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Abstract

The spin—orbit-split L-gap surface states on Au(l11) are investigated by
means of spin- and angle-resolved photoelectron spectroscopy and relativistic
first-principles calculations, the latter including both electronic structure and
photoemission. The dispersion, momentum distribution and spin polarization
of the surface states are consistent with those of a two-dimensional electron
gas with Rashba—Bychkov spin—orbit coupling (SOC). The surface symmetry
manifests itself in the spin-integrated photoemission intensities, thereby
providing details of the orbital composition of the surface states. For the spin
polarization, modulations which show up in theory are below the experimental
detection limit of 5%. The dependence of both dispersion and spin polarization
on the SOC strength are addressed theoretically. The combination of experiment
and theory establishes a consistent picture of the L-gap surface states.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Spin—orbit-split electronic states are commonly realized by a two-dimensional electron gas
(2DEG) in a semiconductor heterojunction. The structural asymmetry at the interface between
the two semiconductors gives rise to the Rashba—Bychkov interaction [1, 2] which leads to both
splitting and spin polarization of these free-electron-like states. Detailed investigations of the
electronic structure were performed mainly by means of de Haas—van Alphen oscillations
and by optical methods which are—compared to spin- and angle-resolved photoelectron
spectroscopy—rather indirect spectroscopies.
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Recently, it turned out that the Shockley surface states on the (111) surfaces of noble
metals are paradigmatic realizations of spin—orbit-split electronic states, too [3, 4]. Located
at a metal surface, these can be easily accessed by angle-resolved photoelectron spectroscopy,
providing information on the dispersion and on the strength of the spin—orbit interaction [5, 6].
In particular for Au(111), spin—orbit coupling is strong enough for detecting the splitting even
in spin-integrated photoelectron spectroscopy. The spin polarization of the L-gap surface
states was first predicted by theory [6, 7] and later investigated experimentally [8, 9]. These
studies focused mainly on the basic properties, such as the experimental demonstration of spin-
polarized emission and the observation of the spin structure in reciprocal space. The purpose of
the present paper is to explore details of the surface states by means of a joint experimental and
theoretical investigation. We combine spin- and angle-resolved photoemission experiments,
relativistic first-principles calculations and—based on the latter—photoemission calculations
that form a direct link between the experimental spectra and the ab initio results.

The L-gap surface states can be simply described as free electrons, providing a connection
to a two-dimensional electron gas. Looking more closely, however, deviations from the
behaviour of an isotropic 2DEG show up [10], which are related to the symmetry of the Au(111)
surface. The threefold rotational symmetry manifests itself in an azimuthal modulation of the
spin polarization and of the photoemission intensity. A second effect is brought about by the
corrugation of the surface potential which results in a small but non-zero spin-polarization
component normal to the surface. The question arises of whether these effects which showed
up in recent theoretical calculations [11] appear also in the present experiment, in particular
in spin-resolved Fermi surface mapping [12].

Spin-integrated photoemission spectra in off-normal emission show a distinct intensity
relation upon reversal of the detection azimuth. This ‘linear dichroism’ can be explained
analytically on the basis of the orbital composition of the surface states which results from the
surface symmetry and from spin—orbit coupling, supported by first-principles calculations.

To reach a conclusion from the experimental spin polarization of the photoelectron on
that of the L-gap surface states could—in principle—be difficult because the photoemission
process itself produces spin-polarized electrons even from non-spin-polarized initial states,
an effect of the spin—orbit interaction [13]. Therefore, one needs to link the photoemission
experiments (i.e., the excited states) with ab initio calculations for the initial states. This
connection is provided by photoemission calculations within the relativistic one-step model.
The theoretical spectra depend sensitively on some of the free parameters which could be fixed
by comparison of a few theoretical spectra with their experimental counterparts. The overall
agreement of experimental and theoretical spectra establishes thus a consistent picture of the
anatomy of the L-gap surface states.

The paper is organized as follows. Spin—orbit coupling at a metal surface is sketched
in section 2, with mathematical details being provided in the appendix. Experimental and
theoretical aspects are discussed in sections 3 and 4. Section 5 comprises the discussion
of selected results. First, it focuses on spin-integrated data, namely on the dispersion and
momentum distribution (section 5.1) and on ‘linear dichroism’ (section 5.2). The spin
polarization is addressed for normal emission (section 5.3) and for angular scans in constant-
initial-energy mode (section 5.4). Finally, the effect of spin—orbit coupling on the surface
states is discussed theoretically (section 5.5).

2. Spin-orbit coupling at a metal surface

Spin—orbit coupling (SOC) at a metal surface with free-electron-like surface states shows a
close analogy to that in a two-dimensional electron gas, as was established recently for the
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(111) surfaces of noble metals [7, 14]. The main ideas and results will be briefly repeated in
the following.

