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Spin polarization by Rashba effect in the quasi-one-dimensional metallic bands of Si(111)5 × 2-Au surface is
revealed by spin- and angle-resolved photoelectron spectroscopy and the first-principles calculation. Small but
clear spin polarization and its sign reversal with respect to the � point is observed indicating the Rashba origin
of the spin-polarized states. Deviating from the typical helical tangential spin texture of normal Rashba effect
of two-dimensional electronic states, not only in-plane but significant out-of-plane spin polarization probably
caused by the anisotropic in-plane charge distribution around Au atoms is observed at some specific k points.
The observed peculiar spin texture of the sample is qualitatively in good agreement with the results of the
first-principles calculation based on the recently proposed surface reconstruction model by Kwon and Kang
implying the validity of the structural model.
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I. INTRODUCTION

Si(111)5 × 2-Au surface is one of the most extensively
investigated reconstructed Si surfaces. Well-ordered one-
dimensional atomic chain of Au has attracted attention since
the system is considered as an ideal playground for the in-
vestigation of the exotic one-dimensional phenomena [1–3]
such as Peierls instability, Tomonaga-Luttinger liquid, etc.
Despite the plenty of experimental and theoretical studies
on the surface, however, even the atomic structure of the
reconstructed surface has been in a long debate.

The uncertainty of the estimation of Au coverage made the
structural investigation very laborious. In accordance with the
long-believed Au coverage of θ = 0.4 ML, many models have
been proposed [4–7] and these models are experimentally
[4–6,8–11] and theoretically examined [7,12–15]. However,
none of the proposed models could explain completely all
the experimental results such as streaks in low-energy elec-
tron diffraction (LEED) pattern [4], Y-shaped structure and
protrusions in the scanning tunneling microscope (STM) im-
age [10], and complicated surface band dispersion by angle-
resolved photoelectron spectroscopy (ARPES) [11]. However,
Barke and coworkers reinvestigated the Au coverage by com-
paring with the well-established Si(557)-Au surface [16] and
Erwin, Barke, and Himpsel (EBH) proposed the new model
compatible with the observed Au coverage of 0.57–0.65 ML
[17]. The first-principles calculation based on this so-called
EBH model could reproduce many of the experimental results
such as STM image and electronic band structure observed by
ARPES. One big drawback of the EBH model is, however,
the lack of the intrinsic 5 × 2 periodicities and the aid of Si
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adatoms or electron doping is needed to explain the observed
5 × 2 periodicity. Later on, Abukawa and Nishigawa proposed
the alternative model with 0.6 ML (AN model), which has
intrinsic 5 × 2 periodicities, by the detailed analysis of a re-
flection high-energy electron diffraction (RHEED) data [18].
However, the structure could not pass the examination by the
recent density functional theory (DFT) calculation which indi-
cates that the structure is not energetically favorable compared
with the EBH model [19]. Although it was denied, the AN
model reheated the exploration of the real structural model of
the 5 × 2-Au surface. After a short while, Kwon and Kang
demonstrated that the most stable 5 × 2 reconstruction can be
obtained by adding one more Au atom into the EBH model
[20]. Although this modification results in the Au coverage
of 0.7 ML, it is still in the acceptable range of the estimated
amount of Au. The Kwon and Kang’s model (KK model) can
also reproduce the STM images and the ARPES results as
well as some other properties reported by the previous exper-
iments. In addition, the recent x-ray diffraction measurement
also supports the model [21]. Thus, the KK model is the most
plausible structural model of Si(111)5 × 2-Au surface among
the models proposed so far.

As already mentioned, the electronic structure of the sur-
face has also been investigated extensively. ARPES obser-
vation shows the complicated band structures [22–24]. Al-
though the bands are in principle possessing one-dimensional
character the transition to the two-dimensional character at
higher binding energies has been also reported [11]. Some of
the surface bands are crossing Fermi level indicating metallic
character but the reduction of photoemission intensity near the
Fermi level is also observed.

