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Rashba-type splitting of the Au(110) surface state: A combined inverse and direct
photoemission study
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The Shockley surface state located at Y on the (1×2)-reconstructed Au(110) surface is predicted to exhibit
a Rashba-type spin splitting. Previous photoemission experiments searched for this splitting but it could not be
resolved yet. In order to uncover a possible splitting, the unoccupied surface state on Au(110) is examined with
spin- and angle-resolved inverse photoemission, whereas Na-covered Au(110) allows for investigation of the
now occupied surface state by means of spin- and angle-resolved direct photoemission. Our data show clear spin
splittings in the order of 100 meV with a sign reversal at Y in the surface state’s in-plane spin components which
is characteristic for a Rashba-type behavior. Furthermore, we deduce an effective mass of m∗ = (0.27 ± 0.02)me

and a Rashba parameter of αR = (0.46 ± 0.04) eV Å from direct photoemission measurements.
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I. INTRODUCTION

The Au(111) Shockley surface state located in the L gap
around � is the prototypical state for a Rashba-type spin
splitting [1–4]. Similarly, the surface-projected L gap exists
on Au(110), yet is centered around the Y point. Here, the band
gap also features a surface state [5–7]. Due to the C2v symme-
try of the (110) surface the dispersion of the surface state is
anisotropic. On the unstable unreconstructed (1×1) surface,
this surface state is occupied and was observed by Nuber et al.
[8] employing angle-resolved photoemission spectroscopy
(ARPES). However, at room temperature a stable (1×2) or
missing-row reconstruction is found [9–13] and—in contrast
to a (1×1) surface—the surface state is unoccupied. Its dis-
persion has been investigated with angle-resolved inverse
photoemission (IPE) [14,15]. Na deposition shifts the surface
state below the Fermi level EF without changing the (1×2)
reconstruction, and thereby making it accessible for direct
photoemission experiments [8].

The mere existence of the Au(110) surface state remains
unchallenged. However, experimental evidence for a Rashba
spin splitting is lacking [8,14,15]. Nevertheless, various calcu-
lations predict an anisotropic Rashba splitting of the Au(110)
surface state [8,16,17]. Within the simple Rashba model,
the spin degeneracy of a parabolic dispersing surface state
is lifted, thereby introducing an energetic shift of the two
parabolas linear in k‖. Its dispersion, for Au(110) around Y,

yields E (k‖) = h̄2

2m∗ k2
‖ ± αR|k‖| + E0, where m∗ is the effective

mass, αR = h̄2

2m∗ |�k‖| is the Rashba parameter (�k‖ marks the
displacement between the band minima), and E0 is the energy
at which the two parabolas intersect (or band minimum for the
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spin-integrated case). Table I provides an overview of the pa-
rameters found or predicted for Au(110) along � Y �, where
the Rashba splitting is expected to be larger than along S Y S
[17]. Notably, the experimental results suggest the effective
mass to be larger than calculated. Nevertheless, the Rashba
splitting remains unreported from an experimental point of
view.

In this Letter, we address the Rashba splitting of the Shock-
ley surface state on the (1×2)-reconstructed Au(110) surface
along � Y �. By combining inverse and direct photoemission
experiments, we are able to investigate (i) the unoccupied
surface state on Au(110) with spin- and angle-resolved IPE,
and (ii) its occupied variant on Na-covered Au(110) with
(spin-resolved) (S)ARPES. The splitting of the surface state
can already be observed in our spin-integrated ARPES data.
Spin-resolved measurements (IPE and SARPES) confirm the
Rashba-type nature of the splitting as the in-plane spin com-
ponents are reversed when crossing the Y point. This allows
us to determine the characteristic parameters of the sur-
face state’s Rashba behavior on Au(110) from experimental
data.

