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Abstract. The surface alloy Bi/Cu(111) shows a paradigmatic free-electron-
like surface state with a very large Rashba-type spin–orbit splitting. Using angle-
resolved photoemission we investigate how adsorbates of different chemical
nature influence the size of the spin splitting in this system. We find that the
adsorption of small amounts of monovalent Na atoms leads to an enhancement
of the spin splitting while an overlayer of the closed-shell rare gas Xe causes
a reduction. The latter result is in contrast to the Au(111) surface for which
an increased splitting size after Xe-adsorption was observed. We discuss these
experimental findings in terms of the characteristic differences of the surface
state wave functions and their spatial deformation in the presence of different
types of adsorbates. Our results provide insight into the complex interplay of
atomic and interface potential gradients governing the Rashba effect.
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1. Introduction

The spin degeneracy of electronic states at surfaces can be lifted by spin–orbit coupling because
of the broken spatial inversion symmetry connected with the existence of the surface [1]. This
mechanism, commonly referred to as Rashba effect [2], results in a momentum dependent
splitting of states with opposite spin and induces a characteristic spin structure in momentum
space [1]. The Rashba effect has attracted considerable interest in the field of spintronics. It can
be utilized for the manipulation of spin currents at semiconductor interfaces [3–5] and lies at
the origin of the intrinsic spin Hall effect [6]. More recent proposals discuss Rashba-type spin
splittings as a route for the realization of exotic phenomena, such as Majorana fermions [7–9],
or as a way to enhance many-body effects, such as Kondo scattering [10] and superconducting
pairing [11, 12]. In all of the above cases control over the strength of the Rashba effect, that
is the size of spin splitting, and ways to manipulate it are of crucial relevance. However, the
splitting size and its dependence on adjustable structural or chemical interface parameters are
often hard to predict even for simple systems as they result from a complex interplay of intra-
atomic spin–orbit coupling and details of the interfacial potential gradients [13–17]. In this work
we aim to improve the understanding of this interplay by comparing the influence of simple, yet
chemically different adsorbate species (monovalent Na and closed-shell Xe) on the spin splitting
in the surface alloy Bi/Cu(111), representing a paradigmatic model system with large spin–orbit
interaction.

The Rashba effect in a two-dimensional electron gas (2DEG) gives rise to an isotropic
splitting of the spin-degenerate parabolic dispersion into two spin-polarized branches [1]:

E±(k) = EB +
h̄2

2m∗
k2

± α|k|. (1)

Here, m∗ is the effective electron mass and k = (kx , ky), with |k| = k, is the wave vector within
the interface plane. The size of the spin–orbit splitting is described by the Rashba parameter α.
Along an arbitrary k-direction the dispersion is described by two parabolas of opposite spin
direction that are shifted from the zone center (k = 0) by the constant wave vector offset
k0 = αm∗/h̄2. At a given wave vector k the energy splitting between the branches E± is given
by 1E = 2αk.
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Rashba-type spin splittings are commonly observed for surface states on crystal
surfaces that incorporate heavy elements (see e.g. [18–20]). They can be detected directly
by angle-resolved photoelectron spectroscopy (ARPES) which provides immediate access
to the momentum-resolved electronic structure of surface and thin film systems [21].
Different experiments showed that the Rashba effect at surfaces depends on the atomic
composition [22–24] and on the structural properties of the system [25–27]. The influence
of adsorbates on the Rashba-splitting of surface states has been studied previously for
different material combinations. ARPES experiments for the systems Li/W(110) [28],
Xe, Ar/Au(111) [29–31] and O/Gd(0001) [32] showed increased splitting sizes as a result of
the adsorption, whereas no change was found for the case of Xe on Bi/Ag(111) [33]. The basic
physical mechanism behind these modifications is usually identified as an adsorbate-induced
change of the surface potential and concomitant deformations of the surface state wave function.
However, in order to gain a more comprehensive picture additional systematic experiments are
required. The contrasting results for Xe-adsorption on Au(111) and Bi/Ag(111) indicate that
the influence of a particular adsorbate may vary depending on the substrate surface. Up to now,
no experimental study focused systematically on the influence of different adsorbates on the
Rashba-splitting of a particular substrate.

