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The influence of structural defects, in the form of step lattices, on the spin polarization of the spin-orbit

split Shockley surface state of Au(111) has been investigated. Spin- and angle-resolved photoemission

data from three vicinal surfaces with different step densities are presented. The spin splitting is preserved

in all three cases, and there is no reduction of the spin polarization of individual subbands, including the

umklapp bands induced by the step lattice. On the sample with the highest step density studied, where the

wave functions are delocalized over several terraces, the spin splitting is enhanced substantially, likely as

an effect of the effective surface corrugation as on related surface alloys. The spin texture shows in all

cases spin polarization vectors tangential to the Fermi circles, with the same helicities as on Au(111).
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The Rashba effect is one of the cornerstones of spin-
tronics [1]. It applies to an electron gas confined to two
dimensions (2D) by an asymmetric potential and leads to a
momentum-dependent spin splitting of the electronic
states, induced by the spin-orbit interaction [2]. The split-
ting can be controlled by applying an electric field along
the confinement direction, thus providing effective control
of injected spin currents. Such systems have been realized
in semiconductor heterostructures [3], but they exist also
naturally on noble metal surfaces [4], as has been shown
directly by spin- and angle-resolved photoemission spec-
troscopy (SARPES) [5]. While these latter systems are
obviously less suitable for device applications, they offer
a convenient platform for fundamental studies of these
spin-split states.

In this Letter we address the influence of lateral con-
finement and presence of structural defects on the spin
polarization and on the spin splitting. Vicinal Au(111)
surfaces are used as model systems, because the
Shockley surface state on Au(111) shows the largest
spin-orbit splitting of the noble metal surfaces, with
100% spin polarized subbands. Such vicinals exhibit regu-
lar lattices of monoatomic steps, and flat terraces in be-
tween [6]. Linear steps represent one kind of structural
defects; they act as repulsive potential barriers for surface
state electrons that can lead to partial or even complete
lateral confinement of the surface state wave function,
depending on the terrace width [7]. According to
Bihlmayer et al., a large contribution to the spin splitting
on Au(111) originates from the topmost atomic layer [8],
and it should thus be susceptible to the presence of steps.

On the flat Au(111) surface, the parabolic subbands are

shifted in momentum by 0:026 �A�1 with respect to each

other [4,5,9]. The resulting momentum distribution close to
the Fermi level thus consists of two concentric rings, with
spin polarization vectors lying mainly in-plane and tangen-
tial to the circular shape [4,5]. Interestingly, the 2D Fourier
analysis of surface state standing wave patterns, originat-
ing from defect scattering and imaged by scanning tunnel-
ing microscopy (STM), produces only a single circle at the
Fermi energy [10]. This apparent inconsistency was ex-
plained by introducing an additional spin selection rule,
allowing for interference effects only between bands with
parallel spin polarization [11,12]. While this represented a
nice confirmation of the spin texture of these states in
momentum space, a direct investigation of the interaction
of these states and their spin polarization with surface
defects can only be achieved by SARPES. Indeed, a
(spin-integrated) angle-resolved photoemission (ARPES)
investigation of some vicinal Au(111) surfaces has shown
that the spin splitting persists for surfaces with large ter-
races [13].
The effects of a regular array of steps on the Au(111)

Shockley state are fourfold: First, the energy of the band
bottom shifts towards the Fermi energy because of the
repulsive scattering potential [14,15]. Second, a momen-
tum shift of the band bottom occurs in the direction per-
pendicular to the steps. Its magnitude is related to both the
complex potential landscape created by the steps and the

existence of a projected gap at the �� point [14].
Qualitatively, this effect is explained as a change in the
reference of the electron wave function: For large separa-
tion between steps the electrons are confined within each
(111) terrace [Fig. 1(a)] and openings of small energy gaps
have been observed [13–15]. For small step separation the
electrons interact with several steps. Their wave functions
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are therefore delocalized and sensitive to the step lattice
[Fig. 1(b)]. This transition is accompanied by the closure of

the surface-projected bulk energy gap at the �� point, trans-
forming the Shockley surface state into a surface resonance
[16,17]. Third, the step superlattice also generates umklapp
states, i.e., replica bands shifted in momentum in the
direction perpendicular to the steps by 2�=d [Fig. 1(c)]
[13–15]. Finally, the spin-orbit induced splitting of the sub-
bands is progressively lost in the ARPES spectra due to the
peak broadening resulting from the large terrace width
distributions (TWD). This splitting can only be observed
with optimally prepared surfaces, at low temperatures, and

only for the largest terrace widths of the order of �50 �A
[13].