Although it has not been addressed so far, the other in-
teresting issue of the electronic structure of the sample is
a possible spin splitting by the Rashba effect which can be
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caused by the strong spin-orbit interaction (SOI) of Au. Actu-
ally, in the Au-deposited vicinal Si(111) surfaces like Si(553)-
Au and Si(557)-Au, which have many similarities with the
Si(111)5 × 2-Au, a clear splitting of the surface state band
has been observed [22,25,26] and the experimental and theo-
retical evidences of spin-split states caused by SOI have been
reported [27–30]. In addition, unlike the conventional Rashba
effect in the two-dimensional electron gas, large out-of-plane
spin polarization is observed in these surfaces which are
caused by the anisotropic in-plane charge distribution around
the Au atoms [28]. Despite the similarity of the Si(111)5 × 2-
Au with these Au-deposited vicinal Si(111) surfaces, no clear
evidence of band splitting can be detected by ARPES in
the Si(111)5 × 2-Au. On the other hand, a clear splitting of
surface state band by the Rashba effect has been recently
reported on the other Au-induced reconstructed surfaces on
Si(111), the Si(111)

√
3 × √

3-Au, with the coadsorption of
small amount of different metal in which the formation of
domain walls is suppressed and the real nature inside the
domain can be observed [31].

In this paper, we have investigated the spin polarization
of surface electronic states of Si(111)5 × 2-Au by means of
spin-resolved ARPES (spin-ARPES) measurement. By virtue
of spin resolution, experimental evidence of spin polarization
is clearly observed in all the surface states of the system. The
spin-polarization reversal with respect to the � point signifies
the Rashba origin of the spin polarization. In addition to the
typical in-plane helical spin polarization, significant out-of-
plane spin polarization is observed in some of the surface
states. These experimental results are compared with the first-
principles calculation based on the recently proposed new
model of Si(111)5 × 2-Au (=KK model). The fair agreement
of the spin texture by the experiment and the calculation
supports the KK model as the most plausible model for the
surface reconstruction.

II. EXPERIMENT

Single-domain Si(111)5 × 2-Au surface was obtained by
evaporating Au on vicinal clean Si(111) surface that is offcut
1.8◦ along [112] direction, in the ultrahigh vacuum (3 ×
10−8 Pa) chamber. Cleaning of the vicinal Si(111) surface was
done by the special annealing procedure to obtain regular step
arrays, which is reported by Viernow et al. [32].

Au was evaporated on to the clean Si surface at 730 ◦C fol-
lowed by 10 min postannealing at the same temperature. The
optimum amount of Au was estimated by LEED observation.

Clear LEED spots with 5 × 1 periodicity and faint streak
at ×2 periodicity as well as the residual very weak 7 × 7
spots were observed as shown in Fig. 1(a), which suggests the
subtle shortage of Au amount for the completion of the 5 × 2
reconstruction. The small shortage of Au than the completion
of 5 × 2 reconstruction ensures the absence of the effect of
SOI from the excess Au atoms. No significant contribution of
different domains rotating ±2π/3 was detected in the LEED
pattern by virtue of using vicinal Si(111) surface. ARPES
and spin-ARPES measurements were done at the ESPRESSO

end station [33], beamline 9B of Hiroshima Synchrotron Ra-
diation Center (HiSOR) where we can do three-dimensional
spin vectorial analysis of electron spin using double VLEED
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FIG. 1. (a) LEED pattern of Si(111)5 × 2-Au taken at Ek =
45 eV. 1 × 1 fundamental spots are marked with circles. Almost
single-domain ×5 spots and weak ×2 streaks (indicated by arrow)
are observed in addition with weak ×7 spots. (b) Geometry of
(spin-)ARPES measurement. p-polarized light impinged into the
sample with 50◦ from the direction of electron analyzer lens. (c) Sur-
face Brillouin zone (SBZ) of Si(111)5 × 2 structure. We named the
symmetry points of SBZ crossing with [110] direction as ZB×2,
ZB×1, ZB×2′ and so on in accordance with the previous papers
[11,23]. The definitions of spin directions in our spin-ARPES mea-
surement and the first-principles calculation (SX, SY, and SZ) are also
indicated with solid and dashed arrows.