Recently, long-range ordered surface alloys such as Bi/Ag(111) and Bi/Cu(111) have
attracted considerable interest as they show well-defined, free-electron-like surface states with
very large Rashba-splittings [20, 25, 34, 35]. In this paper we present a detailed ARPES study of
the Rashba-splitting in Bi/Cu(111) and its modification after adsorption of Na and Xe. We find
that both adsorbates change the splitting size by approximately 10% with respect to the clean
surface alloy. Interestingly, the effect of the two chemically different species turns out to be
opposite: Na-adsorption enhances the splitting size whereas Xe-adsorption leads to a reduction.
In order to rationalize our experimental findings we propose a simple model based on the surface
state wave function and its deformation after the adsorption. We also discuss the results in the
light of previous experiments on other adsorbate–substrate combinations.

2. Experimental details

All experiments and surface preparation procedures were carried out in ultrahigh vacuum with a
base pressure below 2 × 10−10 mbar. We performed ARPES experiments using a hemispherical
electron spectrometer (Scienta R4000) and a monochromatized He discharge lamp. For all
measurements we used a photon energy of hν = 21.22 eV (He Iα). The energy and angular
resolution were 7 meV and 0.3◦, respectively. A clean and ordered Cu(111) substrate was
prepared by Ar-sputtering and annealing of a polished single crystal. We judged the surface
quality by the energy line width of the L-gap surface state and by low-energy electron
diffraction (LEED). The Bi/Cu(111) surface alloy was obtained by evaporating 1/3 ML Bi
from a commercial Knudsen cell on the heated substrate. We confirmed the formation of
the (

√
3 ×

√
3)R30◦-reconstruction by LEED measurements. Na was deposited at a reduced

sample temperature of approximately 150 K using a commercial alkali dispenser. The deposition
rate was estimated from x-ray photoemission (XPS). Xe was adsorbed slowly at a sample
temperature of 65 K and a partial pressure of 2 × 10−8 mbar leading to a thickness of slightly
above 1 ML. During the adsorption process we monitored the evolution of the Xe 5p1/2 valence
level. At full coverage we observed a clear dispersion of this feature by ARPES indicating the
formation of an ordered Xe layer.

New Journal of Physics 15 (2013) 115011 (http://www.njp.org/)

http://www.njp.org/


4

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

-0.4 -0.2 0.0 0.2 0.4
Wave vector kx [1/Å]

E+E–

L-Gap

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

E
-E

F
 [e

V
]

-0.4 -0.2 0.0 0.2 0.4
Wave vector kx [1/Å]

E+E–
(a) (b)

Figure 1. Electronic structure of the surface alloy Bi/Cu(111). A partially
unoccupied, Rashba-split surface state E± within the projected bulk band gap of
the substrate (L-gap) is revealed by the ARPES spectrum in (a). Another surface
state band is visible at higher wave vectors. The parabolic L-gap is discerned in
the data by its slightly lower background intensity compared to other parts of
the spectrum. The sketch in (b) shows a schematic summary of the experimental
data using the dispersion relation in equation (1).

3. Experimental results

3.1. Clean Bi/Cu(111)

The surface alloy Bi/Cu(111) has been studied previously by ARPES [25, 35, 36],
scanning tunneling spectroscopy [35, 37], two-photon photoemission [36, 38], spin-resolved
photoemission [39] as well as ab initio electronic structure calculations [25, 36, 38]. In the
following we briefly introduce the relevant features in the electronic structure of this compound
and discuss in slightly more detail the quantitative applicability of the Rashba-model in
equation (1).

Figure 1(a) shows the electronic structure of Bi/Cu(111) as determined by ARPES. We find
two inner bands which are identified as spin-split surface state branches E±. This assignment
has been confirmed previously by different experiments [25, 35] as well as density functional
theory calculations [25]. The ARPES data shows a third band at larger wave vectors which is
attributed to another surface state. According to previous theoretical results all observed bands
are mainly derived from Bi states whereas the two inner spin-split branches are primarily of
spz orbital character and the outer branch is of pxpy character [25, 38]. In addition to the three
band branches the spectrum in figure 1(a) allows one to discern the projected bulk band gap of
the Cu(111) substrate (L-gap) that shows a reduced background intensity. Figure 1(b) gives a
schematic summary of the relevant features in the electronic structure of Bi/Cu(111) as deduced
from experiment.