The vicinal surfaces studied in this work are
Au(11 12 12), Au(7 8 8) and Au(2 2 3). The relevant
structural parameters are introduced in Fig. 1(d) and sum-
marized in Fig. 2. Au(11 12 12) and Au(7 8 8) have large
terraces and show surface reconstructions similar to
Au(111), whereas Au(2 2 3) exhibits small terraces, so
that the aforementioned localization transition occurs in
this set. All surfaces were prepared in situ in ultrahigh
vacuum (UHV) by repeated cycles of Arþ sputtering at
0.75 kVand annealing to 700 K. The quality of the surfaces
was checked from the spot splitting in low-energy electron
diffraction (LEED) patterns and the line shape and width of
the surface state in spin-integrated ARPES. No minigaps
were observed in the surface state dispersion due to a
combination of TWD, acquisition temperature and insuffi-
cient instrumental resolution [6]. Spin-integrated and spin-

resolved ARPES data were taken at the COPHEE end
station [18] located at the Surface and Interface
Spectroscopy (SIS) beam line at the Swiss Light Source.
All measurements were performed at room temperature
(RT) in a UHV chamber with 1� 10�10 mbar base pres-
sure using linear horizontal polarized light. The energy and
angular resolution of our SARPES measurements were
70 meV and �0:5� at 21 eV photon energy. Spin-resolved
momentum distribution curves (MDCs) were obtained by
recording intensities and scattering asymmetries in two
orthogonal Mott detectors [18] for different emission
angles.
Figure 2 summarizes the spin-integrated Fermi surface

maps and band dispersion measurements perpendicular to
the steps for the three vicinal surfaces, showing the para-
bolic dispersion of the Shockley surface state. Although
similar data were already reported in literature [6,13,14],
they are included here to serve as a guideline for the
discussion of the spin-resolved data. No spin splitting can
be resolved in these data because the bands are intrinsically
broad. This is a consequence of the large TWD in these
samples, and of the measurement temperature (RT). Weak
replica bands, shifted to larger kx values, are observed for
Au(11 12 12) and Au(7 8 8), both in the energy distribution
curves (EDCs) and Fermi surface maps (FSMs). They are
due to umklapp scattering within the step lattice. It is not
observed for Au(2 2 3), because the displayed momentum

range is too small (the center of the replica is found at kx ¼
0:79 �A�1 [19]).
The evolution of the spin polarization and spin texture of

the surface state with increasing step density is investigated
through spin-resolved MDCs measured along kx, i.e., the
direction perpendicular to the steps (Fig. 3). Two orthogo-
nal Mott polarimeters yield simultaneously the spin-
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FIG. 1 (color online). Surface state wave functions for two
extreme cases of step densities on vicinal Au(111): (a) the
electrons are confined within each terrace and (b) they are
delocalized on the average surface. (c) Graphical representation,
for case (a), of the main Fermi surfaces (solid circles) and the
umklapp states (dotted circles) induced by the step superlattice.
Directions of the tangential in-plane spin polarization vectors are
included. The sample coordinate system and the experimental
setup are schematically represented in (d) and (e), respectively. �
is the miscut angle and d is the distance between steps. A slight
sample tilt around the x-axis could not be corrected, therefore
momentum scans along kx follow the green dashed line in
(c) rather than the high symmetry gray line.

FIG. 2. Spin-integrated ARPES data from Au(11 12 12),
Au(7 8 8) and Au(2 2 3), representing Fermi surface maps
(a)–(c) and band dispersions perpendicular to the steps (d)–(f),
taken with 21 eV photon energy. The surface state bands are
broadened due to the terrace width distribution, completely
masking the spin splitting. For Au(11 12 12) and Au(7 8 8)
weak replica due to umklapp scattering are observed.
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integrated intensities and the three spin polarization com-
ponents Px, Py and Pz [18]. In order to quantify the relative

contributions of all the sub-bands the analysis of these data
was based on a two-step fitting procedure described in
detail elsewhere [20,21]. For these fits four pairs of Voigt
peaks were used for Au(11 12 12) and Au(7 8 8) (the
umklapp peaks are interweaved with the main peaks) and
only two pairs for Au(2 2 3) on a linear background (see
Ref. [19] for details). The use of pairs of peaks is required
due to the strong modulation observed in the spin polar-
ization data. In order to comply with the Rashba model [2],
the spin splittings were forced to be equal for all peak pairs.
This analysis yields the value of the splitting, the degree of
spin polarization of each peak, and the orientations of the
polarization vectors, which are summarized for each sur-
face in Figs. 3(g) to 3(i). The splittings �k and the peak
widths are listed in Table I. The widths of all main peaks
are quite similar for a particular surface, and average val-
ues are therefore given. The same holds for umklapp peaks.

Several conclusions can be drawn from these data and
their fits. (i) The surface states show clear spin polarization
signals for all three surfaces. (ii) Excellent fits could be
obtained when setting all values ci ¼ 1:0; i.e., all peaks
appear to be 100% spin polarized. (iii) All spin polarization
vectors lie mainly in-plane as in the case of the flat (111)

surface. All paired peaks have opposite polarization vec-
tors. (iv) The spin polarization vectors of the umklapp
states follow closely, in direction and magnitude, those of
the main states. (v) The widths of the components increase
with decreasing terrace size, as previously observed and
related to an increase of the TWD [14,15]. The umklapp
peaks are broader than the main peaks but follow the same
tendency. (vi) Au(11 12 12) and Au(7 8 8) show the same

spin splitting �k as Au(111) (0:026 �A�1). On the other
hand, Au(2 2 3) shows a substantially larger splitting of

0:042 �A�1.

