a real crystal momentum p = h̄k. If the crystal is terminated by a
surface, the wavevector k may also assume complex values and one gets energy eigenvalues
that lie inside the energy gaps of the infinite crystal. Due to the imaginary part of of the
wavevector component perpendicular to the surface k⊥, these new states are monotonically
damped in the direction of the vacuum and also damped, but still oscillating, inside the crystal.
Consequently, these states are localized to the crystal surface [3]. Therefore, surface states play
an important role for the dynamics of surface or interface related processes, such as adsorption,
catalysis and, therewith, chemical reactions at surfaces [4].

Since the first experimental observation of surface states on noble metals in the 1970s [5, 6],
there has been a continuous interest on the spectroscopic investigation of these states [7–10],
both on clean and adsorbate covered surfaces. Besides their implications for chemical surface
reactions, metallic surface states are fundamental model systems for the understanding of
many-body effects, e.g. electron–electron and electron–phonon interaction [9, 11–18]. For
experimental reasons, the confinement to the surface and the resulting two-dimensionality
make them ideally suitable for the investigation by high-resolution photoemission in the VUV
range.

A comparatively new experimental method for the investigation of surface states is
spectroscopy with a surface tunnelling microscope (STMS) by measuring the differential
tunnelling current dI/dV [19–22]. It was demonstrated that from these measurements one
is able to determine the intrinsic lifetime width of Shockley states at the band minimum in
excellent agreement with results from photoemission experiments [23] and inelastic lifetime
calculations [24]. Furthermore, a detailed analysis of the energy dependent spatial distribution
of the tunnelling current can give information about the surface state dispersion—both below
and above the Fermi level—and the topology of the Fermi surface [19, 25, 26].

1.2. Experimental principles

Photoemission spectroscopy is a surface sensitive technique and is therefore an important
experimental method to study the surface electronic properties of solids [27]. The method is
based on the photoelectric effect: photons are impinging on a sample and are able to excite
electrons out of the surface, if their energy is large enough to exceed the work function �0 of
the surface. In the one-electron picture, this condition of energy conservation is expressed by

Ekin = hν − EB − �0, (1)

where EB is the binding energy of the electron in the ground state relative to the Fermi
level. Ekin describes the kinetic energy of the excited photoelectron in the vacuum, which
can be measured by the photoelectron analyser. In addition, the emission angle θ of the
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detected photoelectron can be used to calculate the parallel—i.e. the in-plane—component
k‖ = (kx , ky) of the crystal wave vector k = (k⊥,k‖) of the Bloch state by

|k‖| =
√

2me

h̄

√
Ekin sin θ. (2)

Since the surface states are two dimensional, the parallel component k‖ sufficiently determines
the wavevector of the involved one-electron state. The energy–momentumrelation EB(k‖) (for
simplicity, the index B will be suppressed in the following), resulting from the combination
of equations (1) and (2), defines the dispersion of the surface state, and with that also its
two-dimensional Fermi surface.

In addition to the one-electron properties described above, photoemission gives
information about the line-shape of the surface state, which reflects the many-body scattering
processes in the system. The excited quasi-particle state, consisting of a photo-hole in the
solid and the out-going photoelectron, has a finite lifetime due to scattering with phonons,
lattice imperfections or other electrons. In the simplest picture, this finite lifetime leads in the
photoemission spectra to a Lorentzian with a full width at half maximum � which is defined
by the lifetime τ of the photo-hole: � = h̄/τ . � gives the intrinsic lifetime width and is a sum
of the contributions from the different scattering processes described above:

� = �el−el + �el−ph + �el−imp . (3)

For the analysis of the intrinsic linewidth and line-shape in experimental data one has to
consider additional broadening effects which are due to a finite energy or angular resolution
of the measurement. More about the photoemission line-shape of surface states can be found
for example in [7, 9, 10, 23].