(very low-energy electron diffraction) spin detectors with a
high-resolution hemispherical analyzer (Scienta R4000) [34].
All the ARPES and spin-ARPES data shown here were taken
at the sample temperature of about 100–110 K. In the photoe-
mission measurements, horizontally polarized light of hν =
34 eV, which is the photon energy to enhance the surface states
[22] probably due to the photoemission matrix element effect,
from the APPLE II type undulator [35] was impinged onto
the sample in the experimental geometry shown in Fig. 1(b).
Energy and angular resolutions were set as �E = 35 meV and
�θ = ±0.3◦ and �E = 60 meV and �θ = ±1.5◦ for ARPES
and spin-ARPES measurements, respectively. The effective
Sherman functions (Seff ) of the spin detectors were 0.3.

III. METHOD OF CALCULATION

DFT electronic structure calculations for the KK model
of Si(111) 5 × 2-Au are performed by using all-electron full-
potential linearized augmented plane-wave (FLAPW) method
[36,37]. Exchange and correlation are treated in the general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof form [38]. Dangling bonds of Si in the bulk side
of the model are fully terminated by additional H atoms
to prevent disturbance in the energy region around surface
states. SOI is included in the second-variation step of the self-
consistent iterations. Electron density plots with the surface
atomic structure are depicted with the three-dimensional (3D)
visualization program VESTA [39].
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FIG. 2. The band dispersion of Si(111)5 × 2-Au obtained by
ARPES measurement taken at hν = 34.0 eV (top panel) at 100 K.
Darker means higher photoelectron intensity. The middle panel
shows the second derivative of the raw ARPES data to emphasize the
observed band structure. The bottom panel indicates the schematic
of the observed band structure as a guide to the eyes. Only the
bands with solid lines are clearly observed due to the matrix element
effect in the photoemission process. The binding energies where the
constant energy contours were measured in Fig. 3 are indicated by
red lines in the top panel.

IV. RESULTS AND DISCUSSION

Figure 2 shows the band dispersion (energy vs momentum
mapping) of the Si(111)5 × 2-Au surface taken along the
[110] direction which is parallel to the Au chain. The data
have been extracted from a full E (kx, ky) map which is taken
by rotating the sample with respect to [112] axis [i.e., φ

rotation in Fig. 1(b)]. The top panel is the raw data where the
darker part indicates the higher photoelectron intensity. In the
middle panel, the image of the second derivative of the raw
data is shown to emphasize the feature of the band structure.
Several metallic bands are observed which appear repeatedly
with the periodicity of 5 × 2 surface Brillouin zones (SBZs).
In addition, the other strong bands that disperse almost in
parallel to the metallic bands as well as the other faint metallic
band at around the zone boundary of SBZ (ZB′×2) are ob-
served. The schematic band structure deduced from the data
is indicated in the bottom panel and the bands are categorized
into three main surface states (S1, S2, S3) in accordance with
the previous paper [20]. The overall features of the observed
bands are in good agreement with the previous reports [22,23].
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FIG. 3. Constant energy contours of Si(111)5 × 2-Au band at
the EF, EB = 0.20 eV, and EB = 0.55 eV taken at hν = 34.0 eV.
Darker means higher photoelectron intensity. Surface Brillouin zones
of 5 × 2 are overlayed.

However, in contrast to the asymmetric intensity distribution
with respect to the � point reported in the previous studies
[22,23], the observed photoemission intensity distribution is
symmetric with respect to the � point in our measurement.
This difference comes from so-called photoemission matrix
element effect with different experimental geometries and we
confirmed that the data taken with the same geometry to the
previous studies show similar photoemission intensity distri-
butions to the previous paper [see Fig. 1S in Supplemental
Material (SM) [40]].

