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The Bi/Ag共111兲, Pb/Ag共111兲, and Sb/Ag共111兲 surface alloys exhibit a two-dimensional band structure with
a strongly enhanced Rashba-type spin splitting, which is in part attributed to the structural asymmetry resulting
from an outward relaxation of the alloy atoms. In order to gain further insight into the spin splitting mechanism, we have experimentally determined the outward relaxation of the alloy atoms in these surface alloys
using quantitative low-energy electron diffraction. The structure plays an important role in the size of the spin
splitting as it dictates the potential landscape, the symmetry as well as the orbital character. Furthermore, we
discuss the band ordering of the Pb/Ag共111兲 surface alloy as well as the reproducible formation of Sb/Ag共111兲
surface alloys with unfaulted 共face-centered cubic兲 and faulted 共hexagonally close-packed兲 top layer stacking.
DOI: 10.1103/PhysRevB.81.245430

PACS number共s兲: 73.20.At

I. INTRODUCTION

The Rashba-Bychkov 共RB兲 model has been remarkably
successful in describing two-dimensional 共2D兲 electron systems with a structural inversion asymmetry 共SIA兲. It describes how an electric field perpendicular to the 2D electron
system lifts the spin degeneracy resulting in a characteristic
band dispersion.1 Originally developed for semiconductor
heterostructures, it has also been successfully applied to surface states on various surfaces even though the boundary
conditions are different than for the heterostructures.2 Extending the RB model to include an in-plane potential gradient coming from a lattice potential with an in-plane inversion
asymmetry, results in a strong enhancement of the spin
splitting.3
The spin splitting mechanism relies on different contributions, such as a strong spin-orbit interaction, a SIA as well as
other structural parameters 共e.g., corrugation, relaxation, and
orbital character兲.4–9 The RB model can as such only serve as
a qualitative model because it only accounts for an effective
electric field acting on a 2D free electron gas, which combines all these different contributions in one single parameter. The importance of detailed structural considerations,
which are completely neglected in the framework of the RB
model in the nearly free electron gas, becomes obvious when
comparing silver and antimony. Ag and Sb atoms are of
about the same size and exhibit a very similar atomic spinorbit coupling. The surface states on the 共111兲 surfaces of
these elements, however, exhibit substantially different spin
splittings, the one in Ag共111兲 being much smaller than in
Sb共111兲.7,10,11 Since surface potential gradient and atomic
spin-orbit coupling can be considered to be of the same order
of magnitude, the reason for this difference in spin splitting
must be sought in the structure. The face-centered cubic
structure of Ag features a smooth hexagonal lattice at the
共111兲 surface, whereas the rhombohedral structure of Sb共111兲
1098-0121/2010/81共24兲/245430共7兲

with two atoms in the basis grows in a bilayer configuration
stacked along the 关111兴 direction resulting in a corrugated
surface.12 Hence, structural considerations have to be taken
into account for a better understanding of the Rashba-type
spin splitting in surface states. For systems with a similar
crystal structure such as Bi and Sb the different size of the
spin splitting can be attributed to the difference in atomic
mass.10,13,14 Further, even though the atomic spin-orbit coupling is vanishingly small in graphene or carbon nanotubes,
it has been shown that the spin-orbit interaction can be structurally enhanced by the local curvature in their
structure.9,15,16
Recently a number of surface alloys 关Bi/Ag共111兲, Pb/
Ag共111兲, etc.兴 have been identified with an extremely large
spin splitting in the electronic structure at the surface.17–21
Interestingly, only a fraction of the atoms at the surface feature a sizeable atomic spin-orbit coupling so that here as well
the source of the large spin splitting must be sought in the
structure. Motivated by this and by theoretical considerations
about the relaxation dependence of the spin splitting6 we
present a systematic study of the alloy atom relaxation in
different Ag共111兲 surface alloys using quantitative lowenergy electron diffraction 共LEED兲 measurements and simulations. We relate the dopant atom relaxation to the size of
the spin splitting and address a number of other unresolved
issues in the literature. These include the band assignment of
the bands crossing the Fermi level in the Pb/Ag共111兲 surface
alloy, hexagonally close-packed 共hcp兲, and face-centered cubic 共fcc兲 top layer stacking in the Sb/Ag共111兲 surface alloy as
well as the Bi atom relaxation in the Ag共111兲 and Cu共111兲
surface alloys.
II. EXPERIMENTS AND CALCULATIONS