As is evident from figure 1(a) the branch E+ strongly hybridizes with bulk states when
passing the edge of the projected L-gap which results in a strong blurring of its spectral weight.
On the other hand the branch E− shows a much weaker hybridization. The Rashba-model in
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Figure 2. Quantitative analysis of the dispersion and the spectral behavior of
the spin-split branches E± in Bi/Cu(111). Panels (a) and (b) show parts of the
ARPES spectrum in figure 1(a) in more detail. The data points in (a) and (b) mark
intensity maxima as determined by Lorentzian fits to the momentum distribution
curves (MDC). The resulting wave vector offsets k0 between the branches E+ and
E−, the line widths and the peak intensities are plotted in (c)–(e), respectively.

equation (1) is thus only valid in a limited wave vector range. A quantitative analysis of the
experimental dispersion is presented in figure 2. Detail plots from the APRES data in figure 1(a)
are shown in figures 2(a) and (b). The data points denote intensity maxima that were obtained
by fitting Lorentzian line shapes to MDC. The corresponding wave vector splitting k0 between
the branches E+ and E− as a function of energy is displayed in figure 2(c). As discussed above
the Rashba-model in equation (1) predicts a constant, energy-independent wave vector offset.
We find that this is indeed the case within the energy interval I. At higher binding energies the
splitting first increases (interval II) and then tends to decrease again (interval III).

The deviations from the ideal dispersion in equation (1) can be traced back to the
hybridization of the branch E+ with bulk states close to the edge of L-gap. This is inferred from
figures 2(d) and (e) where we plot the line widths and the peak intensities corresponding to the
two bands. These spectral properties are expected to change as a result of the hybridization that
induces a reduced lifetime and a more bulk-localized charge distribution of the states. Within
energy interval I the spectral properties of the two branches show the same behavior. Going to
interval II, however, we observe an increase in line width for E+ that is not found for E−. In
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Figure 3. Effect of Na deposition on the electronic structure of Bi/Cu(111) as
determined by ARPES at T = 50 K. Spectra for the clean surface alloy and after
deposition of 0.1 and 0.25 ML are shown in (a)–(c), respectively.

interval III also the peak intensities start to deviate from each other and become reduced for E+

as compared to E−. Hence, the spectral properties show changes in their energy dependence
at the same energies as the wave vector offset k0, strongly suggesting hybridization with
bulk states as a common origin. Summarizing our analysis we conclude that within interval I
the branches E± behave as well-defined surface states, meaning they are decoupled from the
three-dimensional bulk electronic structure. Here, also their spin-splitting precisely follows the
predictions of the Rashba-model for a 2DEG.

Before proceeding we briefly comment on the observed hybridization effect at the
L-gap edge. The surprising aspect here is the strong difference in hybridization with bulk states
for the two branches E+ and E− that has also been observed for the related surface alloys
Bi/Ag(111) [20] and Pb/Ag(111) [40]. As these two branches carry opposite spin, as shown
experimentally in [34, 39], the hybridization appears to be spin-selective. The hybridization
strength, however, is expected to be determined by the symmetry of the spatial part of the wave
function, meaning the orbital part, and its match with the symmetry of the substrate states. In
the present case, spin–orbit coupling is strong and thus will cause entanglement of orbital and
spin wave function parts [41]. As a result the branches E+ and E− are not only of opposite
spin but also of different orbital symmetry [38, 42]. We speculate that this spin–orbit-induced
entanglement could be the origin for the selective hybridization.

