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Abstract

Surface states, that show a k-dependent splitting resulting from spin—orbit coupling, show wide similarities to a two-dimensional elec-
tron gas in semiconductor heterostructures, where the Rashba-effect lifts the spin-degeneracy of the bands and allows spin-manipulation
by an electric field. We discuss the conditions for such a Rashba-effect at metallic surfaces by comparing ab initio calculations for
Au(111), Ag(111), and Lu(0001) and investigate the influence of electric and magnetic (exchange) fields on these surface states.
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1. Spin—orbit splitting of surface states

The discovery of the spin—orbit splitting on a Au(111)
surface by LaShell et al. [1] using photoelectron spectro-
scopy provided a direct view on an electronic state, where
the spin-degeneracy was lifted solely by spin—orbit cou-
pling. The analogy between a two-dimensional electron
gas (2DEQG), as found in semiconductor heterostructures,
and these surface states was quickly established and there-
fore it became common to refer to this effect also as Rashba
splitting. Here, the motion of an electron in the plane of the
2DEG (characterized by its Bloch vector k|) through a per-
pendicular electric field, Ee., results in a magnetic field in
the rest frame of the electron, that couples to the spin, s,
of the particle as

Hg = or(e. x k) -s. (1)

Already in the paper by LaShell and coworkers [1] it was
noticed, that the electric field could not be naively identified
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with the gradient of the surface potential. Peterson and
Hedegard [2] developed a simple tight-binding model that
showed that it is possible to write the Rashba parameter,
or, as a product of the nuclear number Z of the surface
atom and a parameter describing the asymmetry of the
wavefunction, y. This asymmetry is then (also) a measure
of the potential gradient at the surface and vanishes in
the bulk of centro-symmetric crystals.

Although the comparison with semiconductor hetero-
structures has to be done with care, the bandstructures
and Fermi surfaces of Au(111) and related surfaces [3] bear
clear similarities between surface states and 2DEG’s dis-
cussed in mesoscopic systems [4]. Of course, this splitting
of the surface state is an effect of spin—orbit coupling and
can, therefore, also be classified as “spin—orbit splitting”.
But to clearly distinguish this effect from other spin—orbit
splitting, that do not lift the spin-degeneracy of the bands,
we classify this effect as Rashba-effect and Rashba splitting
in the following. This seems to be justified, since the symme-
try requirements for this effect to appear are the same as for
the “classical” Rashba-effect in 2DEG’s.

Recently, on other surfaces (e.g. of the semi-metal Bi [5])
completely different Fermi surface topologies have been
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found to be caused by the Rashba-effect and on magnetic
surfaces, like Gd(000 1), interesting combinations of Rash-
ba and exchange splittings can be observed [6]. This opens
up completely new possibilities, provided that it is some-
how possible to manipulate the Rashba parameter (e.g.
by an electric field) and to selectively address the surface
states and separate its response from the remaining bulk-
states. Especially, the semi-metallic Bi seems to offer good
chances to overcome the second problem.

In this contribution we will first discuss the origin of the
spin—orbit splitting, i.e. what characterizes a surface state
and its surrounding potential so that a significant Rashba
splitting can be observed. As well-known examples we will
investigate Au(111) and Ag(111) and discuss why on the
latter surface the splitting is more than one order of mag-
nitude smaller. We will compare the spin—orbit splitting
of the sp-surface state on Au(111) and Ag(111) with that
of d-type surface states on Lu(0001) and investigate how
the Rashba constant can be manipulated in the case of a
metallic surface by an external electric field.

All calculations shown here are based on density func-
tional theory in the local density approximation and have
been performed using the full-potential linearized aug-
mented planewave method [7] as implemented in the
FLEUR-code'. Spin—orbit coupling (SOC) was included
self-consistently as described in Ref. [8]. The surfaces were
simulated by thick films (23 layers for Au and Ag, 10 layers
for Lu) embedded in vacuum. The muffin-tin radii were
chosen 2.5 a.u. for the noble metals and 2.8 a.u. the lantha-
nides. The correlation of the 4f-electrons of Lu was de-
scribed by the LDA + U method [9]. The electric field
was modeled as described in Ref. [10].

