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Assessing the atomic contribution to the Rashba spin-orbit splitting in surface alloys: Sb/Ag(111)
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2Experimentelle

We have studied the electronic structure of the Ag共111兲共冑3 ⫻ 冑3兲R30° -Sb surface alloy by angle-resolved
photoemission. We find two hybrid surface bands, similar to the isostructural Ag共111兲-Bi interface. The spinorbit coupling induced spin splitting in momentum space, however, is strongly reduced from the Bi case.
First-principles and model band calculations correctly reproduce this difference. The present results illustrate
the complex interplay of atomic and structural contributions at the origin of the large spin separation in these
systems.
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I. INTRODUCTION

The normal spin degeneracy of the electronic states of
nonmagnetic solids is lifted by the spin-orbit 共SO兲 interaction in systems that present a structural inversion asymmetry
共SIA兲. This effect, first discussed for nearly free electrons
共NFEs兲 by Rashba and Bychkov 共RB兲,1 has been extensively
studied in semiconductor heterostructures,2 with the prospect
of future applications where spins could be manipulated by
an electric field. It has been shown by angle-resolved photoelectron spectroscopy 共ARPES兲 that an even larger effect
occurs at the Au共111兲 surface.3–5 SO-split bands have later
been observed at surfaces and interfaces of p,6–8
transition,9–12 and rare-earth13 metals, in disordered Au/Ag
alloys14 and in Au quantum wires.15 Recently, large SO splittings have been measured by ARPES in single-layer ordered
metallic alloys formed by high-Z metals 共Bi and Pb兲 at the
Ag共111兲 surface.16–18 In Bi/Ag共111兲, in particular, the wavevector separation 共2 · k0; see below兲 was found to be 1 order
of magnitude larger than in Au共111兲, and much larger than
typical values found in semiconductor heterostructures. It
would be desirable to clarify the origin of such unexpectedly
large values, both for fundamental reasons and because k0 is
an important figure of merit for possible applications.
The RB model considers two-dimensional 共2D兲 free electrons subject to a surface electrostatic potential Vs whose
gradient, the surface electric field, is assumed to be oriented
along the surface normal eជz. The electron spin couples to the
magnetic field appearing in the rest frame of the electron.
The free-electron parabola is replaced by a more complex
2 2
but still isotropic dispersion E⫾共k兲 = ប2mk ⫾ ␣Rk, where the ⫾
subscript refers to the two spin states, and the quantization
axis is perpendicular to eជz and to kជ . The Rashba parameter
␣R, which is proportional to ⵜVs, indicates the strength of the
coupling. A cut along a generic direction within the plane
then yields two parabolic branches shifted away from ¯⌫ by
1098-0121/2009/79共7兲/075424共6兲

