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Abstract
We have determined the atomic structure of the Bi/Ge(111)-(

√
3 × √

3)R30◦ surface by
dynamical low-energy electron diffraction (LEED) analysis and scanning tunneling microscopy
(STM). The optimized atomic structure consists of Bi atoms which are adsorbed near the T1

sites of the bulk-truncated Ge(111) surface and form triangular trimer units centered at the T4

sites. The atomically resolved STM image was consistent with the LEED result. The structural
parameters agree well with those optimized by a first-principles calculation which supports the
interpretation of the electronic band splitting on this surface in terms of the giant Rashba effect.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, a great deal of attention has been paid to the large
spin splitting of surface bands due to the Rashba spin–orbit
interaction [1, 2]. It has been shown that the large Rashba
spin splitting is realized on surfaces of heavy elements such
as Au [3] and Bi [4, 5]. The Rashba spin splitting was also
observed on substrates of lighter elements, such as Ag, covered
with heavy elements [6, 7]. This suggests that the giant Rashba
spin splitting is also possible on the surfaces of semiconductors
such as Si and Ge, implying a possibility of novel spin transport
phenomena on surfaces.

We recently studied the electronic structure of the
Bi/Ge(111)-(

√
3 × √

3)R30◦ surface. On this surface,
Rashba-like band splitting was observed by angle-resolved
photoelectron spectroscopy (ARPES) [8]. The splitting
appeared to be quite large compared to those on the Bi
surfaces. A theoretical approach based on accurate atomic
structure provides further insight into the surface electronic
structure and spin splitting [9–11]. Therefore, the precise

structural determination of Bi/Ge(111)-(
√

3 × √
3)R30◦ was

indispensable for studying the large spin splitting.
The submonolayer to monolayer (ML) coverages of

group-15 elements on semiconductor (111) surfaces lead to
various atomic structures. Here, we define 1 ML as the atom
density of bulk-truncated Si or Ge(111). The P/Ge(111) [12],
Sb/Si(111) [13–15] and Bi/Si(111) [16–19] surfaces at 1 ML
have the (

√
3 × √

3)R30◦ structure with a common adatom
geometry (T4 trimer). Adatoms adsorb near the T1 sites of
bulk-truncated Si or Ge(111) and form triangular trimer units
centered at the T4 sites. On Bi/Si(111), another type of
the (

√
3 × √

3)R30◦ structure (T4 monomer) is also formed,
depending on the sample preparation conditions. In the T4

monomer structure, Bi adatoms of 1/3 ML adsorb on every
third T4 site of bulk-truncated Si(111). This structure is
similar to those observed on the Si(111) surfaces covered with
group-13 elements [20]. On Bi/Ge(111), the T4 monomer
structure was reported in the study based on dynamical LEED
analysis [21]. On the other hand, a density-functional-theory
(DFT) calculation predicted that the T4 monomer, T4 trimer
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Figure 1. (a) LEED pattern of Ge(111)-c(2 × 8) at room
temperature. (b) LEED pattern of Bi/Ge(111)-(

√
3 × √

3)R30◦ at
110 K (E p = 144 eV).

and bare reconstructed Ge(111) structures coexist at coverages
below 1/3 ML and that the T4 trimer structure is the most stable
phase at 1 ML [18]. However, the T4 trimer phase has not been
confirmed experimentally.

In this work, we attempted to clarify the atomic structure
of the Bi/Ge(111)-(

√
3 × √

3)R30◦ structure by dynamical
LEED analysis and scanning tunneling microscopy (STM).
The intensity versus voltage (I –V ) curves in an energy range
much wider than in the former work [21] were collected and
analyzed. The analysis yielded the T4 trimer structure. The
atomically resolved STM image was consistent with this result.
The optimized structural parameters show a good agreement
with those obtained by the first-principles calculation.

2. Experimental details

Experiments were performed in two separate ultrahigh vacuum
chambers, one for STM and the other for LEED. The base
pressure was ∼1 × 10−10 Torr in the STM chamber and ∼2 ×
10−10 Torr in the LEED chamber. A variable-temperature STM
(Oxford Instruments) with a chemically etched polycrystalline
tungsten tip was used. All the STM images were taken in the
constant-current (topographic) mode at room temperature.