All experiments were performed in ultrahigh vacuum with
a base pressure of 1 ⫻ 10−10 mbar at 77 K. The angular re-
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solved photoemission spectroscopy 共ARPES兲 measurements
were done with a SPECS HSA3500 hemispherical analyzer
with an energy resolution of 10 meV and monochromatized
He I radiation. LEED measurements where done using an
ErLEED 1000-A. During LEED measurements magnetic
stray fields were compensated using Helmholtz coils to assure perpendicular incidence of the electrons on the sample
for all kinetic energies.
The Ag共111兲 substrate was cleaned using several
sputtering/annealing cycles. Cleanliness of the substrate was
checked with x-ray photoemission spectroscopy and the different surface states were controlled with ARPES. One third
of a monolayer of Bi, Pb, or Sb 共henceforth referred to as
alloy atoms兲 was deposited using a commercial electron
beam evaporator. The substrate temperature during deposition was 420 ° C, 350 ° C, and 250 ° C for Bi, Pb, and Sb,
respectively.
In a quantitative LEED 共or IV-LEED兲 experiment the integrated intensity of a particular LEED spot 共i.e., the electron
current I兲 is measured as a function of the kinetic energy of
the incident electron beam which is controlled by the acceleration voltage V. By comparing these IV-LEED curves to
simulations it is possible to deduce the structure of the surface under investigation. The reliability factor R P was defined by Pendry as a measure for the agreement between
measured and simulated IV-LEED spectra 共for details see
Ref. 22兲. For perfect agreement between experiment and
theory R P = 0. If there is no correlation between experiment
and theory R P = 1. The error bars of the parameters used in
the IV-LEED simulations can be estimated using the double
reliability factor RR as was shown in Ref. 22.
We measured IV-LEED spectra for the surface alloys Bi/
Ag共111兲, Pb/Ag共111兲, and Sb/Ag共111兲. The corresponding
simulations were done for two different surface alloy structures: the unfaulted 共fcc兲 substitutional surface alloy and the
faulted 共hcp兲 substitutional surface alloy. The decision between fcc and hcp top layer stacking was made by comparing the reliability R P factors for both structures. For the rejected structures, the R P factors were in all cases more than
double to those of the correct structures.
During the simulations surface geometry, Debye temperatures and real part of the complex inner potential were optimized by fitting the theoretical IV-LEED curves to the measured ones. The real part of the inner potential determines the
average kinetic energy an electron gets upon entering the
surface, whereas the imaginary part describes inelastic effects. In every step the geometry of the four highest layers
was calculated as a 共冑3 ⫻ 冑3兲 unit cell. The symmetry restricts the degrees of freedom to the component normal to
the surface and also forbids buckling for most layers. Three
Debye temperatures TD were fitted for each measurement:
one for the top layer Ag atoms, one for the top layer Pb/
Bi/Sb atoms and one for all the other Ag atoms. The real part
of the inner potential was found to be approximately 6 eV for
all calculations. The imaginary part of the inner potential was
kept at a fixed value of 4.5 eV.
The LEED calculations were performed using the
Barbieri/Van Hove SATLEED package.23 The necessary 14
phase shifts were determined with the Barbieri/Van Hove
phase-shift package.24 Temperature effects were calculated
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FIG. 1. 共Color online兲 Panel 共a兲 shows the top and side views
for the 共冑3 ⫻ 冑3兲R30° structure formed by the surface alloys on
Ag共111兲. Ag atoms are shown in red 共light grey兲 and alloy atoms are
shown in blue 共dark grey兲. The outward relaxation of the alloy
atoms is defined as the vertical distance between alloy and Ag atoms in the topmost layer. In Panel 共b兲 IV-LEED data 共thick lines兲
for the 共冑3 ⫻ 冑3兲R30° phase of Bi 共left兲 and Pb 共right兲 on Ag共111兲
are displayed together with the corresponding calculated IV-LEED
spectra 共thin lines兲.