In Fig. 3, the Fermi surface and constant energy contours
(CEC) of the bands at the binding energies of EB = 0.20
and 0.55 eV that are indicated in Fig. 2 with (red) dashed
lines are shown. In the figure, the darker region means
higher photoemission intensity and SBZs of 5 × 2 unit are
also superimposed. Since the data have been taken by the
φ rotation with respect to [112] as mentioned already, the
intensity distribution is symmetric with respect to the [112]
line but asymmetric with respect to the [110] line . As shown
in the figure, the one-dimensional character of the bands is
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FIG. 4. Spin-resolved momentum distribution curves (spin-MDC) taken at (a), (c) the Fermi level (EF) and (b), (d) the binding energy (EB)
of 0.55 eV along cut 1 indicated in Fig. 3. Spin-MDC. Both spin components along x and z directions (SX and SZ) in the sample coordination
have been measured [(a), (b) and (c), (d)]. Red and blue triangles correspond to up- and down-spin MDC spectra. The black curves are the
spin-integrated MDC spectra that are the sum of these up and down MDC spectra. Prominent peaks and shoulders are surface states indicated
with arrows in Fig. 3. The states in different SBZ are indicated by a prime and double prime, etc. (e.g., S′

2, S′′
2 , and so on.). The spin polarization

determined by 1
Seff

(Iup − Idown )/(Iup + Idown ) of each spin-MDC measurement with error bars is also shown at the bottom of each panel.

clearly observed as the straight lines with small undulation
in CEC, especially at EF and EB = 0.20 eV. In contrast, at
EB = 0.55 eV some bands especially near � are broadened
along ky being consistent with the previously reported pos-
sible transition from one-dimensional to a two-dimensional
electronic structure at higher binding energies [11].

In order to examine the spin polarization of the states,
we have measured the spin-resolved momentum distribution
curves (spin-MDCs) along the one-dimensional chain direc-
tion ([110] direction (cut 1 in Fig. 3). Note that although the
line is along the one-dimensional chain, it is not along the
symmetry line in the SBZ as shown in Fig. 3. Therefore,
the observed k points (i.e., lines) are not equivalent in different
5 × 2 SBZ. Thus, we distinguish the observed prominent
surface states at different ky position as labeled S2, S′

2, S′′
2,

etc.
Figure 4 shows the results of the spin-MDC measurement

taken at EF [Figs. 4(a) and 4(c)] and EB = 0.55 eV [Figs. 4(b)

and 4(d)]. In the figure, the upper panels [Figs. 4(a) and 4(b)]
show the data of the spin component along x axis (= SX) that
is parallel to [112] direction (see Fig. 1) which corresponds
to the in-plane tangential direction of the CEC. While the
lower panels [Figs. 4(c) and 4(d)] show the results for the
spin component along z axis (= SZ) which is perpendicular to
the surface ([111] direction). Since the spin polarization of SY

component is small compared with the SX and SZ, we mainly
observed SX and SZ spin components in the experiment (see
Fig. 2S and SM No. 2 for the detailed information [40]).

In each figure, the intensities of total photoemission (black
circle), spin-up state (red up-pointing triangles) and spin-
down state (blue down-pointing triangles) as the function of
momentum (ky) are presented. Prominent peaks and shoulders
of the total intensity correspond to the surface states as labeled
in the figure which is also indicated in Fig. 3 with solid circles.
In addition, the momentum dependence of spin polarization
is also shown at the lower part of each figure. [The spin
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polarization along z axis in the sample coordination (=SZ) was
converted from the data in the detector coordination using the
Euler rotation conversion as in Ref. [41] (see SM No. 2 [40]).

Roughly, the momentum dependence of spin polarization
is antisymmetric with respect to the � point in all the data set
and not periodic with the SBZs. The characteristic momentum
dependence probably results from the combination of the
symmetric intensity distribution of MDC with respect to the
� point which is caused by the photoemission matrix element
effect and the peak shift in k space caused by the Rashba effect
as explained in detail in the Supplemental Material (see Fig.
3S in the SM No. 3 [40]).

