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Abstract
We report that the spin vector of photoelectrons emitted from an atomic layer Pb grown on a germanium substrate [Pb/Ge(111)] can be controlled 
using an electric field of light. The spin polarization of photoelectrons excited by a linearly polarized light is precisely investigated by spin- and 
angle-resolved photoemission spectroscopy. The spin polarization of the photoelectrons observed in the mirror plane reverses between p- and 
s-polarized lights. Considering the dipole transition selection rule, the surface state of Pb/Ge(111) is represented by a linear combination of 
symmetric and asymmetric orbital components coupled with spins in mutually opposite directions. The spin direction of the photoelectrons is 
different from that of the initial state when the electric field vector of linearly polarized light deviates from p- or s-polarization conditions. The 
quantum interference in the photoexcitation process can determine the direction of the spin vector of photoelectrons.
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Introduction
Spintronics utilizing both charge and spin has been intensively 
studied because of the potential for high-speed and energy-
saving devices. It is essential to control the spin direction 
to apply electron spin in devices, typically achieved through 
external magnetic fields, electric fields, lights and heat. On 
the other hand, electrons exhibit wave-like characteristics, 
allowing them to undergo superposition and interference. 
According to quantum mechanics, the superposition of spin-
up and spin-down states can yield an arbitrarily oriented spin 
state. Spin control using coherent spin has been proposed 
and demonstrated in qubits so far [1,2], and their practical 
applications are anticipated in future quantum computing and 
quantum communication [3].

In a general consequence of the spin-orbit coupled systems, 
such as topological insulators and Rashba spin-split systems, 
the spin and momentum of the surface states are strongly cou-
pled to each other, and the surface state exhibits helical spin 
texture, the so-called spin-momentum locking (Fig. 1a). In 
more detail, the direction of the spin vector depends on the 
symmetry of the orbital wavefunctions due to the spin-orbit 
coupling [4–9]. In particular, the symmetric and asymmet-
ric parts of the wavefunction are coupled to spins pointing 
to mutually opposite directions when the system has mirror 
symmetry (Fig. 1b) [10]. This has been demonstrated exper-
imentally and theoretically in Bi(111) and Bi2Se3(111), in 
which the spin polarizations of photoelectrons emitted from 

the surface states by p- and s-polarized lights have reversed 
each other [8–12]. Meanwhile, the spin direction of the pho-
toelectron differs from the initial states when the excitation 
light has deviated from the p- and s-polarization conditions 
[10,12].

A lead atomic layer grown on a germanium (111) substrate 
[Pb/Ge(111)] is a prototypical example of a metallic sur-
face state on a semiconductor substrate with a large Rashba 
spin splitting [13]. The surface structure of Pb/Ge(111) is 
well established, where one Pb atom is located at the H3
site and three Pb atoms at the off-center bridge position 
between the T1 and T4 sites (Fig. 2a) [14–17]. The surface 
periodicity is (

√
3 ×

√
3)R30∘. The (11) plane is a mirror 

plane parallel to the Γ̄ ̄K axis of the surface Brillouin zone of 
the (

√
3 ×

√
3)R30∘ periodicity. The band structures along 

the Γ̄ ̄M and Γ̄ ̄K directions have been investigated by angle-
resolved photoemission spectroscopy (ARPES), and several 
surface states have been reported [18]. Besides, the spin polar-
ization of the metallic surface state in Γ̄ ̄M is confirmed by 
both spin- and angle-resolved photoemission spectroscopy 
(SARPES) and theoretical calculations [13]. However, the spin 
polarization in the Γ̄ ̄K direction has not been investigated. The 
Γ̄ ̄K direction of the (

√
3 ×

√
3)R30∘ periodicity is parallel to 

the mirror plane of the crystal. Thus, the spin-split electronic 
states in the Γ̄ ̄K direction are suitable for the demonstration of 
the quantum interference in the photoexcitation process based 
on the mirror symmetry.
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Fig. 1. (a) Schematic drawing of the Rashba-type spin-split bands. The 
arrows represent the spin texture of the bands. (b) Illustration of the 
spin-orbit coupling with the mirror symmetry. The symmetric orbitals are 
coupled to the +y -spin component, while the anti-symmetric orbitals are 
coupled to the −y -spin component. The linear combination of these 
states describes the total wavefunction of the system.

