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Valence electronic structure of the Ge(111)(
√

3 × √
3)R30◦-Au surface was studied by angle-resolved

photoemission spectroscopy and density functional calculations. Two metallic surface bands were observed
around �̄, and parts of them split into spin-polarized bands owing to the spin-orbit interaction. One is a holelike
band and originates only from the Ge atoms. The other is an electronlike band and is made of the surface Au and
Ge atoms. The polarized spin in these bands has the component normal to the surface as well as that parallel to
the surface. These results are attributed to spin-orbit interaction in a large and anisotropic potential gradient at
this surface.
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I. INTRODUCTION

Spin-polarized metallic surface states at semiconductor
surfaces have attracted much attention for the study of
the spin-polarized two-dimensional electron transport and
its applications to spin-dependent electronics.1 One of the
promising ways to realize the spin-polarized surface state is
the use of strong spin-orbit coupling, called the Rashba effect.2

So far, however, such splitting of the metallic surface state has
been reported only on a Pb-adsorbed Ge(111) surface.3 It is
known that metal adsorbed group IV semiconductors often
have metallic surface electronic bands with (

√
3 × √

3)R30◦
surface structures. Among them, we focus on the Au-adsorbed
Ge(111) surface with two metallic bands4 because a heavy
element such as Au can induce a large Rashba effect.

The strength of the spin-orbit interaction depends on the
potential gradient for the electrons, and thus the surface
structure largely affects the splitting of the spin-polarized
bands. For metal surfaces, correlation among the elements,
surface structure, and splitting of the spin-polarized bands has
been discussed.5 Similarly, on the semiconductor surfaces, the
structure largely affects the direction and magnitude of the
spin polarization of the surface bands. The structure of the
Au-adsorbed Ge(111) surface is well expressed using a conju-
gate honeycomb-chained-trimer (CHCT) model according to
previous studies by x-ray and low-energy electron diffraction
(LEED).6,7 In this model, monolayer Au atoms form trimers
on the surface, and the potential gradient at the surface is
not simply surface normal but depends on the details of local
arrangement of the surface atoms.

In the present study, we have investigated the valence
surface states of the Ge(111) (

√
3 × √

3)R30◦-Au surface
using angle-resolved photoemission spectroscopy (ARPES)
and density functional calculations. Both electronlike and
holelike bands were found to create the Fermi surfaces around
�̄ in the previous ARPES study,4 while the detailed band
structure has not been clarified. We compare the experimental
results with the calculated electronic structure including the
spin-orbit interaction for an optimized CHCT structure. The
observed splitting of the parts of the metallic bands is attributed

to anisotropic Rashba splitting in the large potential gradient
of this surface structure. Spin polarization of the surface bands
is confirmed in the calculation.

II. METHODS

The surface was studied by ARPES in two independent
chambers. The spectra were measured with 21.2-eV nonpolar-
ized and polarized photons using a He discharged lamp and
with 33-eV polarized photons at BL18A of Photon Factory,
High Energy Accelerator Research Organization (KEK), in
Tsukuba. The photoelectrons were collected by hemispherical
analyzers. For the band mapping, a two-dimensional detector
was used. The chamber with the lamp was equipped with an Al-
Kα x-ray source for x-ray photoemission spectroscopy (XPS).
The symmetry of the surface bands were experimentally
studied using s- and p-polarized photons of 21.2 eV. The
polarization dependence of the photoemission intensity was
recorded along the �̄-K̄ line of the

√
3 × √

3 surface Brillouin
zone (SBZ), which is included in a mirror plane of the surface.
Spectra were measured at room temperature (RT) and 130 K.
No significant difference was observed in the ARPES spectra
except thermal broadening.

The base pressure of the sample-preparation and measure-
ment chambers was less than 1 × 10−8 Pa. Substrates of n-type
Ge(111) were cleaned by repeated cycles of 1-keV Ar+ ion
sputtering at 675 K and resistive heating up to 1050 K for
1 min and 950 K for 15 min. The cleanliness of the surface was
confirmed by the absence of XPS signals from contaminants.