In more detail, in the case of in-plane tangential spin
component (=conventional Rashba spin component for the
ideal two-dimensional electron gas), clear spin polarization
is observed both at EF and EB = 0.55 eV as in Figs. 4(a)
and 4(b). Comparing the peak positions of spin-up and -down
states, small but obvious peak shifts are observed especially at
S′

2 and S′′′
1 states at EF and S′

3 and S′′
3 states at EB = 0.55 eV.

At the peaks of S′
2, even the sign reversal of spin polarization

from negative (positive) to positive (negative) across the peak
at ky ∼ −0.7 Å−1 (ky ∼ 0.7 Å−1) is observed at EF in the SX

component [see Fig. 4(a)]. On the other hand, the shifts of
S2 and S′′

2 states are not clear both at EF and EB = 0.55 eV
[Figs. 4(a) and 4(b)]. Although the peak shifts are small, the
results of spin-polarization reversal with respect to � point
and the same direction of the peak shifts both at EF and
EB = 0.55 eV strongly suggest that the origin of the spin
polarization is Rashba effect.

In addition to the in-plane spin polarization, some out-of-
plane spin polarization (SZ) is obviously observed as shown
in Figs. 4(c) and 4(d). Significant spin polarizations and some
peak shifts are observed, especially in the S′′

2 state both at
EF and EB = 0.55 eV, and in the S′′

3 state at EB = 0.55 eV.
However, only small polarization is observed in the states near
the � point (i.e., S2 and S′

3). The overall spin polarization is
again reversed with respect to � point being consistent with
the spin polarization induced by Rashba effect. The existence
of the out-of-plane spin components is in agreement with the
similar Au chain system such as Si(553)-Au [29] or Si(557)-
Au [28] and probably caused by the in-plane asymmetric
charge distribution around the Au atoms as will be discussed
later in detail.

As mentioned already, in contrast with the SX and SZ com-
ponents, only small spin polarization is observed in the radial
component (SY) being consistent with the Rashba picture.

In order to further reveal the characteristic of spin-
polarized surface states, we estimated the magnitude and
angle of spin polarization as the function of momentum both
at EF and EB = 0.55 eV in Fig. 5. In the figure, we plotted
Stot =

√
S2

X + S2
Z as the magnitude of spin polarization since

the contribution of SY is relatively small compared with SX

and SZ. The orientation of the spin vector is also plotted
in Fig. 5(c) (at EF ) and 5(d) (at EB = 0.55 eV) where the
magnitude of the spin polarization is also indicated by the size
of the circles in each plot. In the figure, the color of circles is
coded with the color of total MDC. With these plots we can
more easily understand that the surface states in the different
SBZ possess different magnitude and/or spin orientation. For

FIG. 5. Absolute value of spin-polarization vector (Stot =√
S2

X + S2
Z) as the function of momentum that is obtained from the

x- and z-spin components SX and SZ in Fig. 4 at (a) EF and (b) EB =
0.55 eV. Direction of spin vector (SX/Stot , SZ/Stot) as the function
of momentum are also plotted in (c) EF and (d) EB = 0.55 eV. The
color of circles is coded with the color of MDC curves in (a) and (b).
The magnitude of the spin-polarization vector (=Stot) at each point is
also indicated with the size of each circle.

example, as in Figs. 5(a) and 5(c), at EF , though all the
S2 states in different SBZ show the low magnitude of spin
polarization, the spin orientation changes dramatically from
in-plane (S′

2) to almost perpendicular (S′′
2 ) and S2 is pointing

in-between both the S′
2 and S′′

2 states. At EB = 0.55 eV, the
magnitude of spin polarization of S2 state is again not high
but the spin orientation shows some variations. That is, S2

and S′′
2 show significant out-of-plane spin polarization but S′′′

2
shows almost in-plane spin polarization. Compared with the
S2 states, S3 and S1 states show relatively high magnitude
of spin polarization and the spin orientation is almost in
plane in the S3 and S′′′

1 states, but S′′′
3 state shows quite high

out-of-plane spin polarization. Note that although the spin
orientation is depending very much on the momentum even in
the same surface states, almost π difference of spin orientation
angles of each pair of surface states having opposite k values
is consistent with the Rashba-type spin polarization.
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(expt.)

