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The mutual interplay between superlattice structures, band filling factors and spin orbit coupling
results in a highly correlated electronic spin- and charge-state found for an array of atomic Pb wires
grown on Si(557). By means of spin- and angle-resolved photoemission spectroscopy the spin texture
close to the Fermi surface was found to be alternating and equidistant, thus Fermi nesting occurs
in between bands with the same spin helicity giving rise to spin-polarized charge density waves in
the direction across the wires. An out-of-phase superposition of both Rashba-channels is manifested
by an extraordinary large Rashba-splitting of ∆k0 = 0.2 Å−1 = g/2, where g is a reciprocal lattice
vector defined by the interwire distance, and fits into the model of spin density waves in

antiferromagnetically ordered chain structures. The implications towards spin-polarized
transport along the wires will be discussed.

The intriguing physics of quasi one-dimensional (1D) sys-
tems [1] can be successfully realized with atomic wires
grown by self-assembly on surfaces [2, 3]. The con-
trolled embedding of these structures onto/into the sur-
face opens the pathway for studying exotic phenomena
such as charge density waves and Luttinger liquid behav-
ior in metallic nanostructures [4]. However, the role of
spin-orbit coupling (SOC) in these electronically corre-
lated systems is hardly explored and came only lately in
the focus of research.

As a consequence of the broken inversion symmetry SOC
leads inevitably to spin-polarized states in these low di-
mensional systems at surfaces [5]. In case of Au/Si(553)
the ground state reveals an intrinsic magnetism at the
surface [6]. The size of the Rashba splitting depends
on the intra-atomic spin-orbit coupling (high-Z materi-
als), on the surface potential gradient dV/dz and on the
charge distribution ρ(r) [7–9]. Consequently, the surface
structure as well as hybridization between orbitals with
different parities are important and influence strongly the
splitting of the states [10]. The effect is parameterized by
the Rashba constant αR = ∆k0~

2/2m∗, where ~ denotes
the reduced Planck constant, m∗ the effective mass and
∆k0 = 2k0 the momentum splitting of the spin-polarized
bands.

In quasi-1D array structures the coupling strengths of the
wires within the ensemble and the substrate are decisive.
As shown, e.g. for Au submonolayers adsorbed on vici-
nal Si(111) surfaces [11], dispersing electronic states are
found only in the direction along the wires. Alternatively,
superlattice structures can be used in order to trigger 1D
properties, e.g. as seen for Pb/Si(557). For this sys-
tem, strong coupling of adjacent wires has revealed 1D
transport due to Fermi nesting in the direction across the
wires, however, the role of SOC in this system was not
taken into account so far [12, 13].

An interesting question arises now how the surface band
structure is modified and correlation effects are affected

if both strong SOC and superlattice structures coexist.
As sketched in Fig. 1 different spin texture scenarios
are expected at the Fermi surface (FS) in particular if
also the band filling is taken into account. For Au-wires
on vicinal Si(111), indeed, SO-split surface bands have
been found (only) along the wire direction. The splitting
of ∆k0 = 0.05 Å−1 found for this system is compara-
bly small [14, 15]. The question has been addressed as
well to vicinal Au(111), the prototype system for lat-
eral quantum well effects. While in the case of low step
densities the spin-split surface state and Umklapp states
incoherently overlap, only for highly stepped surfaces,
e.g. Au(223), a small enhancement of the SOC has been
found [16]. However, implications towards collec-

FIG. 1. (color online) Illustration of the interplay between
the chemical potential and superlattice symmetry in a surface
system with SOC, parameterized by kF, g = 2π/d and ∆k0,
respectively. a) and b) represent two extreme cases, where
kF and ∆k0 are completely incommensurate and commensu-
rate, respectively, for a given Umklapp sequence g. c) Only if
both conditions 2kF,i = ng (n: integer, i=↑, ↓) and 2∆k0 = g
are fulfilled the spin texture at EF appears alternating and
equidistant in a spin-resolved ARPES experiment.
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tive phenomena like magnetic ordering, etc. are
not in the focus of research yet.

In this Letter we show that for 1.3 ML Pb/Si(557)
the interplay between superlattice structure, chemical
potential and Rashba-splitting leads to a highly cor-
related electronic state. SOC results in spin-polarized
metallic surface bands along the wires in agreement
with recently performed magneto transport measure-
ments [17]. For the direction across the wires, simul-
taneous Fermi nesting is found for both Rashba channels
(|2k↑(↓)| = g) suggesting the formation of two spin-
polarized charge density waves (CDW). Further-
more , the extraordinary large Rashba-splitting of
g/2, can be explained reasonably by formation of
a spin density wave (SDW), which is the ground
state of CDWs with strong electron-electron in-
teraction [18]. The Pb/Si(557) system nicely
demonstrates the close relation between charge-
and spin-density waves in presence of SOC and
electron-correlation effects.