Spin—orbit coupling is strong where the crystal potential changes rapidly. This is in
particular the case for heavy atoms—such as Au—close to the atomic nucleus. A second
contribution is attributed to the presence of the surface. The latter breaks the symmetry of
the bulk system, for example the inversion symmetry or the mirror symmetry with respect to
the surface-parallel layers. Hence, the surface potential barrier can be regarded as a structural
asymmetry which results in additional SOC, in analogy to the Rashba-Bychkov effect in
2DEGs [2] and the Dresselhaus effect in bulk systems without inversion symmetry [15]. To
be more specific: a 2DEG is confined to the interface between two different semiconductors
(say, GaAs and GaAlAs). A free-electron-like surface state at the (111) surface of a noble
metal is asymmetrically confined to the surface region: towards the interior of the solid by the
bulk band gap, towards the vacuum by the surface barrier. The strength of the ‘atomic’ SOC
exceeds that of the surface contribution, as was argued by Mugarza et al [16].

The free-electron nature of the surface states lends support to a description in terms of plane
waves (see the appendix), with the advantage that the atomic contribution to the SOC need
not be considered explicitly. In a 2DEG with Rashba—Bychkov SOC, Kramers’ degeneracy is
lifted and the eigenstates are split in energy,

Es(k)) = 3kj + vk, €5)

with kj = (ky, k,). The momentum distribution consists of two concentric circles separated
by ~2y. The quantity y reflects the strength of the structural asymmetry which for Au(111)
is 3-5 times larger than in typical semiconductor 2DEGs [14]. Its sign determines which state
is the ‘inner’ one (‘+’ for y > 0, ‘=’ for y < 0) and which is the ‘outer’ one (‘—’ for y > 0,
‘+’ for y < 0).

Associated with the above splitting is a complete spin polarization Py of the electronic
states which is within the xy-plane and perpendicular to the in-plane wavevector k; =
|k |(cos @e, sin @),

P:i(k:”) = 0+ Sil’l De, Pi(k”) = —04 COS @e, Pi(k”) = 0, (2)

with o = F1 (compare (A.7)). For the discussion, it is advantageous to decompose Py into
radial and tangential components,

P = Pfcos g, + P sin g, P = P{ sin g, — P cos .. (3)

The spin polarization of the + (—) surface state rotates anticlockwise (clockwise) about the
z-axis, that is, P! = 0 and P = 1. By measuring P for the two surface states, the
inner surface state can be associated either with the + or with the — state and analogously for
the outer surface state. By this means, one can reach a conclusion as regards the sign of y
which is a priori not known.

For Au(111), the x- and y-axes of the coordinate system were chosen along the
crystallographic [110] and [112] directions, respectively, with the z-axis pointing along the
surface normal (towards the vacuum). Hence, the yz-plane is a mirror plane of the crystal
(figure 1). Inreciprocal space, the k,-axis is along the K-'—K direction of the two-dimensional
Brillouin zone (2BZ), whereas the k,-axis is along M-T-M.

The Au(111) surface shows a threefold rotational symmetry which allows in principle for
a non-zero P; as well as for a deviation from the circular momentum distribution. It turned
out that the latter is negligible, suggesting expanding Py in terms of ¢.. The leading terms of
Py and P} remain as in (2), but P turns into

Pi (k) = B+ cos3ge. “)
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Figure 1. The atomic arrangement of the Au(111) surface, represented by the three outermost
layers (large dots: first layer; medium-sized: second layer; small: third layer). The basis vectors

a; and ay span the hexagonal layer lattice. The [121] (T-M in reciprocal space) and [110] (T-K)
crystallographic directions are indicated.

The presence of a non-zero P requires non-vanishing in-plane components of the potential
gradient (compare (A.1)). Thus, P is brought about by the surface corrugation, i.e., the in-
plane asymmetry of the surface potential and, hence, is expected to be small (|| < 1). A
non-zero P is accompanied by a non-complete in-plane spin polarization (Jax| < 1).

The mirror yz-plane of the system forces the spin polarization Py of the L-gap surface
states along x for g, = 90° ((2) and (4)). Note that the system remains non-magnetic since
time-reversal symmetry dictates Py (k) = —P+(—k)).

3. Experimental aspects

Spin-integrated and spin-resolved photoelectron spectroscopy measurements were performed
using the photoemission instrument COPHEE [12] at the surface and interface spectroscopy
beamline (SIS) at the Swiss synchrotron light source. COPHEE, the COmplete PHotoEmission
Experiment is equipped with a three-dimensional polarimeter. The sample is mounted on a
two-axis goniometer, in order to allow performance of angle-scanned experiments. For all
results presented in this paper, the light source was set to a photon energy of hv = 21.1 eV
with linear p polarization. The angle between the photon incidence and the emission directions
was kept fixed at o« = 45° (figure 2).

The sample was cleaned by many repeated cycles of Ar-ion bombardment and annealing.
During the experiments it was cooled to approximately 150 K. The sample quality remained
unchanged over at least half a day, as judged from the photoemission linewidth of the surface
states at normal emission. An account of the experimental spectra is given in [8] and the
measured spin structure is discussed in [9].