II. EXPERIMENTAL DETAILS

In order to prepare a pristine surface, the Au(110) single
crystals (grown and polished by MaTeck GmbH) were pre-
cleaned using cycles of Ar+ bombardment (0.6–1 kV) and
annealing up to 450 ◦C. A well-ordered surface was achieved
for a brand new crystal after approximately 50 sputter and
anneal cycles. Between measurements a clean surface was
restored by a two-step preparation: (i) Ar+ bombardment at
Tsample = 200 ◦C and subsequent annealing at Tsample = 450
and 200 ◦C, followed by (ii) Ar+ bombardment at room tem-
perature and annealing at Tsample = 450 and 200 ◦C. Lowering
the annealing temperature to 200 ◦C assists to obtain a well-
ordered reconstruction. Na was evaporated from a dispenser

2469-9950/2021/104(16)/L161101(6) L161101-1 ©2021 American Physical Society

https://orcid.org/0000-0001-6335-3821
https://orcid.org/0000-0001-5842-9481
https://orcid.org/0000-0002-5790-3847
https://orcid.org/0000-0002-2689-9275
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.L161101&domain=pdf&date_stamp=2021-10-04
https://doi.org/10.1103/PhysRevB.104.L161101


RITTER, MIYAMOTO, OKUDA, AND DONATH PHYSICAL REVIEW B 104, L161101 (2021)

Au(110)
49.2 eV

Na/Au(110)
50.8 eV)b()a(

[001]

[1 0]1

Au(110)
49.2 eV

Na/Au(110)
50.8 eV)b()a(

[001]

[1 0]1

Γ Y

S

(1x2)
(1x1)

X

FIG. 1. LEED patterns of the Au(110) (a) and Na/Au(110)
(b) surfaces show the (1×2) superstructure caused by a “missing-
row” reconstruction. The surface Brillouin zone of the (1×2) surface
is marked with solid lines, the (1×1) in dashed lines.

(SAES Getters) onto the sample at room temperature. This
leads to electron doping which lowers the sample’s work
function and shifts the surface state below the Fermi level. The
low-energy electron diffraction (LEED) patterns in Figs. 1(a)
and 1(b) indicate a well-ordered (1×2)-reconstructed surface
after preparation for Au(110) and Na/Au(110), respectively.
Auger electron spectroscopy showed no indication of surface
contamination, especially no carbon. In accordance with this,
the surface state around Y was clearly visible during data
acquisition. From target current spectroscopy we obtained
a work function of �Au(110) = (5.25 ± 0.05) eV which is in
good agreement with the literature [18].

Spin- and angle-resolved inverse photoemission measure-
ments were realized in Münster, Germany [19]. A beam of
spin-polarized electrons (spin polarization 29%) emitted from
a GaAs photocathode was guided at a defined angle of in-
cidence θ onto the sample matching the in-plane (Py) spin
component perpendicular to k‖. The emitted VUV photons
were detected with acetone-filled photon detectors (CaF2 win-
dow) operating in proportional counting mode [20]. The mean
energy of the optical bandpass yields h̄ω = 9.9 eV. Measure-
ments were carried out at Tsample = 292 K and at base pressure
<1×10−10 mbar. The energy resolution was 450 meV [21]
and the angular resolution �θ ± 2◦ [22].

The direct photoemission measurements on Na/Au(110)
were performed at the BL-9B end station of the Hiroshima
Synchrotron Radiation Center (HiSOR), Japan, using p-
polarized light of h̄ω = 21 eV. At this photon energy the
surface state appeared with high intensity. Spin-integrated
photoelectrons were analyzed in a hemispherical analyzer
(VG Scienta R4000) and detected with a microchannel plate
(MCP). The in-plane (Rashba) spin component (Py) of the
photoelectrons was detected by the ESPRESSO machine
[23,24]. The very low-energy electron diffraction (VLEED)-
type spin-polarization detector had a Sherman function of
S = 0.15. All measurements were carried out at Tsample =
50 K and at base pressure <2×10−10 mbar. The energy
and angular resolutions were �E = 37 meV and �θ =
±0.3◦ for ARPES, and �E = 65 meV and �θ = ±3◦ for
SARPES.