within the SATLEED code by multiplying each atom’s scattering amplitude by a Debye-Waller factor. Pendry reliability
R P factors were used to measure the level of agreement between measured and calculated IV-LEED spectra and statistical errors in analysis were estimated with Pendry RR
factors.22
III. RESULTS AND DISCUSSION

Although 共Bi, Pb, Sb兲 and Ag are immiscible in the bulk,
they form a long-range ordered surface alloy where every
third Ag atom in the topmost layer is replaced by an alloy
atom. The resulting 共冑3 ⫻ 冑3兲R30° structure 关with respect to
the pristine Ag共111兲 surface兴 is displayed in Fig. 1共a兲. The
alloy atoms relax out of the plane of the Ag layer by an
amount ⌬z as shown in the side view in Fig. 1共a兲.6,17,18,25,26
Figure 1共b兲 shows the integrated intensity of the three
equivalent 共0,1兲 and 共1,0兲 spots and the six equivalent
共1 / 冑3 , 1 / 冑3兲 spots as a function of electron energy for the
Bi/Ag共111兲 and Pb/Ag共111兲 surface alloys. The data were
averaged over three 共six兲 equivalent spots and smoothed.
During data smoothing each data point was replaced by the
average with its two neighbors. This smoothing procedure
was repeated 20 times. The IV-LEED spectra for both Bi/
Ag共111兲 and Pb/Ag共111兲 surface alloys differ only in detail
indicating that they form the same 共冑3 ⫻ 冑3兲R30° structure.
For the Sb/Ag共111兲 surface alloy two different phases are
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where ␣R is the Rashba parameter. The resulting energy dispersion in the nearly free electron model is E共k储兲
ប2
2
ⴱ
= 2m
is the effective mass, k0
ⴱ 共k 储 ⫾ k 0兲 + E 0, where m
ⴱ
2
= m ␣R / ប is the offset by which the parabola is shifted away
from the high symmetry point, and E0 is an offset in energy.
The Rashba energy ER = ប2k20 / 2mⴱ is the energy difference
between the band extremum and the crossing point at the
high symmetry point. The three parameters k0, ␣R, and ER
quantify the strength of the Rashba-type spin splitting and
serve well to compare the different spin-split bands in the
surface alloys. An overview of the typical parameters in
these systems is given in Table III.

E0=-0.33eV

0.0
Initial State Energy (eV)

surface alloy the distance between the first and the second
silver layer is increased by about 0.1 Å. Furthermore, nonstructural parameters that accompany the IV-LEED calculations such as the Debye temperatures as well as the real part
of the inner potential are given in Table II. As the IV-LEED
measurements were done at 77 K, which is comparable to the
low Debye temperatures, no complications from a too high
Debye-Waller factor were anticipated in the calculations.
In the following, we relate the structural findings to the
size of the Rashba-type spin splitting. The RB model is described by the Hamiltonian,
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FIG. 2. 共Color online兲 共a兲 Comparison of IV-LEED and 共b兲
ARPES data for fcc 共left panels兲 and hcp 共right panels兲 top layer
stacking for the Sb/Ag共111兲 surface alloys. The red lines in 共b兲 are
fits to the experimental data.

known from the literature, which differ in the top layer
stacking.27–29 One phase grows in regular fcc stacking while
the other phase grows in hcp stacking. The IV-LEED spectra
for the two Sb/Ag共111兲 surface alloys, which have been
treated in analogy to the spectra in Fig. 1共b兲, are shown in
Fig. 2共a兲. The thick and thin lines in the graphs correspond to
the experimental and calculated spectra, respectively. It can
be seen that for all surface alloys the calculated spectra fit
very well to the experimental data resulting in low R P factors. Only the R P factor for the hcp phase of the Sb/Ag共111兲
is somewhat higher, which we attribute to some fcc domains
being present at the surface.
The structural parameters resulting from the calculated
IV-LEED spectra are summarized in Table I along with some
values from the literature for comparison. The outward relaxation ⌬z, which is the distance between the alloy atom
and the plane of the first layer of substrate atoms 关see Fig.
1共b兲兴, is given for each of the different alloy atoms. In addition, the interlayer distances for the first four layers are summarized. After the fourth layer no significant deviation from
the bulk value of 2.36 Å is expected. The in-plane lattice
constants were held fixed. While for the Pb/Ag共111兲 and Bi/
Ag共111兲 surface alloys the interlayer distances hardly differ
from the bulk, it should be noted that in the Sb/Ag共111兲