To be more specific, the schematic set-up of the experiment is shown in figure 2. The
sample can be rotated about the polar rotation axis in the surface plane and the azimuthal axis
normal to the surface. Two Mott detectors (MDs) are mounted in such a way that both of them
can measure the longitudinal polarization component Py, along the photoemission direction.
The other sensitive axes Py, and Py, of each MD are inclined at £45° with respect to the
polar rotation axis. To measure the surface-state electrons, the sample was rotated by small
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Figure 2. The set-up of the photoemission experiment. The sample (grey) can be rotated about
two axes. The surface normal n lies within the scattering plane, the latter spanned by the light
incidence direction and the detection direction (indicated in addition by k). The local coordinate
system of the Mott detector (MD (red)) comprises the z-axis along the detection direction and the
x- and y-axes which are at 45° with respect to the polar rotation axis.

polar angles of up to 6 = 7° and, thus, Py;, corresponds well to the out-of-plane polarization
component (along the surface normal), while P and P™¢ are measured as 45° projections
onto the Pyp- and Pyyp-axes. All spin-resolved data were acquired using just one of the Mott
detectors and the direction of the spin-polarization vector was cross-checked for a sufficiently
large number of scans with the other detector. The 45° projection was taken into account for
the analysis of the in-plane polarization component (P = /2 Pip)-

Conventional spin-integrated photoemission spectra and Fermi surface maps were taken
using the channeltron detector mounted in a standard geometry in the hemispherical electron
analyser. The resolution of the spectrometer was better than 20 meV in energy and 0.5° FWHM
in angle for these data sets. Spin-resolved data were acquired both as energy distribution and
as angular distribution scans, the latter translating into curves for kj momentum distribution.
In both cases, the energy and angular resolutions of the spectrometer were relaxed to 120 meV
and 1.8° FWHM, respectively.

The measurement of spin-resolved spectra from a non-magnetic sample imposes two
specific requirements on the data analysis.

(i) Thelack of amacroscopically defined magnetization direction—as is present in a magnetic
sample—implies that a natural and unique spin-quantization axis for all measurement
geometries is missing. Instead, the spin-quantization axis depends on the azimuth of
electron motion, as given by k| (section 2). In the rotating-sample geometry of the COPHEE
experiment, the tangential (P*") and the normal (P?) spin-polarization components are
naturally projected onto the sensitive axes of the MDs.

(i) In a conventional experiment on a magnetic sample, a systematic offset of the spin-
resolved intensities—due to the residual intrinsic detection asymmetry of the MDs—can be
cancelled out by reversing the magnetization direction. This procedure, however, cannot
be carried out in the case of a non-magnetic sample because there is no net magnetization to
reverse. It is thus necessary to deduce the instrumental detection asymmetry from the data
themselves, relying on very fundamental assumptions (e.g., time-reversal symmetry). For
Au(111), an angular scan across the normal-emission direction which covers both positive
and negative polar angles ¥, is equivalent to reversing the spin of the initial states (if the
theoretical model in section 2 is correct). To get rid of the asymmetry, the sensitivity of
one of the detector channels in each detector pair in the polarimeter is adjusted until a
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well-balanced result was obtained for a complete data set, including angular scans across
the surface normal [8]. This procedure is a posteriori corroborated by comparison with
the theoretical photoemission intensities.

The error margin of the spin-polarization measurements is dominated by the statistical error
of counting the electrons in the detectors. An additional systematic uncertainty is imposed
by the procedure for removing the instrumental detector asymmetry. The total detection
limit for the spin polarization at intensity maxima is approximately AP = £5% (degree of
polarization).

The in-plane wavevector k| is determined by the kinetic energy E\i, of the photoelectrons
and the detection angles 9. and ¢., the latter taken with respect to the z-axis (surface normal)
and the x-axis (figure 1),

Ky = v/2En <°°S wﬁ) sin . (5)

Sin Qe

4. Theoretical aspects

4.1. Ab initio calculations

The electronic structure of Au(111) was computed within the local spin-density approximation
(LSDA) to density-functional theory (DFT), using the Perdew—Wang exchange—correlation
potential [17]. The electronic structure of the 1 x 1 surface was calculated self-consistently
by the Korringa—Kohn—Rostoker (KKR) method, with the muffin-tin potentials of the six
outermost surface layers and of the three adjacent vacuum layers (with so-called empty muffin-
tin spheres) allowed to differ from the bulk potential. A comparison of the potential of the
sixth surface layer with that of the bulk showed no significant difference, implying that the
surface region is sufficiently large for a correct description of the surface states.

The potential in the vacuum region required particular attention. Using the fcc parent
lattice of the bulk also in the vacuum layers resulted in too low a binding energy of the L-gap
surface states, indicating too steep a surface barrier. While there is no reason which forces one
to use the parent lattice in vacuum (because of the missing ionic core potentials), the interlayer
distance for the vacuum layers in the self-consistent calculations was deliberately increased.
An increase by 4% with respect to the bulk interlayer distance resulted in good agreement with
the experimentally obtained surface-state binding energies (0.51 eV compared to 0.49 eV [6]
at T). This relaxation is further corroborated by the work function, which is too high for the
fcc case (5.97 eV) but agrees nicely for the relaxed case (5.23 eV) with experimental data
(5.31eV [18]).

The Au(l111) surface shows a 22 x /3 reconstruction (the so-called herringbone
reconstruction [19, 20]), which mainly leads to surface umklapp processes and, hence, affects
slightly the photoemission intensities [21]. Since Fourier transform scanning tunnelling
spectroscopy showed no effect of the reconstruction and reveals the L-gap surface states of the
1 x 1 unit cell, the latter was exclusively considered in theory.