Gold was deposited from a tungsten basket onto the clean
surface kept at 675 K. The deposition rate of Au was monitored
by a quartz microbalance and calibrated by the intensity ratio
of Au 4f and Ge 2p core level spectra as in the previous
report.4 The Au deposition rate on the surface was 0.5–1
monolayer (ML) / min. Here, ML is defined as the same
number density of atoms as that on the ideal Ge(111) 1 × 1
surface. At BL18A, the 1-ML Au coverage was determined
by the appearance of 16× spots in the LEED pattern on the
Ge(001)-Au surface. This Au coverage corresponds to 1 ML
on the Ge(111) substrate.4
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FIG. 1. (Color online) Observed valence band structure of the Ge(111)(
√

3 × √
3)R30◦-Au surface at RT in the 〈101̄〉 (a) and 〈112̄〉

(b) directions. The origin of the energy is the Fermi energy EF. The second derivative of the spectra is plotted, and the bright areas indicate
the positions with high photoemission intensity. The Au coverage was 1 ML on average. The S1–S6, S ′

3, and S ′
4 bands are identified as surface

states, and the A and B bands are as bulk states. Solid curves indicate the band edges of the projected bulk electronic states in the both
directions.15–17 (c) SBZ of the

√
3 × √

3 surface.

Our first-principles total-energy calculations are based on
the density functional theory (DFT)8,9 using the VIENNA

ab initio SIMULATION PACKAGE (VASP).10 We used the local
density approximation9,11 for the exchange correlation and
projector augmented wave (PAW)12,13 potentials. The cutoff
energy for the plane-wave basis is set to be 312.5 eV. We
employed supercells containing eighteen atomic layers of Ge
and a vacuum region of 2.0 nm. The bottom layer of the
slab is passivated with hydrogen atoms. The Ge atoms of
the nine layers on this side of the slab are kept fixed, and
all other atoms are allowed to relax in order to simulate
the constraint coming from the underlying semi-infinite bulk.
In the calculations of the optimized atomic structure and
band structure, k points are applied meshes of 4 × 4 × 1 and
8 × 8 × 1 points, respectively. We calculated the spd- and
site-projected wave-function character of each band by using
a quick projection scheme with the PAW method under the
default setting of VASP.14

III. RESULTS AND DISCUSSION

The valence-band photoemission spectra of the
Ge(111)(

√
3 × √

3)R30◦-Au surface at RT using 21.2-eV
photons are shown in Figs. 1(a) and 1(b). The SBZ of the√

3 × √
3 surface is given in Fig. 1(c). The positions of the

projected bulk band edges shown as solid curves in Figs. 1(a)
and 1(b) are determined by comparing the subsurface and
bulk bands with both the previous ARPES results15,16 for
the clean and H-adsorbed surfaces and the results17 of
band calculations. The bands labeled A and B in Figs. 1(a)
and 1(b) are identified as bulk bands since they are commonly
detected in the both present and H-adsorbed surfaces and
trace the bulk band edges. The energy positions of all the
detected bulk bands are 0.3 eV higher than those in the clean
and H-adsorbed surfaces. The 0.3-eV energy shift of the Ge
bulk component was previously reported in the Ge 3d core
level.18 This is ascribed to the surface band bending and
makes the top of the bulk valence band 0.1 eV higher than the
Fermi energy EF as in Figs. 1(a) and 1(b). The large density
of surface acceptor states induces such a large band bending.

We identified the surface bands characteristic to the
Ge(111)(

√
3 × √

3)R30◦-Au surface, S1–S6, as indicated in

Fig. 1(a). These are found in the bulk band gap and have never
been observed in the clean and H-adsorbed surfaces. Around
�̄1 in the bulk band gap, two surface bands clearly cross EF.
One is the electronlike S1 band, and the other the holelike S2.
Intensity of the former band increased using 33-eV photons,
while the latter band was not detected in this case. The bottom
of the S1 band is 1 eV below EF. The dispersions along the
K̄-M̄ line for the S3 and S4 bands are shown in Fig. 1(b) as S ′

3
and S ′

4. The result of the Fermi surface mapping around �̄1 on
this surface was given in Ref. 4. Both S1 and S2 bands show
a sixfold symmetry, in contrast to the round Fermi surface for
the Si(111)-Au19 and Si(111)-Ag20 surfaces.