In the present study, we report on the spin polarization of 
photoelectrons emitted from the surface states o Pb/Ge(111) 
excited by a linearly polarized light investigated by SARPES. 
The spin polarization of the photoelectrons in the Γ̄ ̄K mirror 
plane reverses between the p- and s-polarized lights. Further-
more, the spin direction of the photoelectron is modulated 
from that of the initial state when the electric field vector of the 
linearly polarized light deviates from the p- or s-polarization 
conditions. The changes in the spin polarization of photoelec-
trons are attributed to the quantum interference in the pho-
toexcitation process. We demonstrate that the spin direction 
of photoelectrons can be controlled by orbital-selective pho-
toexcitation from strongly spinorbit coupled surface states 
with polarized lights. The present concept is applicable to 
spin-polarized electron sources.

Methods
Experiments were conducted in an ultra-high vacuum envi-
ronment with a base pressure of <1 × 10−8 Pa. The clean 
surface of the Ge(111) substrate was prepared by repeated 
cycles of Ar+ sputtering at 0.7 keV and subsequently annealing 
up to 600∘C. The clean surface was confirmed by observ-
ing the sharp c(2×8)low-energy electron diffraction pattern. 
Using a crucible-type evaporator, Pb was deposited on the 
Ge(111) substrate at room temperature. After the deposition, 
the surface was annealed at 280∘C to prepare a wide and 
ordered terrace. The amount of Pb atoms and the quality of 
the monoatomic layer films were confirmed by observing the 
band structure of Pb/Ge(111) with ARPES [18].

The ARPES and SARPES measurements were performed 
at the National Institute for Materials Science, Japan, and 
the Institute for Solid State Physics (ISSP), the University of 
Tokyo. In the measurements at the National Institute for 
Materials Science, we used the imaging-type spin-resolved 
photoemission microscopy (iSPEM) machine combined with 
a 10.9 eV laser [19,20]. The SARPES measurements with a 
polarization-variable laser were performed in ISSP [21]. The 
experimental geometry for SARPES is shown in Fig. 2(b). 
Samples were prepared in situ for both experiments. The 
energy and wavenumber resolutions for SARPES were set to 
8 meV and 0.01 Å−1, respectively. The sample temperature was 
kept at 30 K during the measurements.

Results and discussion
Figure 2(c) shows the Fermi surface mapping of Pb/Ge(111). 
The ARPES measurement with the iSPEM and the 10.9 eV 
laser enables quick Fermi surface mapping in a whole Bril-
louin zone. The ARPES with a 6.994 eV laser provides a 
high-resolution image. We find a Pb-derived metallic sur-
face state with a Rashba spin splitting (outer surface state: 
S1,OSS, inner surface state: S1,ISS). For the photoexcitation with 
h𝜈 = 21.2 eV, the photoelectron intensities from S1,OSS and 
S1,ISS in the second Brillouin zone are prominent [18]. In con-
trast, the photoexcitation with h𝜈 = 6.994 eV and h𝜈 = 10.9 eV 
yields sufficient photoelectron intensity even in the first sur-
face Brillouin zone. The Fermi surfaces of S1,OSS and S1,ISS
are strongly distorted due to the lattice potential. Here, the 
Fermi surface shape of S1,ISS is hexagonal while that of S1,OSS
is dodecagonal and is warped inward.

Figure 2(d) exhibits the ARPES intensity mapping mea-
sured in the Γ̄ ̄K direction. The S2 and S3 bands appear in 
addition to S1,OSS and S1,ISS. The observed ARPES image agrees 
well with the calculated band structure shown in the liter-
ature 18. According to the calculation, S2 and S3 are also 
attributed to the Pb-derived states. On the other hand, the Ge-
derived states appear around Γ̄. Among these, the bands near 
the Fermi level are two-dimensional states with charge density 
distribution in the Ge subsurface region. According to previ-
ous studies [22–24], the Ge-derived subsurface states exhibit 
spin splitting due to the Rashba effect. The resolution of the 
SARPES used in the present study is significantly improved 
compared with that in the literature [24], and thus the spin 
polarization of the Ge subsurface states is clearly visualized.