FIG. 2. Spin- and angle-resolved inverse photoemission data
around Y on (1×2)-Au(110): (a) Spin-integrated spectra exhibit the
dispersing Rashba-type surface state (black tick marks) and a bulk
transition (dashed tick mark). (b) Dispersion E (k‖) of the surface
state as derived from peak positions in (a) located in the band gap
around Y. Blue lines resemble the dispersions published in Refs. [14]
(dashed) and [16] (dotted-dashed). Surface-projected band structure
(light gray area) taken from Ref. [15]. Spin-resolved spectra were
measured for θ = 38◦, 43◦ (green solid lines). (c) Reversal of sign in
the spin signal for spectra taken left and right of Y (θY,E f =0.35 eV =
42.3◦) confirms the Rashba splitting of the surface state. Spectra for
spin up (spin down) of the Py component are plotted in red (blue).

III. RESULTS AND DISCUSSION

A. IPE

The IPE measurements aim for revealing the Rashba
splitting of the unoccupied surface state on (1×2)-Au(110).
Figure 2 presents our IPE results. The spin- and angle-
resolved IPE spectra were normalized to absorbed charge
during data acquisition. Here, all intensities displayed are ref-
erenced to a common background intensity at E − EF = 3 eV,
thereby achieving comparability. The solid lines through the
data points are obtained from curve fits using the following
function, F = A ∗ [(1 − f )(L + B)] (see the Supplemental
Material of Ref. [25]). We assume Lorentzian lines L added
onto a background intensity B, which models secondary
processes, multiply the results with the Fermi function for
unoccupied states (1 − f ) at the given sample temperature,
and finally convolute the results with a Gaussian apparatus
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TABLE I. Characteristics of the surface state on Au(110) along � Y �.

Structure Method E0 − EF (eV) m∗/me αR (eV Å) Ref.

(1×2) IPE 0.3 0.3 [14]
(1×1) IPE 0.7 0.20a [15]
(1×2) IPE 0.5a [15]
(1×1) ARPES −0.590 ± 0.005 0.13 ± 0.01 [8]
(1×2) Ab initio calculation ≈0.03a 0.10 ± 0.01a ≈0.76a [16]
(1×1) Ab initio calculation −0.37 0.11 0.8 [17]

aExtracted from figure in reference.

function A to account for the energy resolution of the experi-
ment [26].

Spin-integrated IPE spectra for various angles of electron
incidence (30◦ � θ � 47◦) around Y are shown in Fig. 2(a).
The spectra are dominated by the surface state that appears
as a sharp feature (solid tick marks) with a band minimum
at E − EF = 0.35 eV. This is in line with the findings of
Bartynski and Gustafsson [14] (E0 = 0.3 eV) and Drube et al.
[15] (E0 = 0.5 eV for the reconstructed surface). In addi-
tion, for the smallest angle θ = 30◦ (and perhaps 33◦), a
bulk transition is mixed in, which similarly exists for re-
lated metal surfaces such as Ag(110) [27] or Cu(110) [28].
This leads to a broad asymmetric feature as seen in our 30◦
spectrum.

The dispersion E (k‖) of the surface state derived from
the spectra is shown in Fig. 2(b). As the effective mass m∗
varies throughout previous publications (see Table I), we
plotted parabolas with the smallest (0.1me[16], blue dotted-
dashed line) and largest value (0.3me [14], blue dashed line)
for reference by adapting their band minima to our band
minimum. Deriving the exact effective mass from IPE data,
however, remains challenging because of uncertainties asso-
ciated with the peak positions due to (i) the effective energy
resolution and (ii) the bulk transition observed for θ = 30◦.
The first one is a consequence of the finite angular reso-
lution that leads to an additional energy broadening of the
observed electronic state if a single spectrum cuts a disper-
sion rather parallel. Moreover, the intensity of the surface
state decreases drastically towards larger angles of incidence
[29]. This adds to the limited accessibility of the branch
for k‖ � 0.85 Å−1. Nevertheless, the surface state’s disper-
sion as measured with IPE is in good agreement with the
literature.

