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Abstract

The present study gives experimental evidence of two-dimensional elec-

tronic states localized in subsurface layers of a Ge(111) substrate, in which

a monolayer Pb adsorbed Ge(111) surface is used as a template. We ob-

served three pairs of the subsurface states by angle-resolved photoelectron

spectroscopy, which are closely related to bulk heavy-hole, light-hole and

spin-orbit split-off bands of Ge(111). The heavy-hole- and light-hole-derived

bands show the Rashba-type band crossing at the Γ̄ point. A density func-

tional theory calculation suggests that the branches of these bands exhibit

the Rashba-type spin splitting. On the other hand, we observed peculiar spin

polarization for the subsurface states attributed to the bulk spin-orbit split-
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off band by spin- and angle-resolved photoelectron spectroscopy, where spin

polarization of each branch is inverted with respect to Γ̄ and the degeneracy,

expected for a normal Rashba spin-split surface state is lifted at Γ̄.

Key words: Rashba effect, Semiconductor, Surface state, Angle-resolved

photoelectron spectroscopy, Spin-resolved photoelectron spectroscopy
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1. Introduction

One of the steps in developing spintronic applications is to yield a spin-

polarized electron in a semiconductor. For this aim, the Rashba-type spin-

orbit interaction has a great potential. The inversion symmetry is broken at

the surface or interface. According to the framework of the Rashba effect,

the spin degeneracy is then lifted by the potential gradient in the surface

normal direction and an electronic state is split into two in the momentum

space, where the spin orientation is perpendicular to both the surface nor-

mal and the momentum of the electron [1, 2]. Solid surface systems have

been offering an opportunity to study the Rashba effect by angle-resolved

photoelectron spectroscopy (ARPES) and spin- and angle-resolved photo-

electron spectroscopy (SARPES) so far. Here, we notice that the Rashba

spin-polarized bands were mainly reported on the surfaces including heavy

element atoms, such as Au [3, 4], Bi [5], and a monolayer of heavy-element

atoms adsorbed on light-element substrate [6, 7, 8, 9, 10].

On the other hand, recently, a new type of spin-polarized surface states

derived from Ge, a lighter element, was found on Bi/Ge(111), Br/Ge(111),

Tl/Ge(111) and Pb/Ge(111), in which the surface states disperse near the
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valence band maximum (VBM) of Ge bulk bands [11, 12, 13, 14, 15]. An

insight into the spin-polarized two-dimensional states has been provided by

a density functional theory (DFT) calculation [13]. Layer-resolved charge

density analysis suggests that maximum of the charge density is located be-

tween the fifth and tenth Ge layers and the charge density gradually decays

into the bulk. The spin-polarized states may therefore be classified as “sub-

surface states”. The formation of the subsurface states is explained with the

bulk electronic states modified by the truncation of a bulk periodicity at the

surface, suggesting that the subsurface states originate from bulk heavy-hole,

light-hole, and spin-orbit split-off bands of Ge. The spin polarization of the

subsurface states is due to the Rashba effect and the size of the spin-split

energy is determined by the atomic spin-orbit interaction in a Ge atom. On

the other hand, experimentally, details of the energy dispersion of the subsur-

face states remain unclear. For instance, it is difficult to identify the energy

dispersion of light-hole-derived states as well as the spin splitting of heavy-

hole-derived states [11, 12]. We consider that low photoelectron intensities

from the subsurface states and the presence of the Ge bulk bands hinder

the clear identification of the band structures of the subsurface states near

VBM. In addition, the charge density analysis suggests that the subsurface

states have a charge-density modulation along the surface normal while the

subsurface states are intrinsic two-dimensional states. Such modulation may

yield a pseudo-dispersion of the subsurface-state bands along a kz direction.

Photon energy dependence of ARPES are thus required for clarifying the

energy dispersion along the kz direction.

In the present study, we experimentally clarify the electronic band struc-
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ture of the subsurface states near VBM of the Ge(111) substrate covered

with a monolayer Pb (Pb/Ge(111)-β). High-resolution ARPES with a He

lamp provides the detail of the energy dispersion of the subsurface states.