1.3. Spin–orbit splitting of a surface state

1.3.1. History. The first experimental proof of a split Shockley state by photoemission
spectroscopy was published by LaShell et al [28]. They investigated an Au(111) surface at
room temperature and used a photon energy of hν = 11.83 eV (Ar I), which—in comparison
to the more common He I or He II energies—has the advantage of a significantly better
k-resolution (cf equation (2)). Off normal emission, i.e. at k‖ > 0, their photoemission
spectra showed a line doublet with an energy difference that increases linearly with k‖. They
interpreted the origin of the splitting correctly as spin–orbit coupling of the sp-like surface state
electrons. However, because these results have not been reproduced over several years and,
furthermore, the splitting has not been observed in spectroscopic investigations by use of an
STMS, there was a discussion of possible other reasons in the literature [29–31]. In particular,
it was discussed whether the peculiar herringbone reconstruction of the Au(111) surface—the
herringbone pattern originates from adjacent domains of a 22×√

3 reconstruction [32]—might
have an influence on the spectroscopic results on the Shockley state. The (111)-faces of other
noble metals do neither show this reconstruction nor has a splitting of the surface state been
observed. But meanwhile, all uncertainties are removed and the results by LaShell et al [28]
are theoretically and experimentally corroborated [33, 34].

1.3.2. Theory. The following section gives a sketch of the theoretical idea for the explanation
of the spin–orbit splitting, as suggested by LaShell et al [28] and elaborated in more detail by
Petersen and Hedegård [33]. In the one-electron approximation the spin–orbit interaction of
an electron in the potential V (r) of the solid is described by the coupling term

HSOC = h̄2

4im2c2
σ · (∇V × ∇), (4)
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with Pauli spin operator σ working on the spin component of the spinors ψ(r, s), the gradient
in the parentheses on the space component. If there is no external magnetic field, this term is the
only necessary relativistic correction in the considered context. For a spherically symmetric
potential we have ∇V = (r/r)dV/dr and the coupling term can be written as

HSOC = 1

2m2c2

1

r

dV

dr
(s · l), (5)

with the spin operator s = 1
2 h̄σ and the operator for the orbital angular momentum

l = r × p = −ih̄r × ∇, which finally explains the name of the interaction.
The Kramers degeneracy between ψk(r, s) and its complex conjugate ψ∗

k(r, s)
(i.e. reversed momentum and spin), which is a result of the fundamental principle of time
reversal symmetry, remains unaffected by HSOC . Therefore one gets E(k,↑) = E(−k,↓).
If the crystal potential has a centre of inversion (i.e. ψk(r, s) = ψk(−r, s)) one gets
E(k,↑) = E(−k,↑). The combination of these two conditions results in E(k,↑) = E(k,↓);
in other words, there is no energy splitting depending on the electron spin. This means that
noble metals, which crystallize in the fcc structure, do not have a spin–orbit split bulk band
structure.

The surface destroys the inversion symmetry in the direction of the surface normal and
the spin degeneracy might be resolved. A qualitative description of the resulting surface state
structure can be given by a nearly free electron (NFE) model, which is the simplest ansatz
to describe a surface state. Here, we only consider the component of the potential gradient
perpendicular to the surface, i.e. ∇V = dV/dx ex . ex is the unit vector perpendicular to the
surface. The k-vector of a surface state is parallel to the surface and thus perpendicular to ∇V .
The vector in the parentheses of equation (5) (∇V × ∇) = −ih̄(∇V × p) lies also in the
surface and is always perpendicular to p = h̄k, and the size of the splitting is proportional to
|k‖|. The NFE model is not suitable to give usable quantitative results, because the core region
of the ionic potential, where the gradient of the potential is large, is neglected. The NFE energy
splitting at the Fermi level is of the order of only 10−3 meV, five orders of magnitude below
the experimental value. As discussed later, appropriate quantitative results can be obtained
from ab initio slab layer calculations. However, the NFE is able to describe the nature of the
splitting correctly.

The result can be illustrated at the Fermi surface topology as given in figure 1. One gets two
concentric circular Fermi surfaces with opposite spin orientations, remaining perpendicular to
kF for all points on the Fermi surface. Note that the distribution of the spins is completely
symmetric and therefore the net spin of the surface state is equal to zero: of course, there is
no surface magnetism due to the split Shockley state on Au(111).

2. Experimental setup and sample preparation

The experiments presented here have been performed with a Scienta SES200 photoemission
spectrometer, equipped with a microwave-driven monochromatized VUV lamp and an open-
cycle cryostat manipulator. The photon energy was hν = 21.23 eV (He Iα) and the sample
temperature was set to constant T = 30 K. For the temperature dependence of surface states
see for example [11, 12, 35]. The base pressure of the UHV system was typically below
5 × 10−11 mbar, increasing to approximately 1 × 10−9 mbar during the measurement, caused
by the He leakage from the differentially pumped VUV lamp.