2. Origin of the (Rashba) spin—orbit splitting

In order to shed more light on the model described by
Eq. (1), we calculated the splitting of surface states on dif-
ferent metals, i.e. on the (11 1) surfaces of noble metals and
(0001) surfaces of lanthanides. Using density functional
theory one can separate the Hamiltonian into two parts:
The first one includes all scalar relativistic effects (Darwin
and mass enhancement to all orders in the speed of light)
and the second one is a spin—orbit coupling (SOC) term.
The latter is only important (see arguments below) in the
vicinity of the nuclei and is therefore applied only in a
sphere around the atom. These muffin-tin spheres are
non-touching and — since the potential is considered to be
spherically symmetric near the nucleus — only the /=10
term of an expansion of the potential in spherical harmon-
ics is taken into account [8]. In this approximation the
spin—orbit coupling term takes the form
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where V' is the spherically symmetric potential, p is the
momentum operator and ¢ = (g, g,, ¢.) are the Pauli
matrices. Although this formulation does not contain
explicitly an electric field as presented in Eq. (1), calcula-
tions with this Hamiltonian reproduce the experimental
Rashba splitting of the Au(111) surface state. Also in the
case of Gd(0001), the agreement with experimental data
was found to be quite good [6].

In the calculations we have now the possibility to resolve
the contribution to the splitting of the surface state layer by
layer, e.g. we can include the SO-Hamiltonian (Eq. (2))
only in the surface (first subsurface, etc.) layer atoms and
determine then the splitting in a single iteration, using the
self-consistent potential from the previous calculation
when SOC was included in all atoms. In this way we arrive
at a layer decomposition of the Rashba splitting as shown
in Fig. 1. We see that the Au(111) surface states extend
considerably into the bulk, in agreement with other theo-
retical data [11]. Note, that more than 40% of the total
splitting actually comes from the subsurface layers, where
the screening of the potential gradient at the surface should
already be very efficient. This supports the picture that not
the asymmetry of the surface potential, but the lack of
inversion symmetry of a surface state wavefunction is actu-
ally determining the size of the splitting.

When we vary the radius of the sphere, where the SO-
Hamiltonian is taken into account, we can further refine
our spatial resolution: applying a similar procedure as for
the layer-decomposition of the Rashba splitting, we find
that more than 90% of the contribution to the splitting
comes from a region defined by a sphere of 0.25a.u.
around the nucleus. This is understandable, since the
weighted potential gradient ’1%—‘: is largest close to the nu-
cleus. In this region the potential is almost perfectly radi-
ally symmetric, which explains the success of calculations
with a radial symmetric potential in Eq. (2).
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Fig. 1. Contribution to the Rashba splitting in Au(111) and Gd(0001)
arising from the individual layers of a film. The surface layer is denoted by
S, deeper layers by S— 1, S —2, ... Inset: contribution to the Rashba
splitting coming from a sphere around the surface atom of Au(111) as
function of the sphere radius.
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Up to now, most investigations of the surface state split-
ting have concentrated on Au(l11). On Ag(l11), in
contrast, ab initio calculations predict that the splitting is
smaller by a factor 20 and, therefore, very difficult to ob-
serve experimentally [12]. Reinert [3] discussed this differ-
ence in terms of the potential gradient perpendicular to
the surface and the amount of p-character in a sp-surface
state. But actually none of these factors is sufficient to ex-
plain the large difference observed between the Ag and the
Au surface state splitting. In the view of our discussion
above, it is the gradient of the surface state wavefunction
decaying into the bulk near the position of the nucleus that
determines the size of the Rashba splitting. Close to the
nucleus, where wavefunctions are well expanded in spheri-
cal harmonics, for a surface state with predominantly
I-character (e.g. p-character), such a gradient is realized
by the formation of hybrid states with orbitals of /- and
/ + 1-character.

Thus, the ratio of /- to / & 1-character is a measure of an
effective gradient, analogous to the asymmetry parameter 7y
in the model of Petersen and Hedegard [2]. In other words,
a surface state of purely p- or d-character shows no Rashba
splitting at all. Only the admixture of d-character to a p-
type surface state allows the description of a decaying state
and thus for a k-dependent splitting of this state that also
depends on the nuclear number Z. Only when both, the
expectation value of the weighted potential gradient }%—”/
and the wavefunction gradient (or equivalently momen-
tum) py are large, a sizable splitting can be expected. (Of
course the potential gradient perpendicular to the surface
also modifies the wavefunction gradient and in this way en-
ters the model. As we will see below, it is via this mecha-
nism also possible to manipulate the Rashba splitting
with an electric field.)

Comparing now the p:d-ratio of the Ag and Au(111)
surface states, we find that in the Ag surface atom it is
rather large (9.5), while it is much smaller for Au (3.3).
Also the ratio of p:s character is larger in Ag than in Au,
indicating that the p-character of the Ag surface state is
much more pronounced that in Au’.