k0 = បR2 . This picture is qualitatively consistent with the main
experimental features, but quantitatively inaccurate, since
typical values of ⵜVs yield band splittings orders of magnitude too small. Modern first-principles calculations16,19
achieve impressive quantitative agreement with the experimental data, but provide only limited insight of the physical
origin of the splitting.
Since the electric field probed by the electron is strongest
near the ion cores, a realistic description of the phenomenon
should include atomic aspects. This was first accomplished
in a tight-binding model, where the SO splitting depends on
the product of the surface-potential gradient times the atomic
SO parameter.20 For clean metal surfaces the splitting depends not only on the atomic number Z, but also on the
orbital character of the surface-state wave function, e.g., on
the relative sizes of the p and s components in an sp surface
state. It has been proposed that the asymmetry of the wave
function near the position of the nuclei resulting from mixing
different l states might be the single most important factor
leading to a SO splitting.21 On the other hand, the direct or
indirect role of the surface potential is illustrated by the observed dependence on the Miller indices of the surface,6 and
also on the presence of adsorbates.22
For surface alloys such as Bi/Ag共111兲 and Pb/Ag共111兲,
the strength of the atomic SO interaction of both the substrate and the overlayer is clearly important, but is not the
only relevant parameter. For instance, the SO coupling
induced spin splitting measured for the Bi/Ag共111兲 alloy
共k0 = 0.13 Å−1兲 is larger than for both the Ag共111兲 and
Bi共111兲 surfaces. It is also four times larger than for the
Pb/Ag共111兲 alloy 共k0 = 0.03 Å−1兲,18 even if the 6p atomic SO
parameter 6p increases by only 37% between Pb 共0.91 eV兲
and Bi 共1.25 eV兲.23 The inhomogeneous charge distribution
within the alloy yields an in-plane component of the surfacepotential gradient which, in the presence of an in-plane SIA,
also contributes to the SO splitting. The results of a NFE
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model including the SO interaction indeed suggest that this
term is crucial to achieve very large values of k0.24 Moreover, spin-resolved ARPES measurements on Bi/Ag共111兲
and Pb/Ag共111兲 have detected a substantial out-of-plane
component of the spin polarization, a telltale consequence of
the in-plane gradient.25 Surface corrugation, or equivalently
the relaxation of the adsorbate layer, is another key parameter that controls the hybridization with the substrate, and
therefore the orbital composition of the surface states.16,19
Finally, the electronic states of the alloys are more localized
than the noble-metal surface states. As a result, they probe
the surface-potential gradient more effectively, and the asymmetry of their wave functions is enhanced with respect to the
clean metal counterparts.
Only a few combinations of p-metal adsorbates and
noble-metal substrates have been studied so far. More experimental information is necessary to develop a comprehensive
model of SO splitting in these systems. As a step in this
direction we present here ARPES data and band-structure
calculations for the Sb/Ag共111兲 surface alloy. The structural
parameters of this interface are very close to those of the
well-characterized Bi/Ag and Pb/Ag systems. The Sb adatoms replace every third Ag atom in the topmost layer to
form a surface alloy with a 共冑3 ⫻ 冑3兲R30° surface superstructure with nominal SbAg2 stoichiometry, similar to the
substitutional PbAg2 and BiAg2 surface alloys formed by Pb
and Bi at the Ag共111兲 surface. The alloy layer exhibits a
preferential hcp stacking relative to the substrate, although
an fcc stacking is also possible.26–28 Sb and Bi have the same
s2 p3 electronic configuration, but the atomic SO interaction
in the Sb 5p valence states is considerably weaker 关5p共Sb兲
= 0.4 eV兴.23 Therefore Sb/Ag共111兲 provides an almost ideal
opportunity to assess the role of atomic contributions to the
SO splitting.
II. METHODS

The SbAg2 surface alloy was prepared by evaporation of
1/3 of a monolayer of Sb on the hot Ag共111兲 substrate
共T ⬎ 400 K兲, followed by an annealing at T ⯝ 600 K. The
crystalline order was checked by low-energy electron diffraction 共LEED兲. ARPES measurements were performed in
Würzburg and Stuttgart, utilizing He I 共h = 21.2 eV兲 radiation from a high-brightness monochromatized helium lamp,
and at the Synchrotron Radiation Center in Madison, Wisconsin. Hemispherical electrostatic analyzers were used to
measure ARPES intensity maps over acceptance angles of
⫾13° and ⫾7° in the nondispersive direction. The energy
resolution was better than 10 meV, and the angular resolution
was 0.3°, corresponding to a wave-vector uncertainty of
⬃0.01 Å−1.
For the first-principles calculations we followed the multicode approach which already proved to be effective in reproducing the band structure of the Pb/Ag共111兲 and Bi/
Ag共111兲 surface alloys.16,18 The geometric structure of the
surface has been obtained by the Vienna Ab Initio Simulation
Package 共VASP兲. The surface electronic structure has been
computed by our relativistic layer Korringa-Kohn-Rostoker
共KKR兲 code,29 using the optimized geometry as input. Since

FIG. 1. 共Color online兲 ARPES intensity maps 共h = 21.2 eV兲 of
the SbAg2 surface alloy, measured at T = 100 K around ¯⌫ along 共a兲
the ⌫K and 共b兲 the ⌫M directions of the surface BZ.

first-principles calculations do not allow to distinguish per se
the various contributions 共atomic, perpendicular SIA, and inplane SIA兲 to the RB splitting, we calculated the surface
band structure also within an NFE model. In the latter, the
mechanisms involved in the formation of the SO split-band
structure are parametrized, thus allowing their interplay to be
investigated on a semiquantitative level.
III. RESULTS AND DISCUSSION