In SARPES measurements, we analyze the spin of the pho-
toelectrons emitted in the mirror plane (Fig. 2b). The light 
incident plane is parallel to the mirror plane of the sample, 
where the plane spanned by the light incident axis and the nor-
mal axis of the sample surface is defined as the incident plane. 
Figure 3(a, b) displays the SARPES image along the Γ̄ ̄K mir-
ror plane taken with the p- and s-polarized lights. The y-spin 
component, which is the spin polarization direction predicted 
by the Rashba effect and is perpendicular to the mirror plane, 
is detected in these images. We find the spin oriented in the 
−y (+y) direction for S1,ISS and S2 (S1,OSS and S3) with the 
p-polarized light. In contrast, the observed spin polarization 
direction is reversed by switching the light polarization from 
p to s.

To understand the experimental result, we consider the 
dipole selection rule in photoexcitation. This treatment is 
analogous to those in Bi2Se3(111) and Bi(111) [10,12]. 
The photoelectron intensity is given by the formula of I ∝
|⟨𝜓f|A ⋅p|𝜓i⟩|2, where |𝜓i⟩ is the initial state, |𝜓f⟩ the final 
state, A the vector potential of the incident light, and p the 
electron momentum operator. Here, we treat the photoexci-
tation in the mirror plane. The final state is assumed to be 
free-electron-like, which is symmetric with respect to the mir-
ror plane. In order to guarantee a finite value for the matrix 
element, the initial state must be symmetric wavefunctions 
|𝜓sym⟩ (anti-symmetric wavefunctions |𝜓asym⟩ with respect to 
the mirror plane in the photoexcitation with the p-polarized 
(s-polarized) light. Therefore, the spin orientation reversal in 
the p- and s-polarized light excitations means that the |𝜓sym⟩
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Fig. 2. (a) Atomic structure model of Pb/Ge(111). Large (small) balls represent the Pb (Ge) atoms. The parallelogram shows a (
√

3 ×
√

3)R30∘ unit cell of 
Pb/Ge(111). (b) Schematic drawing of the experimental geometry. (c) The Fermi surface mapping of Pb/Ge(111) taken with the 10.9 eV laser. In the inset, 
a high-energy resolution image measured with a 6.994 eV laser is exhibited. The dotted lines denote the surface Brillouin zone boundary. (d) The 
angle-resolved photoemission spectroscopy intensity mapping recorded along the Γ̄ ̄K mirror plane with the spin- and angle-resolved photoemission 
spectroscopy image around Γ̄ near the Fermi level. The color table represents the photoelectron intensity and spin polarization information.

and |𝜓asym⟩ states are coupled to spins that are in mutually 
opposite directions (Fig. 3c, d).

The electronic states in solids are given by a linear combi-
nation of orbital eigen wavefunctions. In strongly spin-orbit 
coupled surface states, the spin direction depends on the sym-
metry of the orbital wavefunctions. Especially, as a general 
description of the mirror symmetry, the wavefunction of the 
surface state in the mirror plane is expressed as a linear 
combination of the symmetric and asymmetric wavefunctions 
with respect to the mirror plane, which are coupled to the 
spins in mutually opposite directions perpendicular to the 
mirror plane [10]. The spin-orbit coupled surface states of 
Pb/Ge(111) can also be explained by this scenario. In the 
present study, the spins of the surface states in the mirror 
plane must be oriented in the ±y direction since the mirror 
plane is defined as the x–z plane. Hereafter, the symmet-
ric (anti-symmetric) orbitals coupled to the spin pointing to 
the +y (−y) direction is described as |𝜓sym,↑⟩ (|𝜓asym,↓⟩). We 
note that the total spin polarization in the surface state is 
not to be one due to the spin–orbit coupling but depends 
on the weights of the symmetric and anti-symmetric orbital
wavefunctions.

In the above discussion, we have treated the photoexcita-
tion under the mirror symmetry, in which the mirror plane 
of the crystal, the light incident plane and the detection plane 
of the photoelectrons have been parallel to each other. The 
electric field vector of the incident light has also been sym-
metric, i.e. parallel for the p-polarized light or perpendicular 
for the s-polarized light, with respect to these planes. Next, we 
consider the rotation of the electric field vector of the linearly 
polarized light between p- and s-polarizations, as shown in the 
upper panel of Fig. 4. Here, the angle formed by the electric 
field vector with respect to the light incident plane is denoted 
as 𝜃 (Fig. 2b). In this case, the electric field vector of the light 
breaks the mirror symmetry, and photoelectron spins can be 
modified in the photoemission process.