The spectrometer allows us to measure an angular range of ±7◦ simultaneously, equivalent
to a �̄-centred cut through the surface Brillouin zone (SBZ) within k‖ = ±0.26 Å−1 at
He Iα radiation. This range is large enough to map the whole occupied surface state band
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Figure 1. Upper panel, section of the SBZ of the unreconstructed Au(111) surface. The �̄K̄ distance
is π

√
32/3a = 1.45 Å−1. Lower panel, schematic view of the split surface state dispersion in a

cut through �̄.

of the systems investigated here. The energy resolution in this angular resolved mode was
	E = 3.5 meV, the angular resolution 	θ � ±0.15◦. Typical accumulation times for one
complete data set, as for example given in figure 2, are 8 min or less. To map the complete
two-dimensional Fermi surface it is necessary to use the rotational degree of freedom of the
manipulator. The rotation axis lies in the surface plane, parallel to the entrance slit of the
analyser.

The surfaces of the polished single crystals have been prepared by the standard in situ
sputtering/annealing cycles as described in the literature [36]. The last preparational step is an
annealing to temperatures close to 700 ◦C for a few minutes. Since time dependent changes
of the PE spectra indicate a fast surface deterioration caused by adsorption processes—at
T = 30 K on the timescale of only half an hour [37]—both an efficient data acquisition and
a fast start of the measurement are essential. The cooling of the sample from the annealing
temperature down to T = 30 K takes typically 5 min, including the transfer from the preparation
chamber to the measurement position on the pre-cooled manipulator.

3. Results on clean surfaces

3.1. Dispersion and Fermi surface of the Shockley state on Au(111)

A grey-scale plot of the photoemission intensity as a function of energy and angle displays
directly the dispersion and the splitting of the Au(111) surface state (see figure 2). The dark
area around the surface state marks the gap of the projected bulk states, which has its minimum
at approximately 1.1 eV, outside the displayed energy range. The occupied part of the two
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Figure 2. Photoemission intensity of the Shockley state on Au(111) as a function of energy and
momentum I (EB , k‖) (white means high intensity). The top panel shows a cut at constant energy
E = EF (MDC); the right-hand panel gives the energy distribution curves (EDCs) at k‖ = 0 and
k‖ = 0.1 Å−1.

bright surface state bands can be described nearly perfectly by a superposition of two identical
parabolas with a binding energy maximum of E0 = 487 meV, shifted in positive and negative
k-directions from �̄, respectively. This is equivalent to a linear increase of the energy splitting
with increasing k‖ (note that all energies are binding energies relative to the Fermi level, which
are positive by definition):

E± = − h̄2

2m∗

(
k‖ ± 	k

2

)2

+ E0. (6)

A least-squares fit of the dispersion gives an effective mass of m∗ = 0.25 1me and a splitting
of 	k = 0.023 Å−1 [23]. The absolute values of Fermi vectors are |k−

F | = 0.162 Å−1

and |k+
F | = 0.185 Å−1 for the inner and the outer branches, respectively. These values are

small compared to the extension of the SBZ, only approximately 15% of the �̄K̄ distance (cf
figure 1). Therefore, the Fermi vector length is—within the experimental errors—constant in
all in-plane directions and the Fermi surface of the Au(111) Shockley state consists of two
concentric cylinders with opposite spin orientations. Figure 3 shows a so-called Fermi surface
map (FSM), i.e. the photoemission intensity at EF as a function of k‖ = (kx, ky). This gives the
crossing points of the (surface state) bands with the Fermi level in k space. As predicted, one
observes two concentric rings, embedded in the dark circular area, representing the projected
‘neck’ of the bulk Fermi surface, which is characteristic of noble metals [38]. For copper
and silver only a single circular Fermi surface for the equivalent Shockley states has been
observed [23].
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Figure 3. Two-dimensional FSM on Au(111). The two concentric rings represent the spin–orbit
split Fermi surface of the Shockley-type surface state, embedded in the projected ’neck’ (L-gap)
of the bulk states. The deviations from a perfect circular shape are due to experimental effects.

3.2. Comparison with band-structure calculations

In principle, the band structure of a surface state can be calculated in the same way as for
the bulk states by numerical methods based on the density functional theory (DFT). Here,
the perfect three-dimensional solid is described by a infinite periodic repetition of the unit
cell. The lack of translational symmetry of a semi-infinite crystal can be recovered by the
construction of a super-cell which includes a slab of several atomic layers with the atomic
order of the crystal [39]. The surface of the crystal is represented by the two surfaces of the
slab. The definition of the super-cell includes a certain thickness of vacuum which separates
neighbouring slabs in the infinite periodic ‘super-crystal’.