With ⌬z = 0.65⫾ 0.10 Å, the Bi/Ag共111兲 surface alloy
shows the largest outward relaxation in the surface alloys
considered here on a Ag共111兲 substrate. So far only two theoretical values have been reported for the relaxation, one of
which is smaller while the other is larger than the experimental value 共see Table I兲. The difference between the theoretical
values is most likely related to different methods for relaxing
the structure. Nevertheless, the corresponding band structure
calculations both show good agreement with the experimental data.6,18
Calculations have shown that an increased pxy character in
the fully occupied band is responsible for the enhanced spin
splitting characterized by a momentum offset of k0
= 0.12 Å−1 in Bi/Ag共111兲.6 It was shown that starting from a
hypothetical flat Bi/Ag共111兲 surface alloy the s : pz ratio
changes in favor of the pz character with an admixture of pxy
character upon outward relaxation of the Bi atoms resulting
in a stronger spin splitting. Comparing the Bi/Ag共111兲 surface alloy to the Bi/Cu共111兲 surface alloy, we find that the
structure is qualitatively the same for both surface alloys.
However, for the Bi/Cu共111兲 surface alloy outward relaxations of more than 1 Å have been reported 共see Table I兲.
The difference in outward relaxation can be attributed to the
smaller lattice constant of the Cu substrate. A comparison of
the electronic structures shows that the spin splitting k0
= 0.03 Å−1 for Bi/Cu共111兲 is much smaller than for Bi/
Ag共111兲. Furthermore, the surface alloy bands in Bi/Cu共111兲
are shifted into the unoccupied states, which can be related to
a different charge transfer to the surface state from the Cu
bulk as compared to the Ag bulk.

245430-3

PHYSICAL REVIEW B 81, 245430 共2010兲

GIERZ et al.

TABLE I. Geometrical parameters of the different surface alloys on Ag共111兲 and Cu共111兲 substrates. The outward relaxation ⌬z is the
distance between the alloy atom and the plane of the surface layer. The distances d12, d23, and d34 are the distances between the first
共=surface兲 and second layer, the second and third layer, as well as the third and fourth layer, respectively. The bulk interlayer distances are
2.36 Å for Ag共111兲 and 2.09 Å for Cu共111兲.
⌬z
共Å兲

d12
共Å兲

d23
共Å兲

d34
共Å兲

RP

Ref.

0.65⫾ 0.10
0.35 共theory兲
0.85 共theory兲
0.46⫾ 0.06
0.48⫾0.02 共XRD兲
0.8⫾0.1 共STM兲
0.68 共theory兲
0.42 共theory兲
0.97 共theory兲
0.11⫾ 0.05
0.03⫾ 0.07 共XRD兲
0.02 共theory兲
0.07⫾0.04共LEED兲
0.10⫾ 0.02
0.24 共theory兲
1.02⫾ 0.02 共XRD兲
1.06 共theory兲
0.47⫾ 0.16 共MEIS兲
0.6⫾ 0.03 共XRD兲
0.47 共theory兲

2.32⫾ 0.02

2.33⫾ 0.03

2.34⫾ 0.04

0.1645

2.35⫾ 0.02

2.33⫾ 0.03

2.34⫾ 0.04

0.1575

2.43⫾ 0.05
2.50⫾ 0.03
2.47
2.46⫾0.03
2.44⫾ 0.02

2.34⫾ 0.05

2.35⫾ 0.06

0.2548

2.34
2.34⫾0.04
2.33⫾ 0.02

2.42⫾0.07
2.33⫾ 0.03

0.45
0.1395

2.11⫾ 0.01

2.00⫾ 0.01

2.05⫾ 0.09
1.98⫾ 0.02
2.09

2.07

This work
18
6
This work
25
25
25
19
6
This work
30
27
28
This work
20
31
32
33
30
27