In an ARPES experiment with synchrotron radiation, several photon ener-

gies were selected in order to examine whether or not the subsurface states

exhibit the energy dispersion along the kz direction. The result gives di-

rect evidence that the subsurface states are surely two-dimensional. From

SARPES, we confirmed that one of the subsurface states shows peculiar spin

structure, which is against the conventional picture of the Rashba-type band

crossing. The DFT calculation supports the assignment of the experimental

band structure. The present results provide experimentally significant and

conclusive information on the subsurface states on Ge(111) induced by the

bulk truncation.

2. Experimental methods

Experiments were performed in ultrahigh-vacuum systems with base pres-

sures lower than 2.0×10−8 Pa. In the ARPES experiment with monochro-

matic He I (hν = 21.2 eV) radiation, we used an angular mode of a hemi-

spherical electron energy analyzer (VG SCIENTA R3000) in Kyoto Univer-

sity. The ARPES measurements with synchrotron radiation were performed

with a VG SCIENTA R4000 analyzer at CASSIOPÉE beam line in SOLEIL

in France. The SARPES measurements were performed at the beam line

19A of Photon Factory in Japan, using synchrotron radiation and the set of

a hemispherical electron energy analyzer (SPECS Phoibos 150) and a very

low energy electron diffraction (VLEED) type spin polarimeter [16] with an
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energy resolution of 160 meV. The effective Sherman function of the spin

polarimeter was 0.35.

For all of the experiments, samples were prepared in situ in a molecu-

lar beam epitaxy chamber connected to each analysis chamber. A Ge(111)

substrate was prepared by several cycles of 0.7 keV Ar+ sputtering at room

temperature (RT) and subsequent annealing up to 870 K for a few seconds.

The surface cleanliness was checked by a sharp c(2×8) low-energy electron

diffraction (LEED) pattern. Pb was then deposited onto the surface kept

at RT from an alumina crucible heated with a tungsten filament. The sur-

face after the Pb deposition was annealed at 570 K for a few minutes to

prepare well-ordered wide terraces. Total amount of Pb atoms on the sur-

face was calibrated by checking a photoelectron intensity from a Pb-derived

surface-state band, labeled SPb in Fig. 1(a), of Pb/Ge(111)-β [10, 17]. Note

that the photoelectron intensity from SPb is prominent in the second surface

Brillouin zone (SBZ). The reconstructed surface of Pb/Ge(111)-β yielded a

sharp (
√
3×

√
3)R30◦ LEED pattern.

Density-functional theory (DFT) calculation has been performed using

the WIEN2k computer code based on the augmented plane wave + local

orbitals (APW + lo) method including the spin-orbit interaction [18]. We

adopted the modified Becke and Johnson (mBJ) potential together with the

exchange-correlation potential constructed by using the local density approx-

imation [19, 20]. The surface was modeled by a 44-layer Ge(111) slab with

the both sides covered with a (
√
3×

√
3)R30◦-Pb layer. We note that the

thick slab is required to reproduce the subsurface states because of the long

decay length into the bulk.
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3. Results and discussion

Figure 1(a) shows an ARPES intensity map along Γ̄M̄ in the (
√
3×

√
3)R30◦

SBZ, which coincides with a [11̄0] axis of Ge(111)-(1×1), measured with pho-

ton energy of 21.2 eV from the He lamp. The dashed curves represent the

upper edge of the bulk bands obtained from tight-binding calculation with

parameters adjusted to the experimental bulk band structure [13]. The bulk

bands consist of heavy-hole band, light-hole band, and spin-orbit split-off

band at Γ̄. Here, energy positions of the light-hole and spin-orbit split-off

bands interconvert away from Γ̄ because of the hybridization between these

bands. In the present article, the bulk bands are named BHH, BLH and BSO

as shown in Fig. 1(a), respectively.