Figures 2(a) and 2(b) show the results of high-resolution
ARPES beyond �̄1 of the second SBZ close to EF at 130 K.
A holelike band, S ′

2, exists 70 meV below the S2 band in the
binding energy (EB) range between 0.3 and 0 eV. It almost
touches EF near �̄1. For the S1 band, a split band of 60 meV,
S ′

1, is noticeable between EB = 0.2 and 0 eV while the band
is single below EB = 0.2 eV. The open circles on the S1 and
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FIG. 2. (Color online) Energy dispersion by the photoemission
intensity plot (a) and corresponding spectra (b) of the Ge(111)(

√
3 ×√

3)R30◦-Au surface at 130 K beyond �̄1 in the 〈101̄〉 direction. The
two spectra labeled by small arrows (m and n) in (b) were recorded
along the dotted lines (m and n) in (a). In (a), peak positions of MDC
are plotted by open (red) circles for the S1 and S ′

1 bands. The spectral
line width of the S3 band is broad for large wave vectors as indicated
in (b).
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S ′
1 bands in Fig. 2(a) are the peak positions of the momentum

distribution curves (MDCs). The spectral line width of the S3

band becomes broad with increasing the wave vector, as shown
in Fig. 2(b).

In Fig. 3, we show the calculated band structure. The origin
of energy is determined by the charge neutrality of the whole
slab and does not always agree with the observed EF because
of the band bending in the experiments. The optimized surface
structure21 is almost the same as the CHCT model obtained
by LEED.7 The surface consists of the Au trimers and Ge
atoms as schematically shown in Fig. 3(b). There is only
one electronlike band around �̄, and the observed S1 band
is assigned as this band. On the other hand, there are several
holelike bands around �̄.

To understand the origins of the observed bands, we
theoretically analyzed the charge distribution and symmetry
of the bands. We find that the S1 band originates from the
Au trimers and the surface Ge atoms in the CHCT model. In
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FIG. 3. (a) Calculated band structure of the Ge(111)(
√

3 ×√
3)R30◦-Au surface. Some of the surface states are identified. The

origin of energy is determined by the charge neutrality of the whole
slab. The Fermi energy determined by comparing the calculated bands
with the observed Fermi surface is shown as a dashed line indicating
EF. (b) Top and side views of a schematic atomic model of the CHCT
model. The dotted rhombus shows a

√
3 × √

3 unit cell. The gold
trimer is indicated by hutched balls and thick sticks. Larger solid
balls are the surface Ge atoms. Subsurface Ge atoms are represented
by other small balls.

TABLE I. Polarization dependence of the surface bands observed
in the �̄0-K̄-M̄ direction. ©, observed; ×, not observed.

S1 S2

Band �̄0 �̄2 �̄0 �̄2 S ′
3 S ′

4

s-polarization © © © × × ×
p-polarization × × © © © ©

contrast, the highest holelike band originates from the surface
and subsurface Ge atoms with little contribution from the Au
trimer, and the second highest only from the subsurface Ge
atoms. These two bands should be observed by ARPES, and
thus the highest holelike band can be identified as S2 and
the second highest as S ′

2. The broad feature of the S3 band
observed close to M̄ in the �̄-M̄ direction are identified as the
first and second highest occupied bands at the same position
in the calculation.

We compare the band symmetry observed in the experiment
with the results of the calculation. In Table I, we summarize
the polarization dependence of the surface bands observed
in the �̄0-K̄-M̄ direction (mirror plane). The S1 band was
observed only by the s-polarized light, suggesting its odd
symmetry and in-plane character. This is consistent with the
results of the band calculation; S1 mainly consists of in-plane
p and d orbitals. The S2 and S ′

2 bands were observed by the
both polarizations, suggesting their different symmetries from
that of the S1 band. In the calculation, not only the in-plane
orbitals but also the out-of-plane pz orbital have significant
contribution to the S2 and S ′

2 bands. Other surface state bands,
S ′

3 and S ′
4, have even symmetry to the mirror plane since they

were observed only by the p-polarized light.
For qualitative comparison between the calculated bands

and the experimental results, the band bending should be
considered in the calculation by shifting the bands down in
the energy axis direction. Here, we set EF = −0.1 eV in
Fig. 3 to reproduce the shape of the observed Fermi surface
qualitatively. In the calculation, the Fermi wave vector (kF) of
the S2 band in the �̄-M̄ direction is smaller than that in the
�̄-K̄ direction. This is consistent with the observed anisotropic
Fermi surface.4 On the other hand, kF of the S1 band in the
calculation is almost the same in the both directions, contrary
to the observation of Fermi surface. The sixfold appearance
of the Fermi surface should be due to the existence of the S ′

1
band only in the �̄-M̄ direction.

