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ABSTRACT

We have foundthatsurfacesuperstructures made of “monolayeralloys” of Tland Pb on Si(111),
having giant Rashba effect, produce non-reciprocal spin-polarized photocurrent via circular
photogalvanic effect (CPGE) by obliquely shining circularly polarized near-infrared (IR) light.
CPGE is here caused by injection of in-plane spin into spin-split surface-state bands, which is
observed only on TI-Pb alloy layers, but not on single-element Tl nor Pb layers. In the TI-Pb
monolayer alloys, despite of their monatomic thickness, the magnitude of CPGE is comparable or
even larger than the cases of many other spin-split thin-film materials. A model analysis has

provided the relative permittivity ¢ of the monolayer alloys to be ~ 1.0, which is because the



monolayerexistsata transition region between vacuum and the substrate. The presentresultopens

the possibility that we can optically manipulate spins of electrons even on monolayer materials.

KEYWORDS: Rashba effect, monolayer, surface superstructure, circular photogalvanic effect,
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Spin degree of freedom of electrons is expected to be useful for developing devicesfor very
low energy dissipation and quantum computing. So far, a lot of experiments of spin injection into
non-magnetic materials such as semiconductors'?, graphene34, and topological insulators®6 have
been demonstrated using ferromagnetic electrodes and electromagnetic wave application’ 8.
Recently an alternative type of method for spin injectionis rising by using spin-angular momentum
of light illuminating materials having strongspin-orbitinteraction (SOI). SOl lifts spin degeneracy
to make voluntarily spin-split bands even for non-magnetic materials, where spin-selective optical
excitations can occur with circularly polarized light (CPL) due to the conservation law of angular
momentum.

Some papers already report such an optical spin injection into materials, producing spin-
polarized electrical current®10. Among them, circular photogalvanic effect (CPGE) attracts much
attention because of itssimplicity. The spin-selective optical transitions make asymmetric electron
excitation in k-space, resultingin helicity-dependent photocurrent (HDP) flowingin a particular
direction. Such non-reciprocal HDP is spin-polarized because of spin-momentum locking by

strong SOI. CPGE is recently reported on many systems such as transition-metal



dichalcogenides!!12, topological insulatorsi3-15 and Rashba surface/interface systems16-18, In such
two-dimensional systems, space inversion symmetry is innately broken down in the plane-normal
direction, where spin-split surface bands often appear, and thus it is important to make the
excitations at surfaces/interfaces dominate over those in the bulk of the substrate. For this, there
are various attempts to control the excitations, such as amplifying optical responses by
metamaterials!® and band tuning with dual gates voltage2°.

In addition, it should be noted that the HDP can be induced notonly by CPGE but also by
photo-induced inversespin Hall effect (PISHE)®. Therefore, we should be careful in separating the
effect incorporated in HDP. Monolayer film systems like in the present study make the
interpretation simpler and can be useful for atomic-scale spintronics devices.

It is interesting to explore HDP in monolayer thin-film systems and surface superstructures
because the magnitude of Rashba effect sensitively depends on the details of their atomic
arrangements and species?1-23, However, HDP on such monolayers and surface superstructures has
not yet been fully studied because it had been naively believed that their thickness is too thin to
produce HDP strong enough for detection, and also because in situ optical measurements in ultra-
high vacuum (UHV) are needed to preserve the well-defined monolayer/surface structures.

In this letter, we report on strong HDP produced by CPGE with spin-selective inter-band
excitations in the giant Rashba spin-split surface-state bands of surface superstructures for the first
time in monolayer (T, Pb) alloys on Si(111) showing (v 3 x4 3) and (4x4) periodicities. We
recently reported that the (v" 3 X ¥ 3) and (4x4) phases of monolayers have giant Rashba spin-
split surface bands (up to an energy splitting 4E ~ 250 meV) confirmed by angle-resolved
photoemission spectroscopy (ARPES), and both show superconductivity at low temperatures by

electrical transport measurements2425, As the Si(111) substrate has a band gap of 1.1 eV, HDP



induced by light, of which energy is lower than the band gap, comes from the surface-state bands
of (¥ 3 x4 3) and (4x4) surface superstructures only.

Since the surface Rashba systems show almost in-plane spin polarization, we need to
illuminate CPL on the sample surface obliquely to inject the in-plane spin components. By
reversing the polarity of CPL or the incident angle of light with respect to the surface-normal
direction, the directions of HDP and spin of the flowing electrons are reversed. As a characteristic
property of CPGE, when the incident beam of light is perpendicular to the surface, both charge
and spin currents do not flow because the incident photons do not have in-plane spin components.
In this way, CPGE can be explained by the combination of spin-split bands and selection rules at

the optical transition18.