As shown in Fig. 1(a), we observed a pair of metallic bands with the

Fermi wave vector of 0.38 Å−1, labeled SPb. This pair of bands is spin-

polarized due to the Rashba effect, which have already been reported in our

papers [10, 17]. A nearly flat band observed at ∼0.9 eV is also attributed to

a Pb-derived band [10, 17]. On the other hand, several bands are found near

VBM and disperse downward from Γ̄. Hereafter, we focus on these bands.

Figure 1(b) exhibits an ARPES intensity map recorded with photon en-

ergy of 21.2 eV with high energy resolution along Γ̄M̄ in the (
√
3×

√
3)R30◦

SBZ near VBM at 30 K. A momentum distribution curve (MDC) at the

binding energy of 20 meV is also represented in the lower panel in Fig. 1(b).

Schematic drawing of the band structure is represented in Fig. 1(c). We

found from Fig. 1(a) that S±
1 appears in the projected bulk band gap and

disperses almost parallel to BHH at larger k‖ (> 0.15 Å−1). In addition, S±
1

crosses the Fermi level near Γ̄. From the high-resolution image and the MDC
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Figure 1: (Color online) ARPES intensity map of Pb/Ge(111)-β along Γ̄M̄ in the

(
√
3×

√
3)R30◦ SBZ with the photon energy of 21.2 eV. The SBZ are shown in the inset,

where the dashed (thin) and solid (bold) hexagons denote the (1×1) and (
√
3×

√
3)R30◦

periodicity, respectively. Dashed curves represent the bulk band edges, i.e. bulk heavy-hole

(BHH), light-hole (BLH), and spin-orbit split-off (BSO) bands. (b) (upper panel) ARPES

image recorded with the photon energy of hν = 21.2 eV with high-energy-resolution near

VBM. Dashed curves represent the bulk band edges, BHH, BLH and BSO. (lower panel)

A momentum distribution curve taken with the photoelectron intensity within a 20 meV

energy window centered at the binding energy of 20 meV, shown by a bold dashed line

in the upper panel. (c) Schematic drawing of the surface-state bands of S±

1 , S±

2 and S±

3 .

Red and blue curves represent the spin direction toward [112̄] and [1̄1̄2].
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shown in Fig. 1(b), we can recognize that S±
1 is split into two, labeled S+

1 and

S−
1 for each branch. The Fermi wave vectors kF of S+

1 (S−
1 ) are estimated to

be 0.082 Å−1 (0.100 Å−1) on a positive k‖ and at -0.100 Å−1 (-0.082 Å−1) on

a negative k‖. Also, we found a pair of bands, labeled S+
2 and S−

2 , dispersing

along BLH. The maxima of S+
2 and S−

2 reach the Fermi level and are symmet-

rically shifted from Γ̄ by 0.03 – 0.04 Å−1. S+
2 and S−

2 are degenerated at Γ̄ at

binding energy of 30 meV. This implies that a pair of S+
2 and S−

2 shows the

Rashba-type band crossing. For the S+
3 band, the energy maximum is quite

close to the crossing point of S+
2 and S−

2 . And then, S+
3 shows the energy

dispersion downward from Γ̄ into the bulk spin-orbit gap. S−
3 disperses along

the upper edge of BSO and almost parallel to S+
3 at |k‖| > 0.06 Å−1.

Figures 2(a)-2(d) show ARPES intensity maps along Γ̄M̄ in the (
√
3×

√
3)R30◦

SBZ with synchrotron radiation. Here, we selected the several photon en-

ergies in order to confirm the energy dispersion along the kz direction with

the z axis defined as perpendicular to the surface. We note that the ARPES

image obtained with hν = 21 eV shown in Fig. 2(c) agrees well with the

image recorded with the He lamp shown in Fig. 1(a). S±
1 is observed with

photon energies of 17, 21, and 26 eV. In addition, there is no energy shift

for S±
1 depending on the photon energy, meaning that S±

1 exhibits no energy

dispersion along the kz direction. This serves an evidence that S±
1 is a two-

dimensional state. S+
2 and S−

2 are observed with photon energies of 17, 19

and 21 eV and the energy positions of the bands do not change. Thus, S+
2

and S−
2 are also assigned as two-dimensional states. S+

3 and S−
3 appear in

all images in Fig. 2. The energy dispersions of S+
3 and S−

3 are completely

identical, indicating that S+
3 and S−

3 are also two-dimensional states.