The Ge(111) samples were sliced from a non-doped single
crystal. The clean Ge(111) surface was prepared by repeated
cycles of Ar ion sputtering at 750 eV and annealing up to
∼950 K until a sharp c(2 × 8) LEED pattern was obtained
as shown in figure 1. Bi was deposited from an alumina
crucible heated by a tungsten wire loop with the surface
temperature kept at <320 K. Upon Bi deposition, the c(2 × 8)

pattern gradually disappeared, after which diffuse (2 × 1) or
(2 × 2) and well-contrasted (1 × 1) patterns were successively
observed [22]. Post-annealing of the (1×1) surface at ∼700 K
for 5 min resulted in a sharp (

√
3 × √

3)R30◦ LEED pattern as
shown in figure 1.

Normal-incidence LEED patterns at 80–450 eV were
recorded at 110 K at an interval of 2 eV by a computer-
controlled image acquisition system. The I –V curves were
normalized to the primary beam current and averaged over the
symmetrically equivalent beams according to the plane sym-
metry group p31m. The obtained dataset consisted of seven
inequivalent beams ((1 0), (0 1), (1 1), (1/3 1/3), (2/3 2/3),
(1/3 4/3), (4/3 1/3)), and had a total energy range of 2296 eV.

The I –V curves appear to have characteristics very similar to
those reported previously [21].

The Barbieri–Van Hove symmetrized automated tensor
LEED (SATLEED) package was used to simulate the I –V
curves for different structural models [23]. Crystal potentials
for Ge and Bi were described by phase shifts obtained by the
Barbieri–Van Hove phase shift package. We used phase shifts
up to lmax = 8 for an initial screening to rule out inadequate
models, and up to lmax = 12 for the optimization of the
accurate atomic structure. The calculated and experimental
I –V curves were compared by means of the reliability factor
defined by Pendry (RP) [24]. The thermal effect was taken into
account in the calculation by optimizing the Debye temperature
for each atomic layer. The errors in the structural parameters
were evaluated with the Pendry RR function [24].

The density-functional-theory (DFT) calculations were
performed by employing the WIEN2k computer code [25, 26].
This calculation utilizes the full-potential ‘augmented plane
wave + local orbitals’ (APW + lo) method [27, 28] and
the PBE96 generalized gradient approximation (GGA) [29] to
construct the exchange and correlation potentials. We used
a slab geometry consisting of Bi and 10 Ge(111) layers to
simulate the Bi/Ge(111)-(

√
3 × √

3)R30◦ surface. The Bi
atoms were arranged according to several adatom geometries
(see figure 2) including the T4 trimer structure. Then the
positions of all Bi and Ge atoms were optimized until the root-
mean-square force became smaller than 2 mRyd au−1. (For
details about surface electronic structure calculated for this
surface structure, see [8].)

3. Results and discussion

In dynamical LEED analysis, we examined eleven structural
models. The top and side views of these models are shown
in figure 2. The Bi coverage is 1/3 ML for models 1–4 and
1 ML for models 5–11. Models 1 and 2 are the same as those
examined in the former LEED analysis [21]. In models 1–3,
Bi atoms are located on the threefold symmetry sites (T4, H3

and T1, respectively) on the bulk-truncated Ge(111)-(1 × 1)

surface. In models 4 and 5, the topmost Ge atoms of the bulk-
truncated surface are replaced with Bi atoms. In model 5,
the height variation of neighboring Bi atoms is allowed in
the (

√
3 × √

3)R30◦ periodicity. In models 6–11, Bi trimer
units are located at T4 (models 6 and 7), H3 (8 and 9) and
T1 (10 and 11) sites with different orientations. Models 1
and 6 correspond to the T4-monomer and T4 trimer structures,
respectively, mentioned above.

We first optimized the atomic positions of Bi and Ge
atoms in the first two Ge layers for the eleven models. The
displacements were done in the way according to the plane
symmetry group p31m. The calculated RP values for all
models are shown in figure 3. Model 6 yielded a notably small
RP value of 0.25. Since the variance of RP was 0.03, the other
models were ruled out. We further optimized the structural
parameters of Bi adatoms and the first four Ge layers for model
6. The Debye temperatures for the Bi adatoms and the topmost
layer Ge atoms were also optimized, which yielded 120 K for
Bi and 374 K for the first-layer Ge atoms. These were almost

2
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Figure 2. Eleven examined structure models for Bi/Ge(111)-(
√

3 × √
3)R30◦. Filled and open circles represent Bi and Ge atoms,

respectively.