The effect of SOC on the electronic structure was addressed by interpolating between
the relativistic (Dirac equation) and the scalar-relativistic case [22, 23]. This allowed us to
manipulate SOC while keeping the other relativistic effects, a method which is superior to the
usual scaling of the speed of light c. Even a ‘super-relativistic’ case could be investigated, by
artificially enhancing the SOC (section 5.5).

The electron density at the surface is significantly changed with respect to that in the bulk.
In particular, its gradient can be become considerable. Therefore, the LSDA might be not
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sufficient and gradient corrections—such as the generalized gradient approximation (GGA)—
might be in order. However, it turned out that the GGA is not without problems [24]. Although
the GGA gives in general good total energies, it leads to an unphysical charge accumulation
close to a classical turning point of the potential. The surface barrier imposes such a classical
turning point and, thus, a LSDA exchange—correlation potential [17] was used in the present
investigation.

4.2. Photoemission calculations

Besides the electronic structure, spin- and angle-resolved photoemission intensities were
calculated within the relativistic one-step model, formulated in a layer KKR manner [25, 26].
The possibility of directly comparing experimental and theoretical results is of particular
importance for systems with strong SOC. Since SOC can lead to spin-polarized photocurrents
even from non-spin-polarized initial states [13], one should be aware that the spin polarization
of photoelectrons excited from a spin-polarized L-gap surface state could differ from that of
the respective initial state. In this context, it appears worth noting that the photoemission
calculations rely on the same ab initio potentials as the electronic structure calculations for the
ground-state properties (section 4.1) and take into account SOC via the Dirac equation.

The ab initio calculations provide the ground-state properties of the system, whereas
photoemission deals with an excited system. The associated many-body effects could be
accounted for by the self-energy . The latter can in principle be obtained from first principles,
e.g., within the GW approximation [27], but these computations are very demanding—
especially for surfaces—and are beyond the scope of the present paper. Instead, one typically
approximates X by an energy-dependent but homogeneous optical potential Vi, (E) which
is added to the energy E. The real part of Vi shifts the energies of the electronic states;
its imaginary part accounts for the finite lifetimes of the quasi-particles, i.e., for both the
photohole (E < Ef) and the photoelectron (E > Ep). In contrast to the case in a previous
publication [14], the actual values of V, could now be determined by comparing theoretical
with experimental spectra. Here, the focus lay in particular on the intensity relations of the
‘inner’ and the ‘outer’ surface state for opposite detection azimuths ¢.. This allowed a unique
determination of V for the photoelectrons. It turned out that just in the experimental kinetic
energy range (around 16 eV for 21.1 eV photon energy), several comparably flat bands exist
in the unoccupied band structure, beside a free-electron-like band. These are shifted in energy
by Re(Vop) and affect the final state of photoemission (i.e., the time-reversed LEED state),
therefore explaining the strong dependence of the theoretical intensities on the optical potential.
For 21.1 eV photon energy, Vope = (0 — 0.061) eV and Vo = (—1.5 — 2.41) eV were taken
for the initial states (photoholes) and for the final states (photoelectrons), respectively.

Other free parameters in the photoemission calculations were fixed by convergence tests
(see [26] for details on layer KKR and photoemission approaches). For example, 30 atomic
layers contributed to the photocurrent, the maximum angular momentum in the expansion of
the scattering solutions was /;,,x = 4 and the number of plane waves in the interlayer scattering
was about 60.

The electric field A of the incident light was treated within the framework of Fresnel’s
theory. Thus, taking A constantinside the solid, in particular at the surface, gradient corrections
to the photoemission matrix elements are neglected [25]. To support this procedure we note
that Fresnel’s theory proved to be successful in describing experimental photoemission from
Fe(110) [28]. Second, going beyond Fresnel’s theory did not significantly improve theoretical
spectra for metal surfaces [29].
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4.3. Definitions of spin polarization

In the discussion of various aspects of spin polarization, attention has to be directed briefly to
its definition [30, 31]. The spin polarization Py of the initial states is defined in terms of the
spin-resolved spectral density N(E, k), namely

Ny (E, k) — Ny (E, Ky)
NT(E, k”) + Ni(E, k”) ’

Py(E, k) = (6)
where the spin orientations 1 and |, refer to a chosen spin-quantization axis (compare section 2).
This is an intrinsic spin polarization which is independent of any measurement and can be
calculated from first principles. The spin polarization P; of the photoelectrons, however, relies
on the particular set-up which is used in the experiment (e.g., detection direction, light incidence
direction and polarization, photon energy). It is defined by the spin-resolved photocurrent
I (Exin, k) obtained for this specific set-up,

Iy (Exin, k) — 1), (Exin, k)
I+ (Exin, k) + I, (Exin, k)

Pr(Exin, k) = (7
It is prima vista not obvious how closely Py and P; are connected. Their relation is provided
by photoemission theory, in particular by numerical photoemission calculations. Sometimes
we do not explicitly distinguish between Py and P; because it should be clear from the context
what definition is meant.

5. Discussion and results

In the following, our experimental and theoretical results are presented. After the discussion of
the dispersion of the L-gap surface states (section 5.1), their intensity variation with polar angle
of detection is addressed (section 5.2). Subsequently, the focus lies on the spin polarization,
in particular for normal emission (section 5.3) and for off-normal emission (section 5.4). The
effects of SOC strength and of the surface potential corrugation are addressed theoretically in
section 5.5.