Figure 1 shows two ARPES intensity maps for the SbAg2
alloy, measured around ¯⌫, the center of the hexagonal surface Brillouin zone 共BZ兲, along the ⌫K 关K̄ = 共0.84 Å−1 , 0兲兴
and ⌫M 关M̄ = 共0 , 0.72 Å−1兲兴 high-symmetry directions. They
show two spectral features dispersing downward from ¯⌫,
with an asymmetric intensity distribution that is due to
ARPES transition matrix elements and to the geometry of the
experiment. Although we will refer hereafter to each of these
features as a “band”, both of them exhibit some internal
structure, as discussed below. The lower-band maximum is at
a binding energy of 0.27 eV and the dispersion is well
approximated by a parabolic fit, with effective mass
m쐓 = −0.15⫾ 0.01me, where me is the bare electron mass. The
upper band forms a hole pocket at ¯⌫. It crosses the Fermi
level at kF共⌫K兲 = 0.15 Å−1 and kF共⌫M兲 = 0.17 Å−1. In this
case a parabolic fit would yield ambiguous results because of
this slight anisotropy and of the underlying internal structure.
The bands of Fig. 1 appear after the surface alloy is
formed. They replace the Ag共111兲 Shockley state with minimum at ⬃0.06 eV on the clean surface, and reflect the hybridization between the adsorbate and the substrate states. By
analogy with the isostructural PbAg2 and BiAg2 alloys,16,17
we attribute the lower band to states of mainly Sbspz and
Ags characters. The upper band has mainly pxy character.
These assignments are confirmed by our first-principles calculations. However, while in the Bi and Pb alloys each band
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FIG. 2. 共Color online兲 MDCs extracted from the ARPES map of
Fig. 1共a兲, in correspondence of the horizontal lines at E = 0.05 eV
共top, red or dark gray line兲 and E = 0.55 eV 共bottom, blue or light
gray line兲.

exhibits a clear SO splitting, the effect is considerably
smaller here. The two split components are only resolved in
the upper band for k ⬎ 0.2 Å−1, near the edges of the intensity maps. Their different slopes suggest that they cross at
about 0.3 eV binding energy and partially overlap up to the
Fermi level. Such crossing is at variance with the Bi/Ag and
Pb/Ag cases, where the SO-split bands are mainly shifted in
k and only cross at the high-symmetry points ¯⌫ and M̄. The
lower band does not exhibit a visible splitting, but its trace is
broader than the experimental wave-vector uncertainty, suggesting also in this case an underlying structure. The wavevector broadening can be observed all the way to the band
maximum, where the width in the energy direction is small,
which again points to the presence of two underlying components.
These qualitative conclusions are confirmed by momentum distribution curves 共MDCs兲 extracted from the intensity
map of Fig. 1共a兲 in correspondence of the horizontal lines at
E = 0.05 eV and E = 0.55 eV 共Fig. 2兲. At 0.05 eV the line
cuts only the upper band, and the corresponding MDC exhibits two sharp peaks on opposite sides of ¯⌫ with nearly
Lorentzian line shapes. The MDC at 0.55 eV, which cuts
both bands, shows broader line shapes for both bands, and
partially resolved split components in the upper band at k
= ⫾ 0.25 Å−1. Remarkably, the intensity at the k ⬎ 0 crossing
of the lower band 共at k ⯝ 0.08 Å−1兲 is totally suppressed.
To get more insight into the cause of the small splitting
and of the peculiar crossing in the band structure of Sb/
Ag共111兲, we performed first-principles calculations using the
KKR method. The surface relaxation is a crucial parameter,
as it influences both the size of in-plane and perpendicular
potential gradient, and the amount of hybridization between
spz and pxy orbitals. The atomic positions as computed using
the VASP yielded an outward relaxation of the Sb atoms of
about 10%, close to the value of 15% found for Bi in Bi/
Ag共111兲 and consistent with the slightly smaller size of the
atomic radius of the Sb atom 关2.9 Å 共Sb兲 vs 3.1 Å 共Bi兲兴.
The value of 10% is somewhat larger than the 2 – 3 % estimated from independent experiments.27,28 On Bi/Ag共111兲 no
experimental structural data are available. However, the

FIG. 3. 共Color online兲 Left: the calculated total spectral density
N = 共N↑ + N↓兲, for the ⌫K 共top兲 and ⌫M 共bottom兲 directions. Right:
the in-plane spin polarization P 共 = x , y for k = ky,x兲, depicted with
positive and negative values represented by blue and red, respectively. White is for zero polarization.