Figure 3. (a) Comparison of RP for the structural models examined. (b) Comparison of the experimental (full) and calculated (dashed) I–V
curves for the optimized T4 trimer model. (c) Top and side views of the T4 trimer model. Filled and open circles represent Bi and Ge atoms,
respectively.

the same values as the bulk values for Bi (119 K) and Ge
(374 K). Those for Ge in the deeper layers had been fixed at the
bulk value. The imaginary part of the inner potential was fixed
at −5 eV. We eventually obtained RP = 0.22. The comparison
between the experimental and simulated I –V curves shows a
good overall agreement as shown in figure 3.

The optimized atom positions of the T4 trimer structure
(model 6) are listed in table 1. The atom labels of the Bi and
Ge atoms correspond to those indicated in figure 3. Figure 4
shows the interatomic distances obtained by the dynamical
LEED analysis and the DFT calculation, which shows a good
overall agreement. In order to clarify the relaxation from the

3
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Figure 4. The bond lengths of the T4 trimer structure optimized by
LEED I–V analysis and by the DFT calculation. The atom labels
correspond to those in figure 3(c).

Table 1. Atomic positions of the T4 trimer model optimized by
dynamical LEED analysis. The errors of the first six atoms are in
parentheses (since RP is not sensitive to atomic positions of deeper
atoms, errors of them from the Pendry R R function are not
significant). N represents the lateral displacements that are zero due
to the symmetry.

Atom x (Å) y (Å) z (Å)

1 Bi 1.73 (0.08) 0.00 (N) 0.00 (0.02)
2 Ge 2.28 (0.07) 0.00 (N) 2.69 (0.02)
3 Ge 3.46 (N) 2.00 (N) 3.45 (0.02)
4 Ge 0.00 (N) 0.00 (N) 3.66 (0.04)
5 Ge 3.46 (N) 2.00 (N) 5.91 (0.02)
6 Ge 0.00 (N) 0.00 (N) 6.08 (0.05)
7 Ge 1.17 2.03 6.77
8 Ge 1.15 2.00 9.36
9 Ge 2.30 0.00 10.04

10 Ge 2.32 0.00 12.48
11 Ge 0.00 0.00 13.34
12 Ge 3.46 2.00 13.27

bulk structure, the bulk nearest-neighbor Bi–Bi and Ge–Ge
distances (3.05 and 2.45 Å, respectively) and the average of
them (2.75 Å) are indicated by dotted lines.

In order to check if there coexist (
√

3 × √
3)R30◦ phases

with different atomic structures, we measured I –V curves at
room temperature after the surface covered with 3 ML of Bi
was annealed at temperatures from 420 to 770 K in which
the (

√
3 × √

3)R30◦ LEED pattern was observed. Annealing
above 800 K resulted in the diffuse c(2 × 8) LEED pattern,
indicating the desorption of the Bi adatoms. Since I –V curves
are sensitive to surface atomic structure, the peak positions of
the I –V curves would change if different (

√
3 × √

3)R30◦
structures with different stability are formed. However, as
shown in figure 5, no significant change was observed over
the whole temperature range. We also confirmed that the
photoelectron intensity of the Bi 5d core level was not changed
upon annealing the surface with 1 ML Bi up to 740 K. We
conclude that the (

√
3 ×√

3)R30◦ surface is monophase under
the preparation conditions employed. Note that this does not
rule out all the possibilities of existence of the T4 monomer. Bi
deposition below 1/3 ML before annealing may induce the T4

monomer structure.

Figure 5. I–V curves from (1/3 1/3) (a) and (2/3 2/3) (b) spots.
Each I–V curve was measured after the deposition of 3 ML Bi
followed by annealing for 5 min at indicated temperatures.

Figure 6. Atomically resolved STM image for
Bi/Ge(111)-(

√
3 × √

3)R30◦ (28 × 42 Å
2
) at room temperature.

Vs = −50.0 mV and It = 2.00 nA.

We observed the Bi/Ge(111)-(
√

3 × √
3)R30◦ surface

by STM. Figure 6 shows an atomically resolved filled-state
STM image. A white parallelogram indicates the (

√
3 ×√

3)R30◦ unit cell. The STM image shows protrusions
forming a triangular trimer structure as indicated by the white
dashed circles. These trimers are arranged according to the
(
√

3 × √
3)R30◦ periodicity and the observed distance of the

protrusions within the trimers is 2.8 ± 0.3 Å, which is in
agreement with the trimer structure as optimized by the LEED
I –V analysis and the DFT calculation.