5.1. Dispersion and momentum distribution

A first check of whether the free-electron model and the first-principles calculations describe
the experiment appropriately is provided by the comparison of the dispersion relations E (k)
and of the momentum distributions. Inspection of figure 3 shows that the L-gap surface states
do indeed behave almost like free electrons with Rashba—Bychkov spin—orbit interaction. In
both the experimental dispersion and the momentum distribution (figures 3(c) and (d)) obtained
from the spin-integrated measurements, the splitting in energy and in kj is clearly seen.

Parabolic fits to the peak positions in the experimental energy distribution curves and in
the theoretical spectral densities gave binding energies of 0.47 eV (experiment) and 0.51 eV
(theory) at ky = 0. An effective mass of m* = 0.25 m, in experiment indicates that the
dispersion is too strong in theory, the latter showing m* = 0.20 m.. This is also evident from
the Fermi wavenumbers kr which read 0.160 and 0.186 A~! in experiment (figures 3(c) and
(d)) and 0.149 and 0.172 A-lin theory (figures 3(a) and (b)).

The SOC strength y shows up as a splitting Ak (compare (1)). The experimental
Ak of 0.026 A~ agrees well with 0.023 A~! from theory. The former corresponds to
y = 396 meV A, which is about 3-5 times larger than for 2DEGs in semiconductor
heterojunctions [14].
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Figure 3. Spin—orbit splitting of the L-gap surfaces states on Au(111). (a) The dispersion along k,
of the inner (black (blue) circles) and the outer (grey (red) circles) surface state, as obtained from the
first-principles calculations. The region of bulk bands is shaded in grey (green). (b) The theoretical
momentum distribution of the surface states at the Fermi energy Eg. (c) The experimental Fermi
surface map, as obtained from the spin-integrated photoemission intensities. (d) The experimental
dispersion map in an arbitrary azimuth. The peak positions as determined from peak fitting to the
energy distribution curves are indicated by circles (red and blue) and parabolic fits to these positions
are shown by solid lines (green). In both experimental panels, the measured intensity is shown on
a linear scale, with black corresponding to the largest intensity.

5.2. Variation of the photoemission intensity with the polar angle of emission

Considering solely the dispersion does not provide detailed information on the surface-
state wavefunctions. The latter can be probed by analysing the angular dependence of the
photoemission intensities, an approach which already proved to be successful in determining
the orbital composition of the dangling-bond surface state on GaAs(110) [32].

The angular dependence of the spin-integrated intensities is exemplified for three polar
angles of emission: ¢ = 0° (normal emission, k; = 0) and +3.6° (off-normal emission at
|ky| = £0.135 10\’1). For ¥ = 0°, the measured surface states are degenerate (Eqyer(0) =
Einner (0)) and produce the sharp maximum at 0.47 eV binding energy (solid in figure 4(b)).
For off-normal emission, this peak is split into two maxima with significantly less intensity:
the outer surface state shows a binding energy of about 0.22 eV, the inner, one of about
0.12 eV (Eouer (k) < Einner(ky)). The most striking fact, however, is the intensity variation
at the peak positions upon reversal of ©#. The intensity I,y of the outer surface state
increases when turning ¥ = —3.6° (dashed (purple) in figure 4(b)) to +3.6° (solid (green)),
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intensity (arb. units)
intensity (arb. units)
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Figure 4. Spin-integrated intensities for different polar angles of detection (as indicated) in the
¢ = 75° azimuth (compare figure 1). (a) Theoretical energy distribution curves. (b) Measured
spectra from the data set shown in figure 3.

whereas the intensity iy, Of the inner one shows the opposite behaviour. Note further
that the intensity differences are of about the same amount, A/. With the definitions
k = (+kj, k1) and k= (—ky, k1), the experimental intensity relations can be simply cast as
Louier (k) = mner(’;i) =1+ Al and Iouter(lzz) = Limer (k) = T — AT (we note in passing that
these relations hold also for other k). The theoretical photoemission intensities (figure 4(a))
agree reasonably well with the experimental ones, with differences being attributed to the
surface-state dispersion and the SOC strength y. The question arises of how these similarities
and differences in behaviour can be explained.

At kj = 0, the surface states belong to the Ag representation of the double group Cs,
(in Schoenflies notation [33]), with the spatial part of the wavefunction belonging to the A'
single-group representation. Thus, the surface states consist mainly of s, p, and d,> orbitals,
with relative spectral weights of 8.2%, 76.0% and 8.9%, respectively (as obtained from the
first-principles calculations). Note that these orbitals are even under mirror operations of
the surface. At kj # 0 in an azimuth which lies not within a mirror plane of the surface
(here: ¢, = 75°; compare figure 1), the wavefunctions achieve additional contributions from
p orbitals oriented within the surface plane. For the polar angles in figure 4 these have relative
spectral weights of up to about 23%.