3.2. Na-adsorption on Bi/Cu(111)

Previous studies on the surface alloys Bi/Cu(111) and Bi/Ag(111) showed that alkali adsorption
increases the binding energy of the Rashba-split surface states, thereby allowing to manipulate
the parameter EB in equation (1) [25, 43]. This effect is illustrated in figure 3 where we present
ARPES measurements of Bi/Cu(111) before and after deposition of Na. The spectra provide
evidence for a coverage dependent shift of the band E±. This shift to higher binding energy is
attributed to charge transfer from the monovalent Na atoms to the states of the surface alloy.
In the following we will focus on adsorption-induced modifications of the parameters k0 and
1E that quantify the size of the spin-splitting. To this end we compare ARPES data for clean
Bi/Cu(111) and after deposition of 0.1 ML Na.
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Figure 4. Energy distribution curves (EDC) at kx = 0.2 Å−1 in (a) and kx =

−0.2 Å−1 in (b) and MDC at the Fermi energy EF in (c) and (d) for Bi/Cu(111)
before and after deposition of 0.1 ML Na. The spin-split branches E+ and E−

show up as two peaks in every EDC and every MDC. For a better comparison of
the energy separation 1E (wave vector offset k0) the energy axes (wave vector
axes) for the clean (black) and the Na-covered (blue) surface alloy were shifted
by 100 meV (0.044 Å−1) with respect to each other.

Figure 4 shows EDC for the clean (black) and the Na-covered (blue) surface alloy at wave
vectors of kx = ±0.2 Å−1 in (a) and (b). All EDC show two peaks that are associated with the
two branches E+ and E−. The energy separation of these peaks directly reflects the spin-splitting
1E . Note that the energy axes of the EDC for the clean (lower axis) and the Na-covered (upper
axis) surface alloy are shifted by 100 meV with respect to each other in figures 4(a) and (b). In
doing so the peak positions of the branch E− match each other and a change in the separation
between E+ and E− is easier to recognize. As is evident from the EDC the energy splitting 1E
is larger for the Na-covered surface alloy providing direct evidence for an adsorption-induced
enhancement of the Rashba-splitting. Apart from the increase in 1E one can also discern a
substantial increase in the line width of the peaks as a result of the adsorption. We attribute this
broadening to disorder being introduced by the randomly distributed Na atoms.

To further examine the effect of Na-adsorption on the spin-splitting we consider MDC at
the Fermi energy EF in figures 4(c) and (d). The panels show the relevant parts of the MDC
at negative and positive wave vectors in (c) and (d), respectively. In each spectrum we identify
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Figure 5. Quantitative analysis of the dispersion of the Rashba-split branches E±

in Bi/Cu(111) before and after deposition of 0.1 ML Na. Panels (a) and (b) show
parts of the spectrum in figure 3(a) for the clean surface alloy in more detail.
A corresponding image section from figure 3(b) for the Na-covered surface alloy
is displayed in (c). The data points in (a)–(c) denote intensity maxima. The
corresponding wave vector offsets k0 are plotted in (d).

two peaks that are related to the branches E+ and E−. The wave vector separation of these
peaks corresponds to 2k0. Similar as for the EDC the axes of the MDC for the clean and the
Na-covered surface alloy were shifted by 0.044 Å−1 with respect to each other so that the peak
positions of the branch E− coincide. Comparing the determined wave vector offsets one finds
an increase in the splitting parameter k0 as a result of the adsorption. Note that k0 depends
on the effective mass and thus does not provide direct information on the Rashba-splitting
parameter α.

A full analysis of the dispersion of the state E± is presented in figure 5. Detail plots for
clean and Na-covered Bi/Cu(111) are shown in panels (a)–(c). The data points in these graphs
denote intensity maxima obtained from MDC. The resulting wave vector offsets k0 are plotted as
a function of energy in panel (d). The energy axes in figure 5 are divided into the two intervals I
and II according to the discussion in section 3.2. The data shows that the splitting k0 is increased
within the full energy range that is considered here. One also finds that, within interval I, k0 is
not fully constant as observed for the clean surface alloy but rather shows a small reduction with
increasing binding energy. This observation might result from a k-dependent effective mass m∗

as consequence of the specific band structure. Despite these minor deviations from the Rashba-
model we performed a least square fit of equation (1) to the data in figure 5 within interval I.
Resulting from this we deduce a Rashba-parameter of α = 0.845(30) eV Å for clean Bi/Cu(111)
and α = 0.93(3) eV Å after deposition of 0.1 ML Na.
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Figure 6. Influence of Xe-adsorption on the electronic structure of Bi/Cu(111)
as determined by ARPES. Panels (a) and (b) show spectra for the clean surface
and after adsorption of ∼1 ML Xe, respectively. In (b) faint shadow bands
are observed and denoted by arrows. These bands are attributed to backfolded
replicas of the surface state branches as a result of the superstructure of the Xe-
overlayer. A false-color depiction of the data is used to improve the visibility of
all spectral features.