To illustrate these arguments further, we performed
ab initio calculations of the Lu(0001) surface. Like all lan-
thanide surfaces, this surface supports a surface state near
the Fermi level (Ef), that is located in a large projected
bulk-bandgap centered around the T'-point (Fig. 2, bot-
tom). Lu has a rather large nuclear number (Z = 71), nev-
ertheless in a comparison with bandstructures calculated
with and without spin-orbit coupling the Rashba splitting
is hardly visible (Fig. 2, top). This is a consequence of
the very small dispersion of the band, but as shown in an
inset of Fig. 2 (top), there is actually a splitting of
0.022 A", very similar to the value in Au(111) which is
found to be 0.025 A~ both experimentally and in theory

2 The decomposition in /-type characters depends of course also on the
radius of the sphere, in which the (/,m)-decomposition of the wavefunction
is performed.
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Fig. 2. Bandstructures of a relaxed 12 layer Lu(0001) film calculated in
LDA (top) and GGA (bottom) with inclusion of a Hubbard U. The top
panel shows a comparison of a calculation without (empty circles) and
with (filled circles) spin—orbit coupling (SOC). In the inset, the surface
state around I is shown, calculated with and without SOC represented by
thick and thin lines, respectively. For the GGA result (bottom), surface
states are marked as filled circles, all other states are indicated by open
circles.

[12]. The Lu(0001) surface state is of d-type character
and decays rather rapidly from the surface into the bulk,
similar to what is also reflected in the fast decay of the layer
resolved contribution to the Rashba splitting in Fig. 1 for
Gd(0001). In this case the ratio of d:p-character is 2.7,
so also this surface state has significant p-admixture.
Furthermore, a closer inspection of the bandstructure
near the M-point shows that, for a surface state located
there at about 0.78 eV above Ef, the Rashba splitting is
much larger and amounts to 0.085 A~'. Also the effective
masses of the surface states at the I'- and at the M-point
differ by almost a factor of three: while the state at the cen-
ter of the Brillouin-zone (BZ) has predominantly d,» char-
acter with 27% p.-admixture, the state at the BZ boundary
is mainly of d.-type with significantly more p.-character
(in this case d:p is 1.7). This difference is also illustrated
in the charge density plots of the surface states as shown
in Fig. 3(a) and (b). The increased p-character also en-
hances the Rashba splitting, since a p-type wavefunction
is located much closer to the nucleus than a d-type wave-
function. So we see that on the same surface we can ob-
serve two surface states with completely different Rashba
splitting as a consequence of the different orbital character.
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(a

Fig. 3. (a) Charge density of the surface state of Lu(0001) at the M-point
(a) and I'-point (b) (contour lines in a logarithmic mesh); Right: charge
density increase (c) and decrease (d) of the surface state at T, when an
electric field of —0.46 V/A is applied.

3. Influence of electric fields

Due to the presence of a surface dipole, at any surface
there is a natural electric field directed perpendicular to
the surface that is proportional to the workfunction. An
additional electric field applied perpendicular to the surface
plane will lead to accumulation or depletion of charge near
the surface naturally change the wavefunction of the sur-
face state. If this change results in an increased (or de-
creased) asymmetry of the wavefunction near the nucleus,
this will also influence the Rashba splitting of the surface
state. To see how much the splitting can be influenced by
the electric field, we included an external electric field in
our calculations of Lu(0001).

From Fig. 3 we see, that an applied (negative) electric
field has the effect to deplete the surface state at the surface
atom and to push charge density into the vacuum. Interest-
ingly, the character of the surface state does not change sig-
nificantly and the ratio d:p is again about 2.7, but the total
charge in_the muffin-tin decreases by 7% when a field of
—0.46 V/A is applied. As a consequence, the Rashba
splitting of Lu(0001) decreases by about 10% to
0.020 A~'. Although this effect seems to be small and the
applied electric field large, we want to emphasize that —

compared to the effect in semiconductor heterostructures
— the Rashba-effect is already large, and also its variation
by 10% is therefore substantial.

Additionally, the electric field shifts the surface state at
T down in energy, so that it moves closer to the Fermi level.
The surface state at the M-point, in contrast, does not
change its position relative to the Fermi level and also its
Rashba splitting is almost unaffected by an external electric
field. The question, whether it is possible to manipulate the
size of the splitting of a surface state via an electric field,
depends sensitively on the character of the state itself.

4. Summary

We investigated the conditions that lead to a k-depen-
dent splitting of the surface states in Au(111), Ag(111)
and Lu(0001) caused by spin—orbit coupling. The asym-
metry of the wavefunction near the nucleus, characterized
by the ratios of different /~components of an expansion of
the wavefunction of the surface state in spherical harmon-
ics, provides a good measure for the strength of the split-
ting. Furthermore, an external electric field allows to
manipulate the size of the splitting in certain cases, under-
lining the similarity with the Rashba-effect in semiconduc-
tor heterostructures.
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