Expressing the surface-state wavefunctions as |e) £ |o) (with energy Ej) and taking a
single plane wave |k) (with energy Ey) as the final state, the photoemission intensity [ (k) is
given by Fermi’s golden rule,

Li(k) o |(k|A - Ve)  (k|A - V|0)|> 8(hv — Er — Ej). @)

Here, A is the electric field vector of the incident light. Simple manipulation yields
I (k) = I(k) £ Al(k), with

I(k) o< |A - KJ* (|(kle)|” + |(k|o)[?) 8(hv — E — Ey), (9a)
Al (k) 2| A - k> Re((k|e)(o|k))8(hv — Ef — Ej). (9b)

The even part |e) of the surface-state wavefunction comprises mainly s and p, orbitals and,
hence, obeys (kle) = (I;:|e). The odd part |o), however, contains mainly p orbitals oriented
along k; and shows (k|o) = —(k|o). This establishes I (k) = I (k) and Al (k) = —AI(k),
which yield immediately 71 (E) = I+ (k) (note that A - k is constant in the present experimental
set-up (figure 2)).

Associating the inner and the outer surface-state wavefunctions with |e) £ |o), respectively,
the intensity variation observed in figure 4 can be related to the interference term Al (k).
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Figure 5. Spin-resolved normal photoemission from the L-gap surface states. (a) Theoretical
intensities are obtained for p-polarized light incident within the yz-plane (T-M azimuth) and
21.1 eV photon energy. The total intensity (solid, black) is decomposed into spin up (dashed, blue)
and spin down (dashed-dotted, red), with the spin-quantization axis along x. (b) The experimental
spectrum at normal emission. The spin polarization is calculated from the P™¢ component of the
Mott detector.

Without this term, the two surface states would have the same intensity T(k) at a given kj, as
is the case to a good approximation (figure 4).

Summarizing, a comparison of the intensities of the inner and the outer surface state for
k; and —k; mainly provides information on the orbital composition of their wavefunctions.
The structure of the intensity, / = T + A, is similar to those used to describe magnetic
linear dichroism [34]. Therefore, one could term the above effect ‘linear dichroism in angular
distribution’. We note in passing that this dichroism cannot be explained within the free-
electron model (see the appendix) and, therefore, can be attributed to the surface symmetry.

5.3. Spin-resolved normal photoemission

As stated in section 4.3, the spin polarization of an initial state and of the related photoelectron
may differ, depending on the chosen set-up (i.e., in-plane wavevector k| and energy E). One
example where Py and P; deviate from each other is that of normal emission (k; = 0). Here,
the two surface states are degenerate (figure 3) and the net spin polarization Py vanishes. By
excitation with off-normally incident p-polarized light, the photoelectrons excited from the
surface states can, however, be spin polarized, with P; normal to the scattering plane (spanned
by the surface normal and the incidence direction of the light) [35, 36]. For light incident
within the mirror yz-plane, P; can be the only non-zero P; component, which in systems with
strong SOC can be as large as several tens per cent (e.g., for Pt). A considerable P} could
therefore be expected for the Au surface states as well.

It turned out, however, that in the present experiments P; was rather small, i.e., close
to the detection limit of about 5% (figure 5(b)). The photoemission calculations could only
reproduce these findings when taking into account the real part of the optical potential Vi
that was fixed by reproducing the experimental intensity relations (sections 4.2 and 5.2). The
theoretical normal-emission spectrum still shows a significant spin polarization (figure 5(a)),
but P} is as small as 4.5% (in absolute value) at the peak position. Thus, experiment and
theory are consistent with respect to both intensity and photoelectron spin polarization.
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Figure 6. The spin polarization of the photocurrent in the angular distribution at 0.17 eV binding
energy. Top row: the calculated polarization maps are decomposed into the tangential component
P (a), radial component P4 (b) and normal component P* (c). The peak positions of the inner
and outer surface states are indicated by black arcs in a part of the plots. Bottom row: the measured
maps for P as derived from Py, (d) and P (e) are shown for comparison. The prad map was
not measured. Note the different colour scales for the various data sets.

5.4. Spin-resolved off-normal photoemission

In order to investigate the spin polarization of the surface states, angle-scanned photoemission
calculations and experiments were performed at a fixed binding energy (0.17 eV). The angular
distributions of the three components Pf", Pj* and P} of the photoelectron spin polarization
Py are shown in figure 6.

The description of the L-gap surface states in terms of a 2DEG with Rashba—Bychkov SOC
suggests reaching a conclusion from the tangential spin polarization P;*"—measured for both
the inner and the outer surface state—as regards the sign of the SOC strength y (section 2). In
both experiment and theory, P}*" shows a circularly symmetric distribution, with the maximum
spin polarization (in absolute value) showing up at the positions of the surface states (indicated
by black arcs). Its central part is negative and its outer part is positive (colour coded as blue
and red in figures 6(a) and (d)), hence implying that y > 0. Since y is proportional to the z
derivative of the crystal potential (y & 9,V (z); see the appendix) and the maximum spectral
weight of the surface states is in the outermost Au layer, the spin—orbit-induced splitting can
be attributed to the surface barrier, the potential of which increases from the bulk towards the
vacuum.