TABLE I. Spin splittings, expressed as momentum shift �k (in
�A�1), and average peak widths (in �A�1) obtained from the fits to
the data of Fig. 3 [binding energies: 0.10 eV for Au(11 12 12)
and Au(7 8 8), 0.05 eV for Au(2 2 3)]. Au(111) is added for
completeness.

Main state Umklapp state

Surface �k FWHM �k FWHM

Au(1 1 1) 0.026 0.053

Au(11 12 12) 0.026 0.080 0.026 0.101

Au(7 8 8) 0.026 0.098 0.026 0.112

Au(2 2 3) 0.042 0.146

FIG. 3 (color). Spin-resolved MDCs from the three investigated vicinal surfaces taken with 23 eV photon energy [binding energies:
0.10 eV for Au(11 12 12) and Au(7 8 8), 0.05 eV for Au(2 2 3)] obtained by rotation of�s in Fig. 1(e). The top graphs (a)–(c) give the
spin-integrated intensities, showing also the fitted peak profiles used for the two-step fitting routine described in the text. In the graphs
(d)–(f), the corresponding spin polarization curves and errors for the x (green open circles), y (magenta open squares), and z (black
triangles) components are represented. The polarization fits (see text) are shown as continuous lines in the corresponding color. The
discontinuous line in (f) corresponds to the y polarization fit when fixing the splitting to the flat Au(111) value. The bottom panels (g)–
(i) show the resulting polarization vectors for the individual peaks. In the top and bottom graphs the components from the main
(umklapp) states are indicated as continuous (discontinuous) lines using the same color codes. Each of the bottom panels gives the in-
plane (left) and the out-of-plane (right) orientation of the spin polarization vectors.
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The fact that the surface state electrons remain fully spin
polarized on these three stepped surfaces merits further
discussion. It indicates a high robustness of spin currents in
the presence of such structural defects. Spin polarization is
neither lost by scattering within the ordered step lattice nor
by the high degree of disorder that is obvious by the large
TWDs. Even umklapp bands preserve the full spin polar-
ization. The close resemblance of all measured surfaces to
the Au(111) case strongly suggests that the observed spin
polarization vectors essentially reflect the initial state spin
structure [22].

With regard to the spin texture, all vicinal surfaces show
directions of spin polarization vectors similar to those on
the flat Au(111) surface along the direction perpendicular
to the steps (kx), i.e., the spin vectors point mainly along
the tangential �y axis [5], with the same helicities for the
corresponding subbands. Umklapp bands closely follow
their corresponding main bands. Deviations from a purely
tangential in-plane spin texture appear as modulations in
the measured Px curves. They are assigned to a small
sample tilt of the order of 1� that cannot be corrected in
our experimental setup. Because of the small Fermi surface
radii, it translates into a much larger rotation of the spin
polarization vectors [Fig. 1(c)].

Finally, we discuss the strong enhancement of the spin
splitting �k by�60% in the case of Au(2 2 3) with respect
to the flat Au(111) and the other two investigated surfaces.
This finding is completely hidden in the broad peak widths
found on this surface and can only be revealed by a careful
spin analysis. We have verified the validity of this result by

imposing a splitting of 0:026 �A�1, which is the splitting on
Au(111), in a constrained fit. While the intensity fit is still
excellent, the Py fit [shown as a dashed line in Fig. 3(f)] is

much worse than the fit yielding 0:042 �A�1 (continuous
blue line). We propose that the enhanced spin splitting is
related to the short terrace width and the concomitant
change in reference frame for the electron wave function
[see Fig. 1(b)]. In the case of Au(11 12 12) and Au(7 8 8)
the electrons are confined and referred to single (111)
terraces, whereas for Au(2 2 3) the electrons propagate
with respect to the average macroscopic surface.
Accordingly, the electrons interact with several steps, and
their wave functions ‘‘feel’’ a strong increase of the effec-
tive surface corrugation on the densely stepped Au(2 2 3)
surface. In the case of surface alloys, it has been demon-
strated that the enhanced potential gradient at the surface
induced by the surface corrugation is responsible for the
unexpected increase in the magnitude of the Rashba split-
ting [23–26]. Therefore, we speculate that the same mecha-
nism applies for the vicinal Au(111) surfaces, but only
above a critical step density leading to propagating wave
functions. According to the literature, the transition occurs

at terrace widths of �20 �A.
In summary, we have studied the interaction of spin

polarized surface state electrons with a periodic distribu-
tion of steps by means of spin-resolved ARPES. We ob-

serve the existence of spin splittings even when spin-
integrated ARPES cannot resolve them. Moreover, our
analysis shows that the spin polarization and the spin
textures on vicinal surfaces are closely related to those
on the flat Au(111) surface. All subbands, including um-
klapp bands due to the step lattice, are 100% polarized and
show essentially tangential spins and the original spin
helicity of Au(111), in spite of a relatively high degree of
disorder as reflected in the broad photoemission peaks. For
the highest step density, we observe that the spin splitting
increases substantially as the electron wave functions ef-
fectively probe an increased surface corrugation.
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