Geometry
Bi/Ag共111兲

Substitutional

Pb/Ag共111兲

Substitutional

Sb/Ag共111兲

hcp substitutional

Sb/Ag共111兲

Substitutional

Bi/Cu共111兲

Substitutional

Sb/Cu共111兲

hcp substitutional

B. Pb/Ag(111)

For the Pb/Ag共111兲 surface alloy an outward relaxation of
⌬z = 0.46⫾ 0.06 Å has been found. This value lies in between previously reported values excluding the value obtained by scanning tunneling microscopy 共STM兲. STM is
generally not very suitable for obtaining structural parameters perpendicular to the surface.25 Also, in contrast to what
has been observed before,25 our IV-LEED calculations show
that the two lattice sites of the Ag atoms in the 共冑3
⫻ 冑3兲R30° unit cell are equivalent.
The size of the spin splitting for the Pb/Ag共111兲 surface
alloy is still under debate due to different interpretations of
TABLE II. Nonstructural parameters that have been used in the
IV-LEED calculation. The Debye temperatures TD for the different
alloy atoms 共Pb/Bi/Sb兲, the surface layer silver atoms 共Ag1兲, and
the silver atoms in the subsequent layers 共Ag2→兲 are given along
with the real part of the inner potential VR.
TD共Pb/ Bi/ Sb兲 TD共Ag1兲 TD共Ag2→兲 VR
共K兲
共K兲
共K兲
共eV兲
Pb/Ag共111兲
Bi/Ag共111兲
Sb/Ag共111兲 hcp subst.
Sb/Ag共111兲 subst.

90
65
150
115

150
160
110
130

180
210
230
200

6.3
5.9
5.7
6.2

the measured ARPES spectra.6,19,39–41 Depending on the
band dispersion of the spz-band and the pxy-band in the unoccupied states, the occupied states may be assigned to difTABLE III. Characteristic parameters for the spin-split states in
the different surface alloys on the Ag共111兲 and Cu共111兲 surfaces.
The different parameters, momentum offset k0, Rashba energy ER,
and Rashba constant ␣R are defined in the text.

System
Sb/Ag共111兲
Pb/Ag共111兲

Bi/Ag共111兲
Sb/Cu共111兲
Bi/Cu共111兲

Au共111兲
Ag共111兲
Cu共111兲

245430-4

k0
共Å−1兲

ER
共meV兲

␣R
共eV Å兲

0.005
0.03
0.04
0.11
0.13
0.13
0.005
0.03
0.096
0.032
0.028
0.012
0.0007
0

5.7
23
22

0.76
1.52
1.05

200

3.05

3
15

0.19
1.0

13
9
2.1
0.005
0

0.82
0.62
0.33
0.013
0

Ref.
20 and 34
19 共expt.兲
19 共theor兲
6
18
6
35
21
36
32 共expt.兲
32 共theor兲
37
7
38

STRUCTURAL INFLUENCE ON THE RASHBA-TYPE SPIN…

PHYSICAL REVIEW B 81, 245430 共2010兲

ferent bands.6,18 It has been shown that the position of the
spz- band is particularly sensitive to the outward relaxation
of the Pb atoms.6 With a calculated outward relaxation of
0.97 Å, the spz-band with k0 = 0.11 Å−1 and the pxy-band
cross without hybridizing 共Scenario I兲. By reducing the relaxation of the Pb atoms to 0.67 Å, however, the two sets of
bands avoid each other resulting in a lower apparent spin
splitting 共Scenario II兲.6 Other calculations found a relaxation
of 0.42 Å leading to a spin splitting of 0.04 Å−1 in good
agreement with experiment.19,41,42 Here, no band crossing
between the spz-band and the pxy-band has been observed. As
the experimental outward relaxation found for Pb/Ag共111兲 is
0.46 Å, we are inclined to favor the second scenario. This
interpretation is further supported by recent spin-resolved
ARPES measurements.41

interpretation is also supported by the larger R P factor for the
hcp phase.
The spin splitting of the spz-band is too small to be detected by conventional ARPES. However, spin-resolved photoemission experiments, which are much more sensitive to a
small spin splitting due to the “spin label” of the bands,41
show that the spz-band of the hcp phase in the Sb/Ag共111兲
surface alloy is spin split by 0.005 Å−1.34 Unfortunately, no
spin splitting has been reported so far for the fcc phase.