An artifact of the slab-layer method is a splitting of the calculated surface states due
to a surface–surface interaction through the slab and—but less strong—through the vacuum
region. This splitting can be interpreted as the difference in energy between the bonding and
anti-bonding overlaps of the respective orbitals of the surface atoms. This artificial splitting
can be large compared to a possible spin–orbit splitting when the number of atomic layers
in the slab is small. For the investigation of the spin–orbit interaction, the influence of this
artefact must be controlled carefully by a variation of the slab distance and thickness.

Figure 4 shows the experimental data from figure 2 together with the results [34] from
calculations using the full-potential linearized-augmented-plane wave (LAPW) method in the
local density approximation (LDA), embodied in the WIEN97 code [40]. The surface was
modelled by a 23-layer slab and a vacuum thickness of 20 bohr (1 bohr = 0.5292 Å), resulting
in a spurious surface–surface splitting of about 1 meV which is negligible compared to the
spin–orbit splitting of the Shockley state on Au(111). These ab initio calculations contain no
external parameter to describe the spin–orbit interaction and yield quantitative results for the
spin–orbit splitting over the complete investigated k range.

The complete theoretical band structure in figure 4 (solid lines) was shifted by
approximately 110 meV to higher binding energies to match the experimental surface state band
minimum at k‖ = 0. Apart from this shift—in other words the position of the Fermi level—the
numerical results are in striking agreement with the experiment. Even quantitatively, the band
dispersion and the size of the surface state splitting 	k describes nearly perfectly the results
from the photoemission experiment. In addition, the position of the bulk band closest to the
surface state (dotted) matches nicely the boundary of the projected L-gap.
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Figure 4. Comparison of the theoretical results (lines) of a 23-layer slab calculation on Au(111)
with the experimental data from figure 2. The surface state bands are given as solid lines; the dotted
line indicates the dispersion of the bulk band closest to the L-gap (cf figure 7).
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Figure 5. Schematic view of the states involved in the formation of a standing wave at a step edge.
The dashed lines indicate lines of constant energy (cf the Fermi surface in figure 3).

It should be mentioned that in contrast to all other face-centred cubic metals the (111)
surface of Au is reconstructed. The surface atoms densify along one of the three 〈1̄10〉
directions, resulting in a (22 × √

3) surface unit cell. Due to elastic stress in the outermost
surface layer there is a regular alternation of domains of two orientations, forming the
characteristic herringbone pattern with a domain width of ≈150 Å [32]. This reconstruction
was not included in the calculations, since the super-cell size would have been too large
to be handled with a reasonable computing time. However, there is some influence of
the reconstruction on the electronic properties of the surface, as was observed in STM
investigations [41]. But also the photoemission data show indications of the electronic super-
lattice at the surface. One can observe the back-folded bands, their contribution to the FSMs
and the reduced density of states at the crossing points [42]. The spectral intensity of these
back-scattered states is less than 1% of the original surface state and therefore cannot be
resolved in figures 2 and 3.

3.3. Experimental information from STM experiments

Scattering of the surface state electrons at defects and step edges leads to the formation of
standing wave patterns, which can be observed in STM images at low bias voltages [25, 43].
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Figure 6. Photoemission results of the equivalent surface state on Ag(111). Top panel, FSM;
middle panel, intensity at EF versus kx (MDC); lower panel, grey scale plot of the surface state
dispersion, including the theoretical results (solid line) from figure 7.

The wavelength of these oscillations is dependent on the bias voltage and can be used to
reconstruct the dispersion E(k) of the surface state bands [19, 25, 26]. However, the spin–
orbit splitting on Au(111) has never been observed in STM experiments.

An explanation, based on a simple scattering approach, was given by Petersen and
Hedegård previously [33]. Simplistically, one can consider the one-dimensional case with
an electron of e.g. the right-hand outer branch (labelled with k+

‖ ,↑ in figure 5) travelling
perpendicularly towards a step edge. If we assume that this electron has the wavenumber k+

‖ ,
then the reflected electron has the wavenumber −k+

‖ but—since no spin-flip can occur—still
the same spin direction. Therefore, the two states are orthogonal and cannot interfere to a
standing wave pattern. But the spin direction of the reflected electron is identical with the spin
direction of the states of the inner left branch with −k−

‖ . The interference of these to waves
leads to a standing wave with q = k+

‖ + k−
‖ . The same is valid for the other spin direction.