Spin- and angle-resolved photoemission ((S)ARPES)
measurements have been performed at the COPHEE end
station at the SIS beamline at the Swiss Light Source
[19]. The wires were grown in-situ by evaporation of
Pb on Si(557) substrates. The morphology of the clean
Si(557) substrate, obtained after several cycles of flash-
ing, as well as the structure of the wire ensemble has been
checked by LEED (cf. with Fig. 2a). Details about the
preparation and coverage calibration are reported else-
where [13]. The photoemission experiments were per-
formed with p-polarized light (mostly hν = 24eV) at
60 K at a base pressure of 1 × 10−8 Pa. By record-
ing intensities and spin-induced scattering asymmetries
with the two orthogonalMott detectors for different emis-
sion angles, spin-resolved momentum distribution curves
(MDCs) close to the Fermi energy have been measured.
In order to reveal good signal/noise ratios in reasonable
time the spin distribution has been measured 100 meV
below the Fermi surface.

Upon adsorption of Pb at 640 K the Si(557) surface un-
dergoes refacetting [20, 21]. For a coverage of 1.3 ML
the small (111) terraces of 4 2

3 atomic units in width
of the (223) facet structure are occupied by Pb atoms
as sketched in Fig. 2b). The structure of this particu-
lar superlattice shows up as replicas in photoemission.
As obvious from the constant energy surface taken at
EF − 100 meV (Fig. 2c) and the momentum distribu-
tion curve shown in Fig. 2e) the reciprocal lattice vector
g = 2π/d = 0.4 Å−1 is defined by the interwire distance
d=1.58 nm in agreement with former studies [13, 22].
Qualitatively, the complex contour close to EF can be
explained by replicas of circles, which reflects the local
2D character of the densely packed α −

√
3 ×

√
3 phase

of Pb on the mini-(111) terraces (cf. with Fig. 2b). One

FIG. 2. (color online) (a) LEED image of 1.31 ML Pb ad-
sorbed on Si(557). The equidistant spot splitting of g = 2π/d
along the [112] direction is indicative for a long range ordered
(223) facet with an average step separation d as sketched
schematically in b). The constant energy surface shown in
c) taken at EF − 100 meV can be explained by circles (of one
spin polarization) around the Γ–points (yellow points) as well
as the Umklapp states (dashed). For better visibility only
a few are drawn. d) E(k)-diagram along the [112̄] direction
at k[110] = 0 Å−1. The momentum distribution curves were
taken at EF − 100 meV (dashed-dotted line). e) MDC taken
along the dashed line in c), shows besides the primary Umk-
lapp structure (g-periodicity) also a sub-structure shifted by
around 0.2 Å−1. The data shown were measured with the
spin-integrating detector. For further details see text.

of the peculiar properties and robust signatures of this
phase is, that along the [112̄] direction the band filling of
the surface states is such that 2kF = g (Fig. 2d). This
nesting condition leads to a renormalization of the cir-
cles close to EF, i.e. the curvature of the circles flattens
as close inspection of the constant energy plots shown in
Fig. 2c) and Fig.5b) suggests. For simplicity reasons, the
renormalization effect is not considered in the schemat-
ics shown. In our former study we have shown further
that this perfect Fermi nesting in the direction across the
wires is accompanied with the formation of mini band
gaps in the order of 20 meV at EF. Details can be found
in Ref.[13].
Besides the intense Umklapp structure the constant en-
ergy map (see arrows) as well as the spin-integrated
MDC, both taken 100 meV below EF, reveal a sub-
structure which is less in intensity and shifted by around
0.2 Å−1 with respect to the dominant replica structure.
As we will see in the following the substructure originates
from SOC in this system.
In order to elucidate the spin texture of the electronic
bands close to the Fermi surface SARPES spectra were
taken along different crystallographic directions. In this
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FIG. 3. (color online) (a) MDC measured at EF − 100 meV
with the Mott detectors for 1.3 ML Pb on Si(557). b) Spin po-
larizations measured with the Mott detectors for each spatial
component. The pronounced polarization along the [112̄] -
direction for the x-component is indicated by ⊕ and ⊙ in a).

study we will restrict ourselves to the [112̄] direction,
where the analysis of the spin-resolved data is not limited
by resolution. It is quite obvious from the reassembly of
the constant energy plot close to EF by circles, as shown
for a few in Fig. 2c), that in other regions of the sur-
face Brillouin zone many bands intersect, increasing the
complexity especially if spin-split surface states are taken
into account.