As was discussed for normal emission (section 5.3), the effect of spin—orbit coupling in
the photoemission process itself is rather small in the chosen set-ups. Therefore, Py and P
did not differ significantly at k; = 0. For off-normal emission, the theoretical P;*" is about
+75% at the surface states, which compares rather well with P3" for the inner and the outer
surface state (—97% and 93% for «). This agreement shows up also in P?, for which the
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tiny P; is consistent with 8 values of 1.4% and —1.3% for the inner and the outer surface
state (compare (4)). The experimental counterparts for P*" and P* are shown in figures 6(d)
and (e). For the tangential component one finds a nice agreement with theory considering the
ring structure of the spin polarization. The maximum values of P*“" are about 2/3 of those in
theory due to the strong overlap of the peaks that appear broadened by the relaxed resolution
and due to the contribution of an unpolarized background in the spectra (these effects are not
included in the theoretical calculations). The observed degrees of polarization are consistent
with the instrumental resolution. Summarizing, for off-normal emission one can also reach a
conclusion—at least semi-quantitatively—from the spin polarization of the photoelectrons on
that of the surface states.

Both the analytical theory (section 2) and the first-principles calculations allow for a
modulation of the spin polarization Py with azimuth ¢. due to the threefold symmetry of
the Au(l11) surface, which should lead to a modulation in P;. Symmetry dictates that
for emission within a mirror plane of the surface the radial component P™¢ vanishes (only
P £ 0 is permitted). This is clearly visible in the I-K azimuth (k, = 0) and its two
equivalents, the latter being rotated about £60°. The mirror symmetry implies further that
P4(90° — @) = —P™4(90° + ¢,), which turns positive into negative polarization and vice
versa, under reflection at the k,-axis (centre of figure 6(b)). Note that the magnitude of
P becomes almost zero at the radii of the surface states, indicating a very small threefold
modulation with the azimuth (point group C3). For the normal component P; (figure 6(c))
the same symmetry considerations as for P™¢ hold. Compared to the P case, two rings of
almost zero spin polarization at the radii of the surface states can be clearly observed. There
is apparently no significant threefold modulation in P;* for both experiment and theory.

Former photoemission calculations showed a threefold modulation of the spin
polarization [14] which was considerably larger than that presented here. The improved
agreement between theory and experiment results from fine-tuning the free parameters in
photoemission theory, in particular the real part of the optical potential. The latter could be
calculated from first principles within the GW approximation [37]. Therefore, the Au(111)
surface lends support to so demanding an investigation.

Focusing on the experimental P* (figure 6(e)), one finds no significant structure in the
angular distribution within the noise. Taking into account the detection limit of about 5%,
this finding is consistent with the theoretical results (figure 6(c)) because in the latter the spin
polarization is less than this limit (in absolute value).

In summary, for the chosen set-up (p-polarized light with 21.1 eV photon energy)
the photoelectron spin polarization P; is tangentially aligned and no significant threefold
modulation shows up (within the detection limit). Hence, it is fully consistent with the
spin polarization Py of the initial surface states, except as regards its degree. The latter
is about £96%, as obtained from first-principles calculations, considerably larger than that in
the photoemission (about +45% in experiment and £75% in theory).

5.5. Effects of spin—orbit coupling and surface corrugation

The effect of spin—orbit coupling on the spin polarization of the surface states is addressed
theoretically. The different behaviours of inner and outer surface states can be elucidated by
scaling the SOC strength x in the Dirac Hamiltonian of the ab initio calculations (compare
section 4.1). In the scalar-relativistic case (x = 0 in figure 7(a)), the splitting of the L-gap
surface states vanishes, leading to Py" = 0 (figure 7(b)). The splitting increases with x,
leaving the position (along the k,-axis) of the inner state almost unaffected, while the outer
is shifted to larger k. For x = 0.5, both states almost maintain their pure spin up and spin
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Figure 7. The effect of spin—orbit coupling on the L-gap surface states. (a) Spin-resolved spectral
densities of the surface states (solid and dashed (blue and red)) at the outermost Au layer and of
a bulk layer (dotted (green)) for SOC scaled from x = 0 (scalar-relativistic) via x = 1 (fully
relativistic) to x = 2.0 (‘super-relativistic’), as indicated on the left. The wavevector is along T-M
(along the ky-axis); the energy is Ef. The offset between adjacent spectra is 200 states Hartree ™!
‘Surface up’ and ‘surface down’ refer to P > 0 and Py" < 0, respectively. (b) The tangential
spin polarization P of the L-gap surface states obtained from the data presented in (a).

down character, while for x = 1 (fully relativistic case) contributions to the spectral density of
the other spin orientation become mixed in. This is particularly evident for the outer surface
state where a significant spin down maximum (dashed (blue) in figure 7(a)) shows up. For
the inner surface state, the admixture is considerably less. In the ‘super-relativistic’ case
(x = 2.0) these opposite-spin contributions become even more pronounced, further reducing
the spin polarization (in absolute value) as compared to the case x = 1 (figure 7(b)).