In order to reveal the Rashba-type splitting, we chose two
exemplary angles left and right of the high symmetry point
Y, i.e., θ = 38◦ and 43◦ [green lines in Fig. 2(b)], and per-
formed spin-resolved IPE measurements. Figure 2(c) shows
the spin-resolved IPE spectra for both angles. The sign re-
versal for the Rashba-type spin component is clearly visible
and the spin-dependent energy splitting is in the order of
≈100 meV. Below Y the lower branch of the spin-split state
has spin-down character while the upper branch has spin-up
character. This behavior changes across Y where now spin up
marks the lower branch of the lifted degeneracy. It might be
surprising that the spin-dependent energy splitting is about
the same in the spectra for 38◦ and 43◦, although the 43◦
spectrum probes the surface state closer to Y than the 38◦
spectrum [see green lines in Fig. 2(b)]. Note that the spectra

have been obtained for constant θ and not for constant k‖. As a
consequence, the constant-angle lines cut the E (k‖) dispersion
of the surface state at different angles. Therefore, the mea-
sured spin-dependent energy splitting is smaller (larger) than
the actual splitting at given k‖ for θ below (beyond) Y. This
explains the almost identical spin splittings in the spectra for
38◦ and 43◦.

All in all, IPE data provide clear evidence of the Rashba
splitting of the surface state located around Y on (1×2)-
Au(110).

B. ARPES

To complement and crosscheck our IPE results we make
use of the high experimental resolutions available with di-
rect photoemission techniques to investigate the very same
surface state that shifts below the Fermi level upon doping
with Na. Figure 3 presents the (S)ARPES results for the
surface state on the Na-covered (1×2)-Au(110) surface along
the � Y � direction in the vicinity of Y. Please note that all
angles and momenta now come with a negative sign because
in our (S)ARPES setup the sample was rotated in the op-
posite direction compared with IPE. The occupied surface
state as measured with ARPES is shown in a contour plot in
Fig. 3(a). The Na coverage was chosen such that the surface
state becomes clearly visible with a band minimum at Y
being located at E − EF = (−210 ± 15) meV. The blue line
indicates the surface state’s dispersion with an effective mass
of m∗ = (0.25 ± 0.02)me as obtained from curve fitting the
momentum distribution curves (MDCs) nearby EF.

A more detailed picture arises from the corresponding
energy distribution curves (EDCs). Figure 3(b) contains a
series of EDCs for a selection of single slices for angles
between −17.7◦ and −25.7◦ (each slice’s angular width ≈
0.08◦ � angular resolution �θ ). Interestingly, ARPES data
already expose the existence of a splitting in the surface state:
The rather sharp peak at Y changes into an asymmetric fea-
ture consisting of two underlying states. By assuming two
Lorentzian features and carefully applying the curve fit to the
EDCs the energetic positions of the initial states are obtained
(Lorentzian functions exemplarily shown for −23.2◦). The
resulting peak positions are marked in Fig. 3(b) accordingly.
The curve fits for the peak positions translate to the open cir-
cles in the dispersion E (k‖) shown in Fig. 3(c). This allows for
the determination of the effective mass and the Rashba param-
eter which are found to be m∗ = (0.29 ± 0.01)me and αR =
(0.51 ± 0.02) eV Å, respectively. The parabolic dispersions
curve-fitted for both branches of the spin-split surface state
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FIG. 3. Spin- and angle-resolved photoemission around Y of
Na-covered (1×2)-Au(110) measured with p-polarized light (h̄ω =
21 eV): (a) The intensity of the Rashba-type surface state mapped
with ARPES is displayed as a contour plot (linear gray scale). Its
dispersion is sketched by the blue solid line. (b) ARPES EDCs
show the dispersion of the surface state (tick marks). Its Rashba-type
spin splitting results in an asymmetric line shape away from Y.
An example of the two-line-decomposition fit procedure is shown
as gray lines for θ = −23.2◦. (c) Dispersion E (k‖) deduced from
curve fitting the EDCs with two Lorentzian functions (open cir-
cles). The dispersion is fitted by two parabolas (blue dashed lines).
(d) SARPES data confirm the sign reversal of the Py spin com-
ponent. Spectra for spin up (spin down) of the Py component are
plotted in red (blue). Peak positions are marked for two exemplary
angles. The black solid line depicts the spin-averaged spectrum
for −21.7◦.