(expt.)

FIG. 6. Spin-resolved band structures of the Si(111)5 × 2-Au based on the KK model by the first-principles calculation including SOI.
Red and blue circles mean up- and down-spin components, respectively. The size of the circles indicates the degree of spin polarization. The
axes of spin polarization in the calculation correspond to the SX, SY, and SZ directions indicated in Fig. 1(c). The calculated Fermi energy is
set to the origin of the vertical axis.

To understand the observed characteristic spin polarization
depending on the surface states and k positions, we have cal-
culated the spin-resolved band structure by the first-principles
calculation. Figure 6 shows the calculated band dispersion
based on the KK model [20] with including SOI. Comparing
with the computed results, the experimentally observed Fermi
level is about 220 meV higher than the calculated one as indi-
cated with the dashed line in Fig. 6 [EF (expt.)]. As discussed
in Ref. [20], the shift of the Fermi level can be explained by
considering the electron donation from Si adatoms.

Except for the Fermi energy difference, the calculated
results reproduced well the observed dispersion of the surface
states (S1, S2, and S3) and are also in good agreement with
the previous calculation by Kwon and Kang [20]. However,
different from the previous calculation which is without
including SOI, some band splitting appears in the present
calculation due to the SOI. The red and blue circles in the
figure correspond to the spin-up and -down states, and the size
of the circles indicates the degree of spin polarization (larger
is higher spin polarization). One can see a clear difference in
the degree of spin polarization between Sx, Sy, and Sz spin
components in the calculation. The largest (smallest) spin
polarization is obtained in Sx (Sy) component being consistent
with the experimental results and Rashba picture.

The calculation shows that the shifts between spin-up and
-down states are relatively larger in S1 and S3 compared with
those of S2. Relatively larger magnitude of spin polarization
in S′′′

1 at EF and S3 and S′′
3 at EB = 0.55 eV than the S2 state

observed in the experiment (Fig. 5) are in good agreement
with the calculation.

The calculated results also show the significant out-of-
plane spin polarization (SZ) which is in agreement with the ex-
perimental results. At the EF (expt.), existence of out-of-plane
spin polarization is reproduced both in S1 and S2 states. In
case of S2, even higher spin polarization in SZ than that in SX

is expected by the calculation and the large spin polarization

in SZ than in SX observed in S′′
2 states are compatible with the

calculation.
Furthermore, the observed transition from in-plane spin

orientation (S3) to out-of-plane spin orientation (S′′
3) in the S3

state at EB = 0.55 eV is well reproduced by the calculation.
Namely, in the calculation, at higher binding energies, SX is
dominant in the S3 state near the �̄ point, but SZ becomes
stronger in the second SBZ being in good agreement with the
experimental results.

In addition, in the calculation, at the higher binding ener-
gies, the band structure is more asymmetric than the one near
EF . That is, the band dispersion in the k region from ZB×1

to ZB′×2 at the binding energies higher than 0.2 eV(calc.) is
deformed from the band dispersions near the � point both in
S2 and S3 states (see around the dashed circles indicated in
Fig. 6). These band structure deformations are accompanying
the large band split between different spin states, especially
in the region from ZB×1to ZB′×2. The observed out-of-plane
spin polarization of S′′

2 and strong spin polarization in S′′′
3 at

EB = 0.55 eV which are in the area between ZB×1 − M are
consistent with the large spin polarization in SZ component
caused by the band dispersion deformation in the calculation.
Furthermore, the sign change of S′′

2 state in SZ component
between EF and EB = 0.55 eV [see Figs. 5(c) and 5(d)] is
also reproduced as the opposite band shifts between spin-up
and -down states at EF(expt.) and EB = 0.55 eV(expt.) by
the calculation. The overall agreement of the spin polarization
and the band structure between the experimental observation
and the calculation strongly supports the KK model as the
plausible structural model for the Si(111)5 × 2-Au surface.