Fig. 3a) shows a characteristic MDC curve measured
with the Mott detectors along the [112̄] direction at
kx = k[110] = 0 Å−1, i.e. the direction at which per-

fect nesting occurs for the 1.3 ML phase (cf. Fig. 2d).
In agreement with the findings in context of Fig. 2e) an
almost perfect modeling of the intensity distribution is
possible by Pseudo-Voigt peaks separated by 0.2 Å−1,
i.e. half of the reciprocal lattice vector. The correspond-
ing spin-asymmetries measured with the Mott detectors
and weighted with the system-specific Sherman-function
are shown in Fig. 3b) for (Px,Py,Pz). A spin polarization
of around 40 % is measured for the component perpen-
dicular to the direction of the momentum, i.e. along the
[11̄0] direction for Px, while the y– and z–components
do not show a clear polarization signal. Following the
procedures for the data analysis described in detail in
Ref. [23, 24], the main features of the total intensity and
polarization can be reasonably reproduced if the spin vec-
tor of all surface bands has only in-plane components
and if the x-component shows an alternating orientation.
Hereby it is assumed that the bands are fully spin polar-
ized. The resulting components of the spin polarization
vector are depicted in Fig. 3a) for the single MDC-peaks.

The spin analysis for the 1.3 ML phase reveals several
interesting findings: The spin polarization of the elec-
trons is perpendicular to the direction of motion and the

FIG. 4. (color online) (a) MDC measured at EF − 100 meV
with the Mott detectors for 1.2 ML Pb. b) E(k)-diagram in
order to show the imperfect Fermi nesting condition (2kf 6= g,
the dashed lines are guide to the eyes). c) Spin polariza-
tion measured with the Mott detectors. The projected spin
components are shown accordingly by ⊕ and ⊙ in a). The
ARPES measurements were performed with hν = 44eV. d)
LEED pattern of the 1.2 ML phase,

√
3-superstructure spots

are missing.

surface potential gradient, as expected for a free 2D elec-
tron gas and in accordance with our assembly model of
the FS by circles (cf. Fig. 2c). Secondly, the spin po-
larization is alternating close to (at) the FS and, most
important, the Fermi nesting is maintained in between
surface bands with the same spin helicity. As mentioned
above, this finding is an expected signature for a system
where the chemical potential coincides with the crossing
points defined by replica structures. Finally, the Rashba-
splitting ∆k0 = 0.2 Å−1 found along the ky–direction is
extremely large and, interestingly, half the size of the re-
ciprocal lattice vector g, i.e. it takes its maximum value.
A qualitative discussion about its magnitude is given be-
low. Nonetheless, the oscillatory behavior of Px demands
unambiguously an alternating spin texture at the FS.
In order to prove this model further a spin analysis for
a Pb/Si(557) with a coverage of 1.2 ML has been per-
formed. For this coverage it is known that the long
range ordered (223) facet structure is preserved, but with
a lower Pb concentration [20], i.e. the chemical poten-
tial is different to the 1.3 ML case. In LEED (cf. with
Fig. 4c) the spot splitting is the same as for the 1.3 ML
phase (cf. Fig. 2a) but

√
3 superstructure spots are miss-

ing. Accordingly, replica structures with g = 0.4 Å−1

are seen in ARPES, however the nesting condition is not
fulfilled as obvious from the energy dispersion shown in
Fig. 4b).
Compared to the 1.3 ML phase the spin texture of the
1.2 ML phase behaves completely different. The MDC
and corresponding spin polarization for the x-component
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are shown in Figs. 4a) and c), respectively. Like in the
case of 1.3 ML the bands are again fully polarized
and the spin polarization vector lies within the sur-
face plane and perpendicular to the direction of the elec-
tron motion, however, the spin texture is not oscillating
with a period of 0.2 Å−1 in accordance with the simple
model presented in the context of Fig. 1. The difference
of the spin textures present in the 1.3 ML and 1.2 ML
case is directly evident by comparison of Fig. 3b) and
Fig. 4c), respectively. To be more specific, the intensity
distribution and the spin polarizations can be modeled
only if the spins are assumed to be non-alternatingly ar-
ranged. The Rashba-splitting for 1.2 ML is found to be
the same as for 1.3 ML, thus within the experimental
resolution αR is not affected by a different chemical po-
tential.