buckling values produced by our simulations seem to indicate that we deal with two very similar interfaces.30
The spectral densities as given by the KKR method are
shown in Fig. 3 for the same maps of Fig. 1. The spin polarization of these surface states is mainly in plane and normal
to the wave vector. Thus, for the wave vector along the x axis
共y axis兲 the spin is oriented in the y direction 共x direction兲,
but with opposite orientation for the spin-split pairs of states.
In the calculations we have decomposed the spectral density
at a Bi site with respect to the spin components along these
directions, thus obtaining the spin-resolved spectral densities
N↑ and N↓. The total spectral density N = 共N↑ + N↓兲 is shown
in the left panels of the figure. The corresponding in-plane
spin polarization P = 关共N↑ − N↓兲 / 共N↑ + N↓兲兴 共 = x , y for k
= ky,x兲 is shown in the right panels. The dispersion of the
calculated bands follows nicely the experimental data. The
spin splitting, evident in the right panels, is barely visible in
the total density maps. The maximum energy separation
共⬍100 meV兲 would be detectable with our energy resolution, but the ARPES linewidth in these surface alloys is
dominated by surface disorder, which explains why the experiment cannot access this detail. The calculation also reproduces the anomalous crossing in the upper 共mainly pxy兲
band set. It occurs in the vicinity of the Fermi level, in the
region showing vanishing spin polarization, i.e., at 共E , kx兲
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FIG. 4. 共Color online兲 Split bands obtained from an NFE model
including the SO interaction.

= 共0.2 eV, 0.18 Å−1兲 and 共E , ky兲 = 共−0.4 eV, 0.28 Å−1兲. A
third set of bands at higher energies, dispersing upward in
the ⌫K direction, is ascribable to pxy 共m j = 3 / 2兲 states.
Interestingly, the outcome of the KKR calculations in
terms of orbital hybridization indicates a similar 共⯝25%兲
admixture of pxy character in the spz bands for both the
Sb/Ag and the Bi/Ag systems. This is a key point as it shows
that the “sensitivity” to the in-plane gradient should be about
the same in both systems and cannot explain the difference in
the size of the splitting. Therefore, the smaller splitting in
Sb/Ag共111兲 compared to that in Bi/Ag共111兲 is mainly due to
the smaller atomic SO interaction. In other words, a strong
in-plane gradient is not effective in generating a strong SO
splitting of the interface bands unless supported by a significant atomic contribution from the adsorbate. This consideration is not influenced by the top layer stacking since the
calculations show no sizable difference between the faulted
and the nonfaulted surface reconstructions.
The individual contributions to the SO splitting cannot be
clearly separated, in particular in a first-principles computer
code. However, in model calculations that capture the essential ingredients they can be switched on and off individually,
and their mutual interplay on the splitting can be analyzed.
An NFE model has been recently developed to treat the presence of SIAs in a 2D electron gas.24 It qualitatively illustrates the different contributions from an in-plane and a perpendicular potential gradient to the spin splitting. If we
calculate the band dispersion for an in-plane gradient only,
we can reproduce the band crossing away from the ¯⌫ point.
The result is displayed in Fig. 4 for the ⌫K direction. As the
perpendicular gradient is set to zero in this case, there is no
momentum offset of the band maximum away from the ¯⌫
point. This can be attributed to the fact that the in-plane
gradient results in higher-order contributions than the perpendicular gradient, which shows a linear contribution. Only
the combination of the in-plane and the perpendicular gradients will result in a strong enhancement of the spin splitting
according to the NFE model. For the present case of Sb/
Ag共111兲 we qualitatively conclude that we have a strong in-