As shown in the above discussion, the calculation shows
clearly that the band dispersion is modified in the different
SBZ which accompanies the change of spin polarization
in magnitude and orientation among different SBZs being
consistent with the experimental observation. Since the band
deformation among different SBZs is stronger at higher
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FIG. 7. Electron density of the wave functions around the Fermi
energy calculated based on the KK model. The electron density
is drawn on the x-y plane with the averaged height (z) of all Au
adatoms. Color codes from yellow to cyan are scaled from 0.0 to
0.4e/bohrs3.

binding energies where the surface states change into surface
resonant states, the spin-polarization variation among differ-
ent SBZs probably comes from the interaction between the
surface states and the substrate states, which might be related
to the transition from one-dimensional to two-dimensional
electronic structure observed in the previous study [11]

Finally, we would discuss briefly the origin of out-of-plane
spin polarization. In Fig. 7 we present the charge distribution
at EF (calc.) obtained from the first-principles calculation.
In the figure, magenta (yellow) means the part where the
charge density is highest (lowest). The obtained results are
in good agreement with the charge distribution of S1 and S2

states of the previous calculation by Kwon and Kang [20].
According to the calculation, the metallic one-dimensional
bands (S1 and S2) are mainly caused by the hybridization of
Au2 and Au5 atoms with substrate Si atoms. Thus, the surface
states can be modified strongly at higher binding energies as
discussed above (see also SM No. 5 [40]). On the contrary,
the hybridization of Au1 and Au3 atoms with Si substrate is
weaker than the case of Au2 and Au5. Further, in the case
of Au4 and Au7, the hybridization with neighboring Au is
dominant and causes bonding and antibonding states. Thus,
these Au atoms do not contribute to the metallic S1 and S2

bands. Focusing on the states dominated by Au2 and Au5,
the in-plane charge distribution is not homogeneous but quite
asymmetric around the Au atoms. Thus, similar to the case
of Si(557)-Au surface [28], the anisotropic in-plane charge

distribution can be the cause of observed large out-of-plane
spin polarization.

V. CONCLUSION

In conclusion, we have examined spin polarization of
the surface states of Si(111)5 × 2-Au by means of spin-
and angle-resolved photoelectron spectroscopy and the first-
principles calculation including spin-orbit interaction. By
spin-ARPES measurement, small but clear spin polariza-
tion has been observed in in-plane tangential (conventional
Rashba) spin component which is perpendicular to the Au
chain structure. Antisymmetric spin polarization with respect
to the � point and the k shift of spin-up and -down components
at each surface state suggest the Rashba-effect origin of the
spin polarization which is caused by the strong spin-orbit
interaction of Au. In addition, significant spin polarization
is observed also in the out-of-plane spin components, which
is probably caused by the asymmetric in-plane charge dis-
tribution around Au atoms. The degree of spin polarization
and spin orientation in some surface states depend on the
k position in SBZ probably due to the interaction with Si
substrate. The observed spin polarization is qualitatively well
reproduced both in in-plane and out-of-plane components by
the first-principles calculation including spin-orbit interaction
based on the recently proposed structural model by Kwon and
Kang suggesting its validity. The finding of a new quasi-one-
dimensional metallic spin-polarized band on semiconductor
expands the variety of materials for the spintronic devices.
Since the metallic surface states are on the semiconductor
substrate, the system might be much more suitable to inves-
tigate the spin-polarized one-dimensional transport than the
system on the metallic substrate such as previously reported
quasi-one-dimensional state on Bi(114) [42] and can provide
the new playground for the investigation of the spin-polarized
electron in one-dimensional systems.
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