The SARPES measurements have revealed the pres-
ence of a strongly spin-polarized Fermi surface as shown
in Fig. 5, which has interesting implications towards
electronic transport and particularly magneto transport
measurements which can probe SOC if weak localization
is present in the system [17]. Although the spin-resolved
data were taken 100 meV below EF it should be permit-
ted to assume that the spin texture is maintained at the
FS. For the 1.3 ML phase at temperatures below 80 K
nesting in the direction across the wires ([112̄] direction)
occurs in between surface bands of the same helicity. As
a consequence metallic conductivity was found only along
the wires ([11̄0] direction) with a strong suppression of
spin-orbit scattering in these states [17]. Furthermore,
because of the spin texture of the FS an injected spin will
precess when transported along this direction providing
a prerequisite for a one-dimensional spin transistor and
yielding an extra degree of freedom in spin-orbit interac-
tion based spintronics. We mentioned above that Fermi
nesting takes place in between surface states with the
same spin polarization. Strictly speaking, nesting occurs

FIG. 5. (color online) a) Schematic of intersecting Rashba-
split Fermi circles (solid) under conservation of nesting in be-
tween spin polarized states along the [112̄] direction. The
dashed circles represent the FS without SOC. The phase space
of the grey shaded rectangle is shown in b). For the sake
of simplicity the flattening of the FS due to nesting is not
considered. b) Measured Fermi surface. The (yellow) dot-
ted segments represent the spin-polarized surface states in a).
The vectors show the resulting in-plane spin-polarization for
different surface bands along the [112̄] direction.

if the (absolute) +k-states are projected onto -k-states
by a reciprocal lattice vector. Consequently, for Rashba-
split surface states the nesting condition can be main-
tained only if both helicities get nested simultaneously,
i.e. k↑(↓) → −k↑(↓), suggesting electronic correlation in
between Rashba states with time-reversal symmetry.

The Rashba splitting in the Pb/Si(557) system was found
to be as large as 0.2 Å−1. Even by using moderate
effective masses (e.g. 0.4 electron masses determined
with electron energy loss spectroscopy [25]) this results
in a Rashba–parameter of 1.9 eVÅ, which is close to the
largest value reported in literature for Bi/Ag(111) [26]
or for metallic monolayer structures on semiconducting
surfaces [27] and which is a factor of 50 larger as what
was reported for Pb quantum well states on Si(111) [28].

As described by Bihlmayer et al. [9] and later expanded
by Nagano et al. [8] the magnitude of the Rashba param-
eter depends on the wave function distribution around
the atom core. Within this model the main contributions
to the spin splitting are the Z of the material [7], the or-
bital mixing, and the atomic corrugation [10]. The high
Z of Pb alone can not explain the observed magnitude
as is clear from a comparison to the densely packed Pb
monolayer on Ge(111) where αR = 0.24 eVÅ was found
[29]. We are therefore left to conclude that the charge
distribution is strongly altered by the wires and differs
from the isotropic 2D case.
So far, electron-electron interaction in, and be-
tween the wires has been neglected, thus demand-
ing nesting between bands of same spin helicity.
Within a 1D-Hubbard model with small on-site
energies U, it has been shown that the actual
ground state is a spin density wave (SDW) [1].
Assuming a dynamic antiferromagentic ordering
of adjacent Pb-wires, i.e. the reciprocal lattive
vector is g′ = g/2 = π/d rather than g as in the
former CDW discussion, simultaneous transitions
of k↑(↓) → −k↓(↑) = k↑(↓) − g′ are expected and the
superposition of left- and right polarized SDW re-
sults in the formation of linearly polarized SWD
with bi-directionally gapped surface states, simi-
larly to the antiferromagentism in Cr as discussed
by A.W. Overhauser [18].

In summary, the spin texture of the surface states of
Pb wires grown on Si(557) has been analyzed. The mu-
tual relation between the (223) facet structure and the
band filling factors results in Fermi nesting along the
[112̄] direction, i.e. the system is electrically insulating at
low temperatures in this direction. The SOC giving rise
to Rashba surface states in this system is such that the
spin texture close to the FS is alternating and equidis-
tant in momentum space. A deep theoretical under-
standing of this extraordinary large Rashba parameter
in this strongly anisotropic system is inexistent at mo-
ment. Spin-polarized STM would be helpful in order to
correlate the location of these states with symmetry of
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the wires and allow to deduce a certain edge topology in
this system.
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