Methods

To measure the well-defined samples in this study, we fabricated samples by molecular beam
epitaxy (MBE) method, combined with in situ reflection-high-energy electron diffraction
(RHEED) structure analysis in a custom-made UHV chamber, and sequentially measured them
electrically in situ in the same chamber by illuminating the light without exposing the samples to
air, as shown in Fig. 1(a). An example of the RHEED pattern of Si(111)-(+v" 3 X ¥ 3)-(Tl, Pb) is
shown in Fig. 1(b). The Si(111) substrate was 3 mm x 10 mm x 0.5 mm in size and n-type
moderately-doped (the resistivity p= 1 - 5 Q-cm at room temperature). First, Si(111)-(1x1)-Tlwas
prepared by depositing one monolayer (ML) Tl from a Knudsen cell ontoa Si(111)-(7x7) surface
held at ~ 300°C, where 1 ML = 7.8x104 cm2, the topmost-layer atom density of Si(111)
unreconstructed surface. Then, Pb was deposited from an alumina effusion cell on Si(111)-(1x1)-

Tl at room temperature. Depending on the amount of deposited Pb, the surface superstructures of



(TI, Pb) alloy layer show single phases of (v 3 X ¥ 3) and (4x4) periodicity at Pb coverage of 1/3
ML2 and 2/3ML22, respectively. Si(111)-(4x4)-(TI, Pb) surface superstructure (Fig. 1(c)) was

made by adding 1/3ML Pb atoms on Si(111)-(+v" 3 X 4 3)-(TI, Pb) surface (Fig. 1(d)) after the
photocurrent measurements forthe (v~ 3 X ¥ 3) surface. For reference, we also made and measured

single-component samples covered by 1 ML Tl only (Si(111)-(1x1)-Tl) and covered by 2 ML Pb
only (nominal 2-ML-Pb thin film).

The laser beam was chopped by a light chopper, and passed through a lens, a polarizer and a
quarter-wave plate (QWP), and finally introduced into the UHV chamber through an optical fused
viewport (Fig. 1(a)). The light was generated by CW lasers with the wavelength 4 = 635 nm and
1550 nm, and illuminated on the center of the sample with the diameter of the laser spot~1 mm.
The power of the IR laser used was 2 mW and the power density was 2.5 mW/cm2 ,which was
confirmed low enough for preventing any heating effects. We monitored the laser intensity with a
power meter to estimate the time required for the output to be stabilized sufficiently, and waited
at least for that time before starting the measurements. The invisible infrared (IR) laser (4 = 1550
nm) was aligned using the guide of a visible laser (1 =635 nm) in the setup. The incident angle of
RHEED and lasers can be changed between 8 = - 60° - + 60° by rotating the sample holder as
shown in Figs. 1(a) and (e). The photocurrent induced by the light illumination was measured at
room temperature with electrodes clamping the sample at both ends and detected by a lock-in
amplifier synchronized with the chopper frequency operated at 196 Hz. The center position was
defined as the midpoint of both ends where the photocurrent disappears along both x- and y-

directions (Fig. 1(e)) (see Supplementary Information section S7 and S8 for more detail).

Results



CPGE observation in (T, Pb)/Si(111) alloy surface under NIR CPL illumination

Figure 2 shows the light polarization dependence of the photocurrent on Si(111)-(v 3 X ¥ 3)-
(TI, Pb) with the laser of wavelength 2 = 1550 nm at the angle of incidence 8=- 60° (a),and § =
+ 60°(b), respectively (see Supplementary Information section S5 for the data of wavelength A =
635 nm). The light polarization is changed by rotating the QWP by the angle «; linearly polarized
light (« =0°, 90°, 180°), left-handed CPL (a = 45°), and right-handed CPL (« = 135°). (a) and (b)
show changes with the periodicities of 180° (left- and right-handed CPL) as well as 90° (linearly
polarized light), with opposite sign of changes between (a) and (b), which directly indicates that
the photocurrent induced by the left-handed CPL is different from that by the right-handed CPL in
(a) and (b).

Since the photocurrent components contributed by the circularly and linearly polarized light
have periodicities of 180° and 90°, respectively, the photocurrent can be expressed
phenomenologically as a function of a by18,

] =