The characteristic structural parameters of the Bi/Ge(111)-
(
√

3×√
3)R30◦ surface are compared in table 2 with those for

the T4 trimer structures on Sb/Si(111) and Bi/Si(111) surfaces.
On Bi/Ge(111), the Bi–Bi distance in a timer unit is 2.99 Å.
This value is very close to the nearest-neighbor distance in
bulk Bi, 3.05 Å, as is that in the Bi/Si(111)-(

√
3 × √

3)R30◦-
β surface [16–18]. On the Sb/Si(111)-(

√
3 × √

3)R30◦
surface [14, 15], the corresponding value is also close to the
nearest-neighbor distance in bulk Sb crystal. The local bonding
geometry of the adatom in the T4 trimer structure resembles the

4
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Table 2. Characteristic structural parameters for the T4 trimer structure on the Si(111) and Ge(111) surfaces. (See figure 3 for the definition.)

Surface a (Å)a b (Å)b θ (deg) d1−2 (Å) d2−3 (Å)c d2−4 (Å)c References

Sb/Si(111) 2.92 3.63 9.5 2.44 0.87 0.95 [14]
2.94 3.57 8 2.55 0.62 0.90 [15]

Bi/Si(111) 3.05 3.74 8.5 2.64 0.69 0.87 [18]
Bi/Ge(111) 2.99 3.95 12 2.75 0.76 0.97 This work (LEED)

3.01 3.88 11 2.68 0.76 0.94 This work (DFT)

a Bulk nearest-neighbor distance is 2.90 Å for Sb and 3.05 Å for Bi.
b Distance on the ideal (1 × 1) surface is 3.84 Å for Si and 4.00 Å for Ge.
c Bulk distance is 0.78 Å for Si and 0.82 Å for Ge.

bulk structure: In bulk Bi and Sb crystals, atoms are bonded to
three nearest-neighbor atoms with bond angles near 90◦, which
is in agreement with the p3-like hybridization of Bi and Sb
atoms.

Because the Bi–Bi (Sb–Sb) distances in the trimer is
shorter than the nearest-neighbor Ge–Ge (Si–Si) ones in the
topmost layer, the trimer formation induces lattice strain in the
substrate. In the topmost Ge layer, the outer Ge(2) atoms are
horizontally displaced toward the T4 site. On Sb/Si(111), the
horizontal displacements of Si atoms are larger, due probably
to the shorter Sb–Sb distance as compared to Bi–Bi. On the
other hand, the second-layer Ge(3, 4) atoms make vertical
relaxations: the Ge(4) atom beneath the Bi trimer is moved
downward and the other Ge(3) upward. Because of the trimer
formation, the Bi(1)–Ge(2) bond is tilted by 11.5◦ from the
surface normal. The relaxation in the topmost Ge bilayer
keeps the bond angles 1–2–3 (101.5◦), 1–2–4 (113.7◦) and
3–2–4 (108.8◦) close to that for the sp3 hybridized orbital
(109.5◦). The same tendency is observed on the other T4 trimer
surfaces and thus the strain induced by the Bi trimer formation
is efficiently relaxed. Note also that each surface atom has a
number of the nearest-neighbor atoms equal to those in their
bulk crystals (three for Bi and four for Ge). This is probably
why the Debye temperatures of all atoms remain at the bulk
values.

In spite of the similarity of the I –V curves, the structure
obtained for the Bi/Ge(111)-(

√
3 × √

3)R30◦ surface is
different from that reported previously [21]. This probably
comes from the variety of the examined structural models.
We believe that, if the previous authors had calculated I –
V curves for the T4 trimer structure, it would have shown a
better agreement than that for the T4 monomer structure. In
both experimental works, Bi above 1 ML was deposited on
clean Ge(111) before preparing (

√
3 × √

3)R30◦ surfaces by
annealing. Therefore, the result does not conflict with that of
the former DFT calculations [18] that predicted the T4 trimer
structure to be the stable structure at 1 ML.

4. Conclusion

We determined the atomic structure of the Bi/Ge(111)-(
√

3 ×√
3)R30◦ surface by means of the dynamical LEED analysis

and STM. The optimized structure consists of triangular Bi
trimer units on T4 sites of the bulk-truncated Ge(111) surface.
The local bonding geometry of Bi is similar to that in bulk Bi
crystal. There remain no dangling bonds and the interatomic

distances of surface atoms are close to those in the bulk
crystals. In the DFT calculation [8] based on the structure
optimized in this work, large spin splitting due to the Rashba
spin–orbit interaction is found in the occupied states having a
significant contribution of the Bi 6s and 6p orbitals, which is
consistent with the ARPES result.
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