Summarizing the experimental results of this section we find evidence for an enhancement
of the spin-splitting parameters 1E and k0 in the electronic structure of the surface alloy
Bi/Cu(111) resulting from the adsorption of 0.1 ML monovalent Na atoms. In accordance with
this the Rashba-parameter α increases by approximately 10%.

3.3. Xe-adsorption on Bi/Cu(111)

The modification of the electronic structure of Bi/Cu(111) by Xe-adsorption is first examined
by considering the overview ARPES spectra in figure 6. Comparing the measurements before
and after the adsorption we do not observe major changes in the dispersion of the surface states.
A considerable shift to lower binding energies as was found for the surface state of Au(111)
is not visible in the data. Instead the presence of the Xe-overlayer provokes the appearance of
faint shadow bands which are marked by arrows in figure 6(b). A very similar situation was
found in the case of Xe adsorbed on Bi/Ag(111) [33]. For this system the shadow bands were
identified as backfolded replicas of the surface state branches based on a comparison to LEED
measurements of the Xe-overlayer. Although at present no structural data for Xe/Bi/Cu(111)
is available it seems plausible to assume the same origin of the shadow bands for both surface
alloys. Another effect that is visible in the data in figure 6 is a change of the relative spectral
weight of the individual branches. Especially, the intensity of the band E− at negative wave
vectors is strongly reduced after the adsorption. This effect could be caused by scattering effects
of the photoelectrons that are induced by the Xe-overlayer.
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Figure 7. EDC at kx = −0.19 and 0.2 Å−1 in (a) and (b) and MDC at the Fermi
energy EF in (c) and (d) for Bi/Cu(111) before and after deposition of ∼1 ML
Xe. All EDC and MDC show two peaks that are associated with the spin-split
branches E+ and E−. The corresponding energy separations 1E and wave vector
offsets k0 are indicated.

To investigate the influence of Xe-adsorption on the spin-splitting parameter 1E we
consider EDC in figure 7 corresponding to the ARPES spectra in figure 6. Panels (a) and (b)
show EDC at kx = −0.19 and +0.2 Å−1 for clean and Xe-covered Bi/Cu(111). In each EDC one
can identify two peaks being associated with the two branches E+ and E−. As is evident from
the data the separation between these peaks and thus the energy splitting 1E is reduced as a
result of the adsorption.

A similar result is obtained by investigating the wave vector offset k0 by means of MDC
at EF in figures 7(c) and (d). As is evident from the spectra the peaks corresponding to the
branches E+ and E− are shifted slightly toward each other as a result of Xe-adsorption. Hence,
the wave vector splitting k0 is reduced.

In figure 8 we present an analysis of the dispersion of the state E± based on MDC. The
left four panels show detail plots for clean and Xe-covered Bi/Cu(111). The data points in
these graphs denote intensity maxima. The corresponding wave vector offsets k0 are plotted as a
function of energy in figure 8(e). The energy axes in figure 8 are divided into the two intervals I
and II according to the discussion of the clean surface alloy in section 3.2. One recognizes
small deviations between the values for k0 along positive and negative wave vectors occurring
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Figure 8. Quantitative analysis of the Rashba-split branches E± in Bi/Cu(111)
before and after adsorption of ∼1 ML Xe. Detail plots for the clean and the Xe-
covered surface alloy are shown in (a), (b) and (c), (d), respectively. The data
points in these panels denote intensity maxima. The corresponding wave vector
offsets k0 are plotted in (e).

both for the clean and the Xe-covered surface alloy. We reckon these discrepancies to originate
from a slight misalignment of the sample during the measurement. Comparing the determined
wave vector offsets one finds a significant reduction of k0 within interval I resulting from the
adsorption. In interval II the situation is less clear and the reduction appears to decrease and
eventually vanish. A least-square fit of equation (1) to the data points in figure 8 within interval I
yields Rashba-parameters of α = 0.83(3) eV Å for clean Bi/Cu(111) and α = 0.73(3) eV Å for
Xe-covered Bi/Cu(111).