Figure 4(a, b) shows the θ dependence of the spin polar-
ization of the photoelectrons emitted from S1,OSS at a wave 
number #k1 in the Γ̄ ̄K mirror plane. The x, y and z com-
ponents of the spin polarization are denoted Px, Py and Pz, 
respectively. The Py value is 1 (−1) at θ = 0∘ and 180º (θ = 90∘), 
corresponding to the p-polarized (s-polarized) light. This spin 
polarization of the photoelectrons reflects the initial state 
information. The Py value decreases when the electric field 
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Fig. 3. (a and b) Spin- and angle-resolved photoemission spectroscopy images along Γ̄ ̄K taken with the p- and s-polarized lights. The color table 
represents both the photoelectron intensity and the spin polarization. (c and d) Schematic drawing of the photoexcitation in the mirror plane with the p- 
and s-polarized lights. The light incident plane is parallel to the crystal mirror plane, and the photoelectrons emitted in the mirror plane are detected. The 
p-polarized (s-polarized) light excites the symmetric (anti-symmetric) orbitals coupled to the +y (−y ) spin component.

vector of the light is rotated from p to s polarization condi-
tions and is to be 0 around θ = 60∘ and 120∘. The Px and Pz
values appear by rotating the electric field vector of the light, 
where Px is prominent and Pz is small. These spin polariza-
tions of the photoelectron do not reflect those of the initial 
state. The magnitude of the spin vector of the photoelectron 

can be obtained from the equation: |P| = √Px
2 + Py

2 + Pz
2. We 

find that |P| is unity regardless of θ (Fig. 4c). This indicates 
that the spin vector of the photoelectrons rotates depending 
on θ.

We discuss the rotation of the spin vector of photoelec-
trons in the photoemission process and the appearance of a 
spin polarization component different from the initial state. 
The incident light has both p- and s-polarization compo-
nents since the electric field vector of the light is tilted with 
respect to the light incident plane. Thus, the photoexcitation 
processes from |𝜓sym,↑⟩ and |𝜓asym,↓⟩ shown in Fig. 3(c, d) 
occur simultaneously. In a simple consideration, one might 
expect that the spin polarization of the photoelectrons in the 
y direction is reduced by the cancellation of spins pointing 
to the +y and −y directions. This mechanism can explain 
the experimentally observed decrease in Py. In this scenario, 
one counts the number of spin-up and spin-down electrons, 
and the electron spins are treated incoherently. However, 
this mechanism does not explain the appearance of Px, z. 
The optical transition we consider here is the simultane-
ous excitation of the spin-orbit coupled states |𝜓sym,↑⟩ and 
|𝜓asym,↓⟩ to the final states (Fig. 5a). In this process, there 
are two different excitation paths originating from the par-
ity selection rule of the optical transition although the ini-
tial and final states have the same energy and wavenumber, 

respectively. Therefore, the photoexcitation must be treated 
as a coherent process. The Px, z components appear due to 
the superposition of simultaneously excited spins pointing 
to the +y and −y directions in the photoexcitation pro-
cess. The spin polarization Px, y, z of the photoelectrons 
observed in Pb/Ge(111) is well reproduced by considering the 
quantum interference in the photoexcitation process shown
in [10].

The superposition of spinors pointing to the +y direction 

(| ↑y⟩ = (1
0)) and the −y direction (| ↓y⟩ = ( 0

−1)) is described 

as cos 𝜉
2

∣↑y⟩ + sin 𝜉
2
ei𝜑∣ ↓y⟩, where 𝜑 is the phase difference 

of the weight coefficients of the linear combination, cos 𝜉
2

and sin 𝜉
2
 are their absolute values. The meaning of this 

equation can be understood by using the Bloch sphere shown 
in Fig. 5(b). We take the spinors | ↑y⟩ and | ↓y⟩ at the north 
and south poles of the Bloch sphere, respectively. In this case, 
the spinors oriented in the x [z] direction are represented by 

1√
2

( 1
±1 ) [ 1√

2
( 1

±i
)]. The superposition of | ↑y⟩ and | ↓y⟩

is in the equatorial plane of the Bloch sphere if the abso-
lute values of the weight coefficients are equal. Besides, the 
spinorin any direction can be produced by varying the abso-
lute values of the weight coefficients. Therefore, in the present 
case, the weight coefficients of the simultaneously excited 
|𝜓sym,↑⟩ and |𝜓asym,↓⟩ can be varied by rotating the electric field 
vector of the linearly polarized light to change the ratio of the 
p- and s-polarized light components. This indicates that the 
spin direction of the photoelectron can be controlled by 𝜃.