Thus, there is only one standing wave type and the information about the k-splitting is lost.

3.4. Other noble metal surfaces

In principle, the equivalent Shockley states on other noble metal surfaces should also show a
spin–orbit splitting, but this has never been observed experimentally until now. To get a first
estimate about the size of the spin–orbit splitting it is straightforward to compare the p3/2–p1/2
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Figure 7. Results of the band-structure calculation along the �̄M̄ direction for a 23-layer slab.
Upper panel, the calculated k-splitting for Au(111) amounts to 	k = 0.028 Å−1. The shaded area
represents the projected bulk states. Lower panel, the calculated splitting of the Shockley state is
only 	k = 0.0013 Å−1 in momentum, equivalent to an angular splitting of 	θ = 0.035◦ at He I.

splittings of the considered p states of a free atom [44], which amount to 470, 110 and 31 meV
for Au 6p, Ag 5p and Cu 3p, respectively. In the case of Cu the atomic value is a factor
of 15 smaller than for Au, and thus the splitting is beyond the experimental resolution. But
in principle, a splitting which is only a factor of four smaller than for Au should leave its
mark in the high-resolution photoemission data. However, the experimental data on Ag(111)
do not show a split surface state (see figure 6). This discrepancy again can be examined
by the comparison of the experiment with band-structure calculations. Figure 7 shows the
numerical results of a 23-layer slab calculation for Ag(111) and Au(111). Obviously, the
k-splitting for Ag is much smaller than the estimate from the atomic parameters: 	k is only
0.0013 Å−1 at the Fermi level, equivalent to an angular splitting of 0.035◦ at the used photon
energy, one order of magnitude below the angular resolution 	θ ≈ 0.3◦ of the experimental
setup.
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Figure 8. Dispersion of the Shockley state on Au(111) covered with one monolayer of xenon (after
an exposure of 4.7 L, T = 65 K, see [37]). The surface state is shifted towards the Fermi level and
reveals an increased spin–orbit splitting of 	k = 0.031 Å−1. The horizontal dashed lines indicate
the binding energy of the band minimum E0 of the clean and the covered surface.

There are mainly two factors that determine the size of the splitting of the surface state:

(1) the gradient of the crystal potential V (r) perpendicular to the surface, and
(2) the amount of p character in the sp surface state.

A detailed understanding of these factors requires extended DFT calculations and a closer look
at the resulting wavefunctions.

3.5. Adsorbate covered surfaces

An interesting modification of the surface state on Au(111) can be observed when the surface
is covered by a closed monolayer of a rare gas. As displayed in figure 8 for Xe on Au(111),
the most obvious effect is a shift of the surface state bands towards the Fermi level, which can
be explained by a Pauli repulsion between the closed-shell electrons from the adsorbate and
the wavefunction of the surface state [45]. The size of the shift depends on the ‘nobleness’
of the rare gas and thus increases with the periodic number [46, 47]. In addition, there is an
increase of the spin–orbit splitting 	k by about 30%, which possibly can be explained by the
Pauli repulsion as well. The Pauli repulsion experienced by the surface state electrons can
be described as an additional repulsive potential close to the surface, that also increases the
steepness—i.e. the gradient—of the net potential V (r) perpendicular to the surface. According
to equation (5) the spin–orbit interaction increases and leads to a larger splitting of the surface
state bands.

4. Conclusions

This paper presents a summary of recent high-resolution photoemission investigations on the
Shockley-type surface state on the (111)-face of gold. To date this surface is the only noble
metal surface that shows a considerable splitting of the surface state, which unambiguously can
be explained by spin–orbit interaction in the sp states as first suggested by LaShell, McDougall
and Jensen. The characteristic herringbone reconstruction on Au(111) has only a comparatively
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small influence on the photoemission data and is negligible in the discussion of the spin–orbit
splitting. Fully relativistic band-structure calculation show an excellent agreement with the
experimental results and can quantitatively describe the splitting, which for other noble metal
surfaces is too small to be experimentally observed. A more extended numerical analysis will
include calculations on adsorbate covered surfaces, which might give interesting information
about the electronic interface properties of the system.
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