are shown in Fig. 3(c) as blue dashed lines. Their crossing
at k‖ = 0.76 Å−1 and E − EF = −203 meV complies with a
band minimum deduced earlier from the EDCs (−210 meV at
Y). In addition, the Rashba parameter is also derived from an-
alyzing the MDCs which implies αR = (0.41 ± 0.04) eV Å.
As already mentioned above, in this analysis the effective
mass yields m∗ = (0.25 ± 0.02)me while the parabolas’ dis-
placement �k‖ increases from 0.03 Å−1 (EDCs) to 0.04 Å−1

(MDCs). Both analyses combined, we find an effective mass
of m∗ = (0.27 ± 0.02)me and a Rashba parameter of αR =
(0.46 ± 0.04) eV Å. The Rashba parameter on Na-covered
(1×2)-Au(110) is found to be smaller than predicted for
Au(110) [16,17].

The Rashba splitting has been established with ARPES and
we now focus on resolving the surface state’s spin components
by performing SARPES measurements. For various angles
between −17.7◦ and −25.7◦ the SARPES data are shown in
Fig. 3(d). As in our spin-resolved IPE data, we also observe
a strong spin dependence in the SARPES data. A compari-
son of the spectra for θ = −18.7◦ and −24.7◦ evidences the
sign reversal in the spin polarization: The −18.7◦ spectrum
shows the spin-down component closer to the Fermi level
whereas at −24.7◦ spin up has the lower binding energy.
The succession of the spin components is expectedly inverted
with respect to spin-resolved IPE data due to directions of
sample rotation and thus confirms our previous results. We
find the surface state to appear broader in SARPES than in
ARPES as showcased by the spin-integrated −21.7◦ SARPES
spectrum [black solid line in Fig. 3(d)]. Due to the loss in
intensity caused by spin resolution we chose intensity over
angular resolution, which differs by a factor of 10 compared
with the ARPES setup. A second consequence of the lower
angular resolution is the increased intensity nearby the Fermi
level in the SARPES data [30]. As an additional consequence,
some peak positions in SARPES are slightly different from
the ARPES results.

One more observation has to be discussed: Apart from the
spin splitting, the spin-down intensities (blue) dominate the
SARPES series independently of k‖. The light incidence angle
of 50◦ relative to the electron analyzer breaks the symmetry
of the experiment. As a consequence for p-polarized light,
spin-dependent intensities independent of k‖ arise, which is
known as a final state or matrix element effect in photoemis-
sion [31,32]. The observed spin polarization in the vicinity of
the high symmetry point Y (C2v symmetry) can be explained
as follows: According to the theoretical formulation of the
matrix elements for photoemission [31], the finite spin polar-
ization is caused by a mixing of px and pz orbitals within the
Rashba spin-split state. This mixing is in agreement with the
model calculation presented by Simon et al. [17]. Their model
suggests that the mixing between px and pz orbitals causes
the anisotropy of the Rashba-type surface state on Au(110).
Note that a surplus of spin-down intensity is also visible in
the spin-resolved IPE data shown in Fig. 2(c). The smaller
spin polarization effect in IPE compared with SARPES is
attributed to the detection of unpolarized light in IPE.

In summary, the Rashba-type behavior of the Au(110)
surface state—already established qualitatively by our IPE
data—was quantitatively confirmed by a comprehensive
ARPES and SARPES study.
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IV. CONCLUSION

We uncovered the Rashba-type spin splitting of the sur-
face state located in the surface-projected band gap around
Y in � Y � direction on the (1×2)-reconstructed surfaces of
Au(110) and Na/Au(110). In a combined study employing
both spin- and angle-resolved inverse and direct photoemis-
sion experiments we provide experimental evidence of the
characteristic sign reversal in the spin components of the sur-
face state on Au(110) along � Y �. High-resolution ARPES
data for Na/Au(110) not only already suggested the lift of the
degeneracy but also allowed for the determination of charac-
teristic parameters, namely the effective mass and the Rashba

parameter. From analyzing EDCs and MDCs, we find values
of m∗ = (0.27 ± 0.02)me and αR = (0.46 ± 0.04) eV Å for
the effective mass and Rashba parameter, respectively.
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