Summarizing this section the measurements indicate a reduction of the spin-splitting
parameters 1E and k0 in the electronic structure of Bi/Cu(111) as a result of the adsorption
of ∼1 ML closed-shell Xe. Accordingly the Rashba-parameter α decreases approximately
by 10%.

4. Discussion

The main results of the previous sections are an enhancement and a reduction of the Rashba-
splitting in the surface alloy Bi/Cu(111) that are induced by the adsorption of monovalent Na
and closed-shell Xe, respectively. In the most basic approximation the size of the spin-splitting
is expected to scale with the atomic numbers Z of the contributing elements. This approach,
however, can explain neither a larger splitting for the Na-covered (Z = 11) than for the Xe-
covered (Z = 54) surface alloy nor an increased splitting of a Bi-derived (Z = 83) state after
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Na-adsorption. In order to discuss the experimental results we will thus adopt a more elaborate
model for the Rashba-parameter α leading to the following expression [16]:

α = 2/c2

∫
φ2(z)∂zV d3r. (2)

Here, φ2(z) is the partial charge distribution of the surface state along the surface normal z.
Theoretical works based on density functional theory showed that the integral in equation (2)
is determined basically in a very small region around the atomic core where the potential
gradient ∂zV becomes largest and follows a Coulomb-behavior [15, 16]. However, also the
surface potential is of critical importance as it determines the precise form of φ2(z). Note that
according to equation (2) α is essentially determined by the imbalance of φ2(z) around the core
because on has ∂zV (−z) ≈ −∂zV (z). Considering equation (2) adsorbate-induced changes of α

are simply understood as a modification of φ2(z) whereas ∂zV remains unchanged.
The influence of alkali and rare gas adsorption on metallic surface states is extensively

discussed in the literature (see e.g. [30, 44–46]). Alkali atoms induce a reduction of the work
function and are thus expected to lower the surface potential barrier. The interaction of rare
gases with substrate states, on the other hand, is often dominated by the Pauli-repulsion resulting
from the overlap of filled valence orbitals of the rare gas atoms and substrate wave functions
leaking into the vacuum [47]. The Pauli-repulsion gives rise to an effective increase of the
surface potential. The opposite effects of the two adsorbate species on the Rashba-splitting thus
appear reasonable and may result from opposite influences on the surface state wave function.

A comparison to experimental results for Xe/Au(111), however, reveals the necessity for
a more detailed analysis. In this system α is increased by the adsorption [29], in contrast
to the present findings for Bi/Cu(111). It has been shown previously that the surface state
wave functions in these two systems show major differences. In the case of Bi/Cu(111) the
surface state forms a bond between the Bi-atoms and the substrate. It is therefore predominantly
localized between the two, that is on the substrate side of the Bi-cores [39]. For Au(111),
however, the Shockley-type surface state is mostly localized between the topmost layer and the
vacuum, that is on the vacuum side of the Au-cores [16, 48]. Thus, according to equation (2),
the wave functions predominantly pick up a positive potential gradient in the case of Au(111)
and a negative one in the case of Bi/Cu(111).