8



0.0

0.4

0.8

0.0

0.4

0.8

0.0 0.4-0.40.0 0.4-0.4

B
in

d
in

g
 e

n
e

rg
y 

(e
V

)

l
1
l
2
l
3
l
4
l
5

k
||
 (Å-1)(a) (b)

(c) (d)

k
||
 (Å-1)

B
in

d
in

g
 e

n
e

rg
y 

(e
V

)

hν = 19 eV

hν = 26 eV

hν = 17 eV

hν = 21 eV

[110]

S
1

S
1

S
1

S
2

- S
2

-

S
2

-

S
2

+ S
2

+

S
2

+

S
3

+

S
3

-
S

3

+

S
3

-

S
3

+

S
3

-S
3

+

S
3

-

Figure 2: (Color online) (a-d) ARPES images of Pb/Ge(111)-β along Γ̄M̄ in the

(
√
3×

√
3)R30◦ SBZ recorded with the photon energies of hν = 17 eV, 19 eV, 21eV, 26

eV. Solid curves represent the band structures for guides to the eyes.
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Figure 3: (Color online) (a) Spin- and angle-resolved photoelectron spectra taken with

several selected wave vectors, which are shown with thin solid (green) lines in Fig. 2(d).

Here, l1–l5 correspond to emission angles of -1.3◦, 0.8◦, 0.0◦, 0.7◦ and 1.2◦ with respect to

the surface normal, respectively. The spin polarization toward [112̄] and [1̄1̄2] directions is

represented with thin (red) and bold (blue), respectively. Triangles denote energy positions

of S+
3 obtained from the ARPES data shown in Fig. 2(d).
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Next, we describe the results of SARPES shown in Fig. 3. In SARPES,

we focus on the spin polarization of S+
3 because the branches of S+

3 and S−
3 are

quite different from the conventional Rashba-type band structure, as these

bands do not show the band crossing at Γ̄. The spin-resolved photoelectron

spectra were recorded with the photon energy of 26 eV at several selected

k‖’s, denoted as l1–l5 in Fig. 2(d). Here, we have found from the photon

energy dependence of ARPES shown in Fig. 2 that S+
3 is clearly observed

with hν = 26 eV whereas the photoelectron intensity from S±
2 is rather weak.

Thus, use of the photon energy of 26 eV allows us to predominantly observe

the spin-resolved spectra from S+
3 although S+

3 is energetically close to S±
2

near Γ̄. The spin polarimeter was arranged to observe the spin polarization

toward [112̄] and [1̄1̄2].

It is found that the spin-resolved spectra along l3 are almost identical.

This indicates that the spin polarization of S+
3 is zero at Γ̄. On the other

hand, the spin-polarized spectra are observed at l1, l2, l4 and l5. For the

spin-resolved spectra at l1 and l2, the spin polarization toward [1̄1̄2] is found

and the spin polarization toward [112̄] is negligible. Here, the peaks for l1 and

l2 are located at 0.3 eV and 0.2 eV, respectively. The spin-resolved spectra

at l4 and l5 exhibit the spin polarization toward [112̄]. The peak position of

l4 (l5) is almost same as l2 (l1). The energy dispersion of the spin-resolved

spectra agrees well with the ARPES results, where the energy positions of

S+
3 obtained from Fig. 2(d) are represented in Fig. 3. We therefore conclude

that S+
3 shows no spin polarization at Γ̄ and the spin polarization direction

is inverted in the band around Γ̄. We note that S±
1 are not clear at l1 and

l5 in the SARPES measurements because the photoelectron intensities from
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Figure 4: (Color online) Calculated band structure of Pb/Ge(111)-β along Γ̄M̄ near VBM.