C. Sb/Ag(111)

The Sb/Ag共111兲 surface alloy can be formed with either
fcc or hcp top layer stacking.27,29 However, no reproducible
way of creating these two phases has been reported so far.
The formation of the hcp top layer stacking has been attributed to the presence of subsurface stacking faults from previous preparations caused by Sb atom diffusion into the
bulk.27 We have found that it is possible to reproducibly
create the two phases separately regardless of the sample
preparation history. In the electron beam evaporator used for
depositing the Sb atoms, the atom beam is partially ionized
by electrons from a filament. A positive voltage at the crucible accelerates the Sb ions toward the grounded sample.
The higher the voltage at the crucible, the higher the kinetic
energy of the Sb ions and therefore the stronger their impact
at the Ag共111兲 surface. For voltages below +370 V at the Sb
crucible as well as for thermal Sb atoms evaporated from a
Knudsen cell, we found that the phase with fcc stacking is
formed. For higher voltages the phase with hcp stacking is
formed. It is conceivable that the higher ion energy results in
ion implantation into the Ag substrate inducing the subsurface stacking faults that favor the phase with hcp stacking.
The Sb outward relaxation for the fcc and hcp phase is
0.10⫾ 0.02 Å and 0.11⫾ 0.05 Å, respectively. These values
are similar to what has been previously found for the hcp
phase using IV-LEED. In addition, a slight outward relaxation between 0.07 and 0.08 Å of the surface Ag layer has
been observed for both phases. The Ag layer relaxation has
also been found by x-ray diffraction 共XRD兲. There the Ag
layer relaxation is larger 共0.14 Å兲, whereas the outward relaxation of the Sb atom is smaller 共0.03 Å兲.30 A similar effect has been observed for the Sb/Cu共111兲 surface alloy.
There, however, the Cu layer relaxation reduces the distance
between the surface layer and the substrate.30,33
The top layer stacking also slightly affects the band structure. This can be seen in Fig. 2共b兲, where the experimental
band structure of the two phases for the Sb/Ag共111兲 surface
alloy in the vicinity of the ¯⌫ point is shown. We observe a
small shift of 50 meV between the spz-band of the two
phases. However, due to the comparatively large error bars
we cannot relate this to the outward relaxation. Therefore,
we rather attribute this shift to disorder at the surface. This

D. Spin splitting vs relaxation

The large spin splitting in the different surface alloys cannot be accounted for by the spin-orbit interaction in the
heavy elements alone. This becomes obvious when comparing them to other materials with a sizeable spin splitting,
such as Au共111兲 or Bi共111兲. The spin splitting of the surface
state on the pristine Ag共111兲 substrate is undetectable with
current experimental techniques. The spin splitting in the Bi/
Ag共111兲 surface alloy is much larger than what has been
observed for the Bi共111兲 surface state, even though only a
fraction of the atoms in the surface alloy are Bi atoms. Thus,
the simple statement that a strong spin-orbit coupling leads
to a large spin splitting does not hold.
In order to resolve this issue the structural details of the
different materials have to be considered. As the structure
dictates the potential landscape, the orbital overlap as well as
the orbital hybridization, it has direct influence on the asymmetry of the wave functions and the corresponding spin splitting in the electronic structure. In Figs. 3共a兲–3共c兲, the characteristic parameters for the Rashba-type spin splitting in the
different surface alloys—momentum offset k0, Rashba energy ER, and Rashba constant ␣R—are plotted as a function
of the outward relaxation. The surface alloys on the Cu共111兲
and the Ag共111兲 substrates are drawn in blue squares and red
circles, respectively. The solid lines are drawn to guide the
eye.
Unfortunately, with experimentally available systems it is
difficult to change only one parameter while leaving everything else constant. Nevertheless, the available data allows
us to define the general trend that an increased spin-orbit
coupling and an increased outward relaxation leads to an
increased spin splitting when considering the Ag共111兲 and
the Cu共111兲 substrates separately. If we consider that the
atomic spin-orbit coupling constant for p electrons in a hydrogenlike atom is proportional to Z4 / n3 共Z: atomic number
and n: principal quantum number兲, the increase in the atomic
spin-orbit coupling constants of Sb, Pb, and Bi alone cannot
account for the increase in the respective Rashba constants.
Therefore, we conclude that the structure of the surface alloy,
i.e., the outward relaxation, plays a key role in the strength of
the spin splitting.
Comparing the surface alloys for the Ag共111兲 and Cu共111兲
substrates, the situation is not so straightforward anymore.
The Bi/Cu共111兲 surface alloy shows a much larger outward
relaxation but a much smaller spin splitting than the Bi/
Ag共111兲 surface alloy. It is conceivable that the substrate
itself has an influence on the size of the spin splitting. Calculations for the spz states have shown that the substrate
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FIG. 3. 共Color online兲 Characteristic experimental parameters for a Rashba system, such as 共a兲 momentum offset, 共b兲 Rashba energy, and
共c兲 Rashba constant are shown as a function of the outward relaxation ⌬z. The lines are drawn as a guide to the eye.