The 0.1-eV shift of the calculated bands, however, does not
remove the discrepancy on the position of the S1 band bottom
between the experiment and calculation; it is still deeper in the
experiment. In addition, there remain quantitative differences
in the surface bands between them. For example, the S1 band
clearly splits into two bands in the �̄-M̄ direction above the
crossing point with the S2 band both in the experiment and the
calculation. The separation at EF is, however, about 60 meV
in Fig. 2 while it is 100 meV in the calculation. These suggest
that the surface atomic structure should be more quantitatively
optimized in the calculation.

We analyzed the spin polarization of the S1 and S ′
1 bands

in the calculation and confirmed these are spin-split bands. It
is noted that both in-plane and out-of-plane spin components
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are opposite in these two bands. The split is absent in the
calculation without spin degree of freedom. Thus, we conclude
this is due to spin-orbit interaction. Very small spin splitting
of the S1 band can be seen in the �̄-M̄ direction below the
crossing point with the S2 band and in the �̄-K̄ direction.
These results qualitatively agree with the observation that the
splitting of the S1 band is significant only in the �̄-M̄ direction
above the crossing point with the S2 band. In the other part of
the S1 band, the band split was not detected with the energy
resolution of the present ARPES measurements, 35 meV.

It is natural that the S1 band originating from the surface
Au atoms show a Rashba splitting. Generally, a heavy element
such as Au has a large spin-orbit interaction, and a Rashba
splitting in a large potential gradient is expected at the
surface. However, a simple consideration on the splitting for
two-dimensional electrons is not applicable to the present
system. Significant splitting of the S1 band appears only in a
limited area of the k space around the �̄-M̄ direction above the
crossing point with the S2 band. Moreover, the polarized spin
has a surface-normal component. These results are in contrast
to the reported metallic band in the Pb-adsorbed Ge(111)
surface,3 where the Rashba splitting was isotropic around �̄.
The direction of the surface electric field and thus the spin
polarization of the metallic bands are more complicated in
the present system of the CHCT structure than those in a flat
β(

√
3 × √

3) structure22 of the Pb-adsorbed Ge(111) surface.
The spin-orbit interaction also induces spin polarization

in the other electronic states. In the calculation, the S2 and
S ′

2 bands originating mainly from the Ge 4s and 4p states are
spin polarized with both in-plane and out-of-plane spin compo-
nents. The spin polarization in the both bands is large when the
in-plane wave vector is between 0.1 and 0.2 Å−1. These bands
resemble the two spin-polarized holelike bands due to subsur-
face Ge atoms reported on the Bi-adsorbed Ge(111) surface.23

A spin-polarized band of metal-adsorbed Ge(111) surface does
not always originate from the surface heavy elements.

In Fig. 3(a), the S3 band in the �̄-M̄ direction splits into
two bands below 0.2 eV. Correspondingly, in Fig. 2, the S3

band in the �̄-M̄ direction becomes broad when the wave
vector increases while the splitting is not obvious. These are
spin polarized and consist partly of the surface Au and Ge
atoms in the calculation. Both in-plane and out-of-plane spin
components are polarized as in the S1 and S ′

1 bands. The
spin-orbit interaction at the present surface of Au and Ge atoms
makes the spin-dependent electronic structure anisotropic and
complicated. Varieties of the spin splitting of the valence bands
among Au-, Pb-,3 and Bi-adsorbed23 Ge(111) surfaces are
attributed to differences in the surface atomic structure.

IV. CONCLUSION

We have studied the surface electronic structure of
Ge(111)(

√
3 × √

3)R30◦-Au by both ARPES and the calcu-
lations based on DFT. Two metallic bands around �̄, S1 and
S2, are spin polarized at EF in different ways. The former is
an electronlike band originating from the surface Au and Ge
atoms. This shows Rashba splitting above EB = 0.2 eV in the
�̄-M̄ direction while no splitting was observed in the �̄-K̄
direction. The latter band is a holelike band originating only
from Ge atoms and shows spin polarization. The occupied S ′

2
and S3 bands are also spin polarized. These spin-polarized
bands are attributed to the spin-orbit interaction of the CHCT
structure with anisotropic potential gradient at the surface.
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