Opposite spin orientations are indicated by colors of blue and red (colors, online). In panel

(a), the size of the circle is proportional to the net spin polarization (R−

k‖,E
defined by

Eq. (1)). In panel (b), the size of the circle represents the total contribution of Ge atoms

in 1st-6th layers (R+

k‖,E
defined by Eq. (1)). The bold dashed curves represent the bulk

band edges of heavy-hole, light-hole, and spin-orbit split-off bands [13]. Thin solid curves

represent the band structure of the subsurface states.

S±
1 are weak.

We performed a DFT calculation in order to obtain further information

on the spin structure of the subsurface states of Pb/Ge(111)-β. Figures 4(a)

and (b) show the calculated band structures for Pb/Ge(111)-β along Γ̄M̄ in

the (
√
3×

√
3)R30◦. The sizes of the circles are given by

R±
k‖,E

∝
∣

∣

∣

∣

∣

n
∑

i=0

(|〈φi, ↑ |Ψk‖,E〉|2 ± |〈φi, ↓ |Ψk‖,E〉|2)
∣

∣

∣

∣

∣

, (1)
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where |φi, ↑〉 and |φi, ↓〉 denote atomic orbitals in ith layers with spin po-

larization, and |Ψk‖,E〉 is an eigenfunction of a calculated state at (k‖, E).

The summation of the atomic orbitals from 1st to 6th layers was carried out.

The zeroth layer corresponds to the Pb layer at the surface and the 1st layer

corresponds to the topmost layer of the Ge substrate. Thus, R−
k‖,E

expresses

the net spin polarization of the Ge atoms. The calculated band structure

with R−
k‖,E

is represented in Fig. 4(a), in which the size of the circle rep-

resents the amplitude of the spin polarization and colors of the circles give

the spin directions. We notice that small spin polarization makes difficulty

in clear identification of the band structure, especially in the proximity to

Γ̄. In order to make clear the band structure, we also provide another panel

drawn with R+
k‖,E

in Fig. 4(b). R+
k‖,E

represents the total contribution from

the Ge atoms in the surface and subsurface layers. This indicates that the

size of the circle is proportional to the partial charge of the Ge atoms. We

note that Pb 6p orbitals have a negligible contribution near VBM [10, 17].

S+
1C and S−

1C exhibit the energy dispersion along the edge of the bulk

heavy-hole states in the projected bulk band gap and cross the Fermi level.

The band structure of S+
1C and S−

1C below the Fermi level is in agreement with

the ARPES result shown in Fig. 1(b). Also, the calculated band structure

suggests that a pair of S±
1C shows the spin splitting around Γ̄, in particular

the spin polarization is prominent near the Fermi level. The spin polarization

direction of one branch is opposite to another branch. On the other hand,

the branches of S±
1C are degenerated at Γ̄ above the Fermi level and the

spin polarization is zero at Γ̄. Thus, the spin splitting of S±
1C is due to the

Rashba effect. The amplitude of the spin splitting for S±
1C is 27 meV at the
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Fermi wave vector. Note that the spin splitting of S±
1C was not detected by

SARPES because the size of the spin splitting is rather small compared with

the energy resolution of SARPES.

The energy dispersions of S+
2C and S−

2C are also in agreement with ARPES.

The branches of S±
2C are degenerate at Γ̄ near the Fermi level and are spin-

polarized around Γ̄ toward opposite directions. This behavior agrees with

the Rashba-type spin splitting. The spin polarization of S±
2C is moderate in

the projected bulk band gap compared with S±
1C . The spin polarization is

however weakened at |k‖| > 0.1 Å−1 because the branches of S±
2C merge into

the Ge bulk bands.

S+
3C and S−

3C also appear in the calculated band images, which is consistent

with the ARPES results. The energy maximum of S+
3C nearly reaches to the

crossing point of S±
2C at Γ̄ and S+

3C shows the energy dispersion downward

from Γ̄. The spin polarization of S+
3C is negligible at Γ̄ while it is enhanced

around Γ̄. The spin polarization direction is inverted with respect to Γ̄.