plane contribution of the potential gradient, but since the
atomic SO interaction in Sb is much weaker than in Bi, a
strong enhancement of the spin splitting cannot be expected.
Notice that in a freestanding surface alloy, the in-plane inversion symmetry is conserved, and the SIA comes into play
only when considering the interaction with the underlying
substrate layers.
From the experimental and theoretical results we can then
identify three ingredients to the spin-orbit splitting of the
surface states: 共i兲 the atomic contribution, due to the strong
Coulomb potential of the nuclei, 共ii兲 the perpendicular potential gradient, due to the surface-potential barrier, and 共iii兲 the
in-plane potential gradient, due to the surface geometry. The
last one can be viewed as a crystal-field effect of the subsurface layers on the topmost layer. Both the perpendicular and
the in-plane gradients break the symmetry of a freestanding
Sb/Ag surface layer 共which does not show Rashba splitting兲.
The strongest contribution is the atomic one. The other two
are orders of magnitude less than the atomic contribution and
approximately of the same strength. This hierarchy suggests
the following scenario: for a sizable splitting, a strong atomic
contribution is inevitable, as can be seen from the surfacestate splitting in the series Cu共111兲-Ag共111兲-Au共111兲. An additional mechanism 共here, the in-plane gradient兲 can increase
the splitting, as seen for Bi/Ag共111兲 and Pb/Ag共111兲. However, such mechanism can only “trigger” the effect. Without
a strong atomic contribution, the splitting is small, as proven
in the present work on Sb/Ag共111兲.
While the SbAg2 bands are approximately free-electronlike near the center of the BZ, the dispersion is strongly
affected by the lattice potential at larger k values. This aspect
is not included in the simple RB model of the SO splitting,
and adds interesting structure to the in-plane spin
polarization.16 The departure from an isotropic dispersion is
illustrated by the calculated band structure of Fig. 3. Hints of
an anisotropy are visible already in the maps of Fig. 1: 共i兲 the
Fermi wave vectors of the upper band are different in the two
directions, and 共ii兲 the upper and lower bands get closer in
energy along ⌫K but not along ⌫M. The anisotropy is especially evident in the constant-energy contours of Fig. 5, obtained by cutting the experimental band structure at four
binding energies between the Fermi level and 2.1 eV. At EF
关Fig. 5共a兲兴 the map shows a hexagonal contour centered at ¯⌫
from the upper 共pxy兲 band. A second smaller contour, from
the lower band, is present in the E = 0.4 eV map 关Fig. 5共b兲兴,
but only part of it is visible due to the strong intensity modulation already evident in Fig. 1. Both contours grow in size at
larger binding energies. In panel 共c兲 the lower-band contour
is also hexagonal, but rotated by 30° with respect to the
upper-band contour, which is distorted into a flowerlike
shape. Since the highest spin polarization is predicted at the
corners of the hexagons,16,24 the angular mismatch of the
constant-energy contours yields a similar offset in the spin
polarization of the two bands. The larger and weaker hexagonal shape, visible in panels 共a兲–共d兲 of Fig. 5 and schematically reproduced in Fig. 5共e兲, is formed from arcs due to the
backfolding of the NFE bulk Ag sp conduction band at the
BZ boundaries of the surface alloy. These arcs cross the contours of the alloy bands without being distorted. Therefore
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It is interesting to compare the hexagonal contours of Fig.
5 with the circular Fermi surfaces of the Shockley states of
the clean 共111兲 surfaces of Cu, Ag, or Au. The larger size of
the alloy Fermi surface relative to the BZ cannot entirely
explain the difference. In particular, for the Au共111兲 surface
the ratio 共kF / ⌫M兲 is only 30% smaller than the corresponding ratio for the SbAg2 alloy. The Shockley states of clean
noble metals with their weak lattice potential show freeelectron-like behavior and thus a circular Fermi surface. The
stronger effect of the lattice in the alloy is the result of the
more anisotropic ionic charge distribution within the surface
plane, where each Sb atom “sees” six Ag nearest neighbors
and six Sb next-nearest neighbors with an inequivalent ionic
potential. This anisotropy, only partially screened by the valence electrons, is indeed at the origin of the in-plane gradient, which contributes to the SO splitting.
IV. CONCLUSIONS

FIG. 5. 共Color online兲 Constant-energy contours obtained at 共a兲
the Fermi level and at 共b兲 0.4, 共c兲 1.3, and 共d兲 2.1 eV binding
energies. The dashed hexagons are guides to the eye. Panel 共e兲,
which reproduces the data of panel 共c兲, shows the surface BZ and
the backfolded contours of the bulk Ag sp conduction band.

In summary, we have studied the electronic structure of
the SbAg2 surface alloy. We found obvious similarities with
the bands of the isostructural BiAg2 and PbAg2 alloys, but a
much smaller SO splitting and a non-rigid band shift in wave
vector even for k values close to ¯⌫. The experimental data
are well reproduced by first-principles relativistic calculations. These results indicate that large in-plane potential gradient, which plays a crucial role in the BiAg2 surface alloy, is
ineffective in producing a large SO splitting unless supported
by a strong atomic SO interaction of one of the alloy constituents. On the other hand, the band splitting is not simply
proportional to the relevant atomic SO parameter. More data
on other surface alloys, grown on different substrates, are
necessary to further clarify the interplay of atomic and structural parameters.
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