The spin vector rotation of the photoelectron excited from 
S1,OSS in Pb/Ge(111) with varying 𝜃 is depicted by the thick 
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Fig. 4. (a) Illustration of the relationship between the electric field vector 
and the mirror plane. The 𝜃 dependence of the spin polarization of the 
photoelectrons (b) and the photoelectron intensity (c) emitted from S1,OSS
at #k1 (Fig. 3a). The spin polarization is three-dimensionally analyzed. 
Circle, square and triangle symbols represent the x, y and z components 
of the spin polarization, respectively. Solid curves are the fitting results 
with the equations for the spin polarization of the photoelectron.

ellipse in Fig. 5(b). The spin vector rotation in the photoexci-
tation process is also demonstrated in the spin-orbit coupled 
surface states of Bi(111) and Bi2Se3(111) [10,12]. We find the 
different spin vector rotations in the different systems. The 
quantum interference in the photoexcitation process depends 
on the details of the electronic state of the material. Vari-
ous spin vector rotations of photoelectrons can be created 
by choosing materials with appropriate bands. Furthermore, 
photoexcitation with circularly or elliptically polarized lights 
offers a different spin vector rotation from that with linearly 
polarized light [25].

The concept revealed in the present study can be applicable 
to spin-polarized electron sources. The development of spin-
polarized electron sources is underway to extract and control 
highly spin-polarized electrons. The concept of the optical spin 
control using the spin-orbit coupled surface states and the 
light polarization essentially allows the extraction of 100% 
spin-polarized photoelectrons with any spin direction. In the 
development of the cathode, one chooses a material whose 
electronic state is described as a mixture of the strongly spin-
orbit coupled states |𝜓sym,↑⟩ and |𝜓asym,↓⟩. The combination of 

Fig. 5. (a) Illustration of the spin vector rotation due to the interference of 
the spin state between simultaneously photoexcited |𝜓sym,↑⟩ and 
|𝜓asym,↓⟩. (b) Diagram of the interference of spin states using a Bloch 
sphere. The spin quantization axis is defined in the y direction. The bold 
ellipse represents the variation of the spin vector direction of 
photoelectrons emitted from S1,OSS with changing 𝜃.

the cathode material and the polarization control of the light 
produces various spin-polarized photoelectrons.

In the present study, we treat the photoelectron spin emit-
ted into the vacuum. By lowering the excitation energy, the 
electrons can be excited into the conduction band, retaining 
them in the materials. We consider that the basic physics for 
the optical spin control is common even for the photoexcited 
electrons in the conduction band. If one can control the spin 
of electrons in the conduction band, the potential applications 
significantly expand. The optical spin control based on the 
quantum interference would open new pathways for future 
spintronics.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

icro/article/73/5/439/7658136 by guest on 06 O
ctober 2024



444 K. Yaji et al. Photoelectron spin emitted from Pb/Ge(111)

Concluding remarks
We have reported the results of the ARPES and SARPES mea-
surements of Pb/Ge(111). For the photoexcitation with the 
p- and s-polarized lights, the spin polarization is observed 
in the direction perpendicular to the mirror plane, and the 
direction is reversed. The surface states in the mirror plane of 
Pb/Ge(111) are described by a linear combination of |𝜓sym,↑⟩
and |𝜓asym,↓⟩, similar to other strongly spin-orbit coupled sys-
tems such as Bi(111) and Bi2Se3(111). The photoelectron spin 
is oriented in a different direction from the initial-state spin, 
depending on the direction of the electric field of the inci-
dent light. This is due to the quantum interference between 
simultaneously excited |𝜓sym,↑⟩ and |𝜓asym,↓⟩ in the photoexci-
tation process. Tremendous efforts are made to control the 
spin direction by using the spin-orbit interaction, most of 
which focus solely on the spin structure in the initial state. We 
propose a concept of spin control using interference of spin 
states in the photoexcitation process, where the matrix ele-
ment of photoemission plays an important role in determining 
the spin vector direction of photoelectrons.
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