Concerning S−
3C , the energy maximum is located at Γ̄ at the binding energy

of 250 meV and the band disperses downward from Γ̄. The spin polarization

of S−
3C is inverted with respect to Γ̄ and is opposite to that of S+

3C . However,

the amplitude of the spin polarization of S−
3C is much smaller than that of

S+
3C . We notice that S−

3C disperses along the edge of the bulk spin-orbit split-

off band, meaning that the electrons in the S−
3 band can merge into the bulk

bands. This reduces the spin polarization of S−
3C , which is consistent with the

fact that the spin polarization of S−
3 was not clearly observed by SARPES.

We have experimentally clarified the band structures of the subsurface

states of Pb/Ge(111)-β. We consider that a scenario of the formation of
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the subsurface states is common with the other systems such as Bi/Ge(111),

Br/Ge(111), Tl/Ge(111) [11, 12, 13]. The subsurface states are yielded from

the bulk electronic states perturbed by the truncation of bulk periodicity

at the surface. In principle, the subsurface states of Pb/Ge(111)-β are thus

attributed to the BHH, BLH and BSO bands. The energy position of each

subsurface state depends on a type of the bulk truncation, meaning that

the energy of the subsurface states can be modified by ad-layers. In fact,

the light-hole-derived S±
2 bands of Pb/Ge(111)-β appear in the projected

bulk band gap near Γ̄ while the light-hole-derived bands for Bi/Ge(111) and

Br/Ge(111) were found in the bulk bands, for example.

From the ARPES results, we found that the spin splitting of S±
1 is 30

meV at kF = 0.1 Å−1. The Rashba parameter of S±
1 is thus estimated to

be 0.15 eV Å. On the other hand, it is difficult to accurately estimate the

Rashba parameter for the pair of S±
2 only from the ARPES results because

the topmost part of the branches is above the Fermi level and the large

intensity from S+
3 hinders us locating the peak positions of S±

2 around Γ̄.

We thus evaluate the Rashba parameter of S±
2C from the calculated band

structure shown in Fig. 4. The energy maxima of S±
2C are located at |k‖| =

±0.04 Å−1. The size of the spin splitting of S±
2C is then estimated to be 0.034

eV at 0.04 Å−1, which yields the Rashba parameter of about 0.4 eV Å. The

sizes of the spin splitting of S±
1 and S±

2 are consistent with that of the atomic

spin-orbit splitting of Ge 4p [21].

Finally, we describe the peculiar band S±
3 , which is quite different from

the conventional Rashba-type band crossing. The energetic order between

the bulk light-hole and spin-orbit split-off bands is inverted around Γ̄ because
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of the spin-orbit interaction of Ge, which makes a finite spin-orbit energy gap.

One spin-polarized branch S+
3 disperses across the spin-orbit gap. This man-

ner is similar to the case of the spin-polarized surface states on topological

insulators (TI). TI has a bulk band gap which opens due to the spin-orbit

interaction and the topological surface states disperse continuously across

the bulk spin-orbit gap. In addition, S±
3 are surface resonances. The surface

resonances can switch its partner to an arbitrary band at high-symmetry

point because of the large contribution from the bulk states. Thanks to this,

Kramars degeneracy of S±
3 at Γ̄ is preserved even without the Rashba-type

band crossing. This situation yields the spin-polarized S+
3 and its counter-

part S−
3 . Similar band structures are also found in Bi/Ge(111), Br/Ge(111),

Tl/Ge(111). The formation mechanism of S±
3 has been discussed in the for-

mer paper in detail [13].

4. Summary

In summary, we have investigated the two-dimensional states localized in

subsurface regions of Pb/Ge(111)-β near VBM by ARPES, SARPES and the

DFT calculation. From the high-resolution ARPES, the energy dispersions

of the subsurface states were experimentally identified. Photon energy de-

pendence of ARPES using synchrotron radiation clarified that the subsurface

states exhibit two-dimensional nature. The spin polarization of the subsur-

face states was confirmed by SARPES and the DFT calculation. The spin

polarization of S±
1 and S±

2 is explained by the conventional Rashba effect

while S±
3 exhibit peculiar spin-polarized band structures.
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