atoms within the surface alloy layer carry a significant spectral weight, which has lead to the conclusion that the atomic
spin-orbit parameter of the substrate contributes to the spin
splitting in the corresponding surface alloys.21 However, in
another comparison of the Bi/Ag共111兲 and the Bi/Cu共111兲
surface alloy, the spin-orbit coupling of the substrate has
been found to play a negligible role in the spin splitting of
the surface alloy. The conclusion here was that structural
effects 共i.e., the outward relaxation of the alloy atom兲 that
change the orbital composition play a dominant role.32 The
difference between Bi/Ag共111兲 and Bi/Cu共111兲 could simply
originate from the different lattice constants of the substrate.
In this regard, a simple tight-binding calculation shows that
the Rashba constant is proportional to the lattice constant.43
Another possible explanation is that the spin splitting reaches
a maximum with further outward relaxation leading to
smaller spin splitting. In addition, the distance d12 between
the surface layer and the substrate is compressed for Bi/
Ag共111兲 and expanded for Bi/Cu共111兲 with respect to the
bulk interlayer spacing. Whether this plays a role in the spin
splitting for the surface alloys so far is unknown.
The results discussed here show that the outward relaxation plays a key role in the size of the spin splitting in the
surface alloys with the general trend that a larger outward
relaxation leads to a larger spin splitting. However, many
open questions remain, such as a better understanding of the
role of the substrate, the influence of avoided crossings of the
bands and the resulting apparent spin splittings as well as the
question whether there is a maximum in outward relaxation
after which the spin splitting decreases again.

the scenario with the smaller spin splitting of k0 = 0.04 Å−1
where the lower spz− and the upper pxy-band avoid each
other. The other scenario where a larger outward relaxation
of 0.97 Å leads to a band crossing between spz- and
pxy-band and a larger spin splitting of k0 = 0.11 Å−1 has to be
rejected on the basis of the experimentally determined outward relaxation. In addition, we found that the Sb/Ag共111兲
surface alloy can be grown reproducibly in fcc and hcp top
layer stacking. Furthermore, we have related the outward relaxation to the strongly enhanced spin splitting in the
Ag共111兲 surface alloys comparing them also to surface alloys
found on Cu共111兲. We find that the outward relaxation plays
an extremely important role in the size of the spin splitting
because the ratio of the spin-orbit coupling strengths alone
does not account for the ratio of the Rashba constants in two
different surface alloys. Looking at each substrate individually a clear trend that a large outward relaxation leads to a
large spin splitting is evident. Deviations from this trend can
be observed when comparing the surface alloys on two different substrates, e.g., Bi/Ag共111兲 and Bi/Cu共111兲. This
could be explained by the different orbital composition in the
surface alloy band structure. The role of the substrate has not
been completely solved yet.
We conclude that the structure plays an important role in
the spin splitting as it defines the potential landscape and has
a profound influence on the orbital overlap and the band
dispersion. This has also been found for graphene as well as
carbon nanotubes where the atomic spin-orbit interaction is
clearly small. Nevertheless, a straightforward, intuitive
model for a better understanding of the Rashba-type spin
splitting at surfaces would be desirable—if it exists.

IV. CONCLUSION
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