A reason for this difference between the inner and the outer surface state can be seen in
spin-dependent scattering at bulk states (green in figure 7(a)). Because the outer surface state
is closer in reciprocal space to the bulk states than the inner one, it might be more affected
by spin—orbit-induced spin-flip scattering, as is corroborated from Py" (figure 7(b)). Note
in this context that the two surface states are not strongly localized at the surface but show
considerable spectral weight in the first ten surface layers [6, 14]. Further, the k, distance
between the outer surface state and the bulk states decreases with increasing x. Accompanied
with the reduction of the spin polarization of the outer surface state, compared to that of the
inner, is an increased modulation of P with ¢, as is evident from figures 6(a)—(c). This finding
is consistent with the smaller degree of modulation in the experimental momentum distribution:
the experimental k distance between the outer surface state and the bulk states of 0.044 A~!
(compare figure 2 in [6]) is larger than in theory (0.026 A~! for x = 1). To summarize, the
different locations of the surface states in reciprocal space manifest themselves in deviations
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from the 2DEG behaviour. The inner surface state behaves more like a free-electron state;
the outer is slightly more influenced by bulk states. In order to test the proposed explanation,
one could investigate the spin polarization of the surface states on different vicinal Au(111)
surfaces, thereby changing the k distance to the bulk states.

In order to test the effect of corrugation on the spin polarization of the L-gap surface states,
the surface barrier built with the muffin-tin potentials was replaced by a smooth uncorrugated
barrier shape [32]. The parameters of the latter were obtained by fitting the dispersions of
the L-gap surface states to those for the corrugated muffin-tin barrier. Since dispersions
and binding energies agreed very well for the two surface barriers, one could switch the
surface corrugation on and off without affecting relevant parts of the electronic structure. The
corrugation manifests itself particularly in a non-zero Py, (section 2). At the Fermi energy for
k; along T-K, one obtains from the spectral density for the corrugated surface +1.45% for
the inner and —1.32% for the outer surface state. For the uncorrugated surface, Py, is slightly
reduced (in absolute value) to +0.99% and —0.88%, respectively. This humble change in
Py, is explained by the considerable extension of the surface-state wavefunction within the
ten outermost surface layers. Hence, only a small part of it is affected by the surface barrier
potential, which, however, is sufficiently large to produce an observable spin—orbit splitting.

6. Concluding remarks

The present joint investigation on the L-gap surface states on Au(111) provides details of
their anatomy. The spin- and angle-resolved photoemission experiments agree qualitatively
and semi-quantitatively with first-principles calculations, being directly linked by numerical
photoemission calculations.

One could think of several extensions of the present work. First, one could deal with a
modification of the electronic structure at vicinal Au(111) surfaces. The surface states would
propagate freely along the terraces but could be confined to directions perpendicular to the
steps. Thus, the two-dimensional surface states become one-dimensional [38, 39]. The step-
induced umklapp processes would lower the binding energy and would also lead to smaller
lifetimes due to increased scattering at bulk states. As was evidenced in section 5.5, this could
have a pronounced effect on both degree and direction of the surface-state spin polarization.
Second, one could investigate the modification of the surface states upon adding magnetic
atoms onto Au(111). Here, the electronic structure of the 2DEG is subject to spin-dependent
scattering at the magnetic impurities. And lastly, one could compute the self-energy within
the GW approximation, in order to compare it with the optical potential deduced here from
the comparison of experimental with theoretical photoemission spectra (section 4.2).
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Appendix. Two-dimensional electron gas with Rashba-Bychkov spin—orbit interaction

The non-relativistic Hamilton operator for electrons with spin—orbit interaction is given
by [40, 41]

1 1
H = §p2+V(r)+ﬁa-[VV(r) x pl, (A.1)
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with o the vector of Pauli matrices and p = —iV the momentum operator (in Hartree atomic
units,e =m =h = 1, ¢ &~ 137). In order to form a two-dimensional electron gas (2DEG), the
potential V' has to confine the electrons to a plane (say z = 0) and allow for free motion within
that plane (i.e., V = V(z)). Assuming without loss of generality V (0) = 0, the Hamiltonian
for the 2DEG then reads

0:V(2)|:=0
a2 (0x9y — 0y0y). (A2)

1
2, a2
H = —E(ax +ay) +1
The ansatz vy, for the eigenfunctions consists of a plane-wave spinor,

V() = (uixt +vpx el G (A.3)
with k = (ky, ky) and » = (x, y). The Pauli spinors x* are quantized with respect to the
z-axis (o x* = £x*). With o,x* = xT and o,x* = +ix T, the Schrédinger equation
H v, = E(k)Yy, yields the condition

(ky +ik )i = (ky — ik us (A.4)

for the coefficients uy, and v,. Normalization of v, results in two sets of coefficients (indexed
by +),

Wt = %, Vit = :F% 2:7111];? for k # 0. (AS5)
The eigenvalues of ¥4 are given by

Ei(k) = 1k* £ ylkl, (A.6)
with y = 8,V (2)|.—0/(2c®). Hence, the strength of the spin—orbit-induced splitting,

E.(k) — E_(k) = 2y, is proportional to the structural asymmetry given by 9, V. The spin
polarization Py (k) = I//,I L oY+ is complete and perpendicular to k,

X _ ky y _ d
Py (k) Tl Py (k) i|k|’
Hence, P, (P-) rotates anticlockwise (clockwise) around the z-axis.

Note that the sign of  determines the order of the spin—orbit-split states in reciprocal space,
thatis, which one is the inner and which one is the outer in the momentum distribution. But since
it does not affect the spin polarization, the latter—for instance obtained from experiment—is
a measure for the sign of y.

Pi(k) = 0. (A7)
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