Let us examine the implications of these different wave functions by considering the
simple, purely schematic sketch in figure 9. As has been argued before the increase of the
Rashba-splitting in Au(111) after Xe-adsorption can be attributed to the Pauli-repulsion that
pushes the surface state wave function closer to the nucleus [29]. This situation is sketched
in figure 9(a) where we also make the simplifying assumption of a negligible influence of the
adsorbate on the substrate-facing side of the charge distribution. Indeed equation (2) predicts an
increase of α for this case as the already dominating contribution at positive potential gradients
is further enhanced. In figure 9(b) we consider an analogue situation for Xe on Bi/Cu(111).
If we again assume the surface-facing part of the charge distribution to move toward the
atomic core the Rashba-parameter, or more precisely its absolute value, will decrease. This
is due to the fact that for Bi/Cu(111) the contribution at negative gradients is dominating
and an increased contribution at positive gradients will therefore lead to a reduction of α.
As discussed above Na atoms lower the surface potential barrier which can be viewed as the
introduction of an effective attractive potential. In this case one can expect the surface-facing
part of the charge distribution to move away from the core toward the vacuum as depicted
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Figure 9. Schematic illustration of the surface state charge distribution and
its modification by adsorbates for Au(111) in (a) and for Bi/Cu(111) in (b)
and (c). Only one atomic layer at z = 0 is considered, representing the topmost
surface layer in the case of Au(111) and the Bi-layer in the case of Bi/Cu(111).
The charge distributions for the clean surfaces are predominantly localized on
the vacuum-facing side of the atomic cores (∂zV > 0) for Au(111) and on the
substrate-facing side (∂zV < 0) for Bi/Cu(111). The adsorption of Xe induces
a shift of the vacuum-facing part of the charge distribution toward the atomic
core, whereas the adsorption of Na gives rise to the opposite effect (see text
for details). The influence of the depicted charge distribution changes on the
Rashba-parameter as predicted by equation (2) is in qualitative agreement with
the experimentally observed trends.

schematically in figure 9(c). For this situation equation (2) predicts an increase of the Rashba-
parameter because the already weaker contribution at positive potential gradients is further
reduced. Hence, by making plausible assumptions for modifications of the surface state charge
distributions the experimentally observed changes of the Rashba-parameter α can be reconciled
using equation (2). Thus, both the character of the surface state wave function and the chemical
properties of the adsorbate play a decisive role in determining the change of α. It would be
desirable to compare the simple model in figure 9 with ab initio calculations in order to gain a
more realistic view on the electronic charge distribution [49].

Despite the agreement between the experimental findings and the model considerations
certain unclarities are remaining. The validity of the assumption of a repulsive potential change
in the case of Xe/Bi/Cu(111) is not clear. In a simple picture a repulsive potential is associated
with a reduced binding energy which is experimentally found for Xe/Au(111) but not for
Xe/Bi/Cu(111). Furthermore, we have not considered possible structural changes as a result
of the adsorption which may give rise to additional modifications of α being not directly related
to the chemical nature of the adsorbate [50].

It is instructive to compare the present results to previous studies on the Rashba effect
in related systems. For the adsorption of Xe on the surface alloy Bi/Ag(111) no change of
the Rashba-parameter was found [33]. The splitting in Bi/Ag(111) is four times larger than in
Bi/Cu(111) [25] and therefore, according to equation (2), the surface state charge distribution
should show an even higher weight on the substrate side of the Bi atoms. This could result
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in a reduced sensitivity to adatoms. Another possibility is the important role of in-plane
potential gradients in Bi/Ag(111) [20, 51] that might be expected to be rather insensitive to
adsorbates [33]. For the case of W(110) alkali adsorption induces an enhanced splitting similar
to the present findings for Bi/Cu(111) [28].

5. Conclusions

Based on ARPES experiments we have shown that the Rashba-splitting in the surface alloy
Bi/Cu(111) can be enhanced and reduced by adsorption of monovalent Na and closed-shell Xe,
respectively. The opposite changes in the splitting size are likely due to the different chemical
nature of the two adsorbate species and thus different influences on the states in the surface
alloy. Our study thus provides an example for a systematic modification of the Rashba-splitting
by suitable changes of the surface chemical environment. It would be interesting to explore
the applicability of this procedure for other adsorbate–substrate combinations. Comparing our
results to Xe/Au(111) shows that a particular adsorbate may lead to opposite changes in
the Rashba-splitting depending on the particular substrate. This is attributed to the different
wave function character in the systems Au(111) and Bi/Cu(111). A proper understanding of
adsorbate-induced modifications of the Rashba-splitting requires detailed knowledge about the
microscopic charge distribution of the surface states. Hence, ab initio calculations, based e.g.
on density functional theory, that explicitly take these microscopic aspects into account are
inevitable to acquire a predictive power for the Rashba effect at surfaces. In agreement with
previous works our results indicate the asymmetry of the charge distribution close to the atomic
cores to be an important parameter for the size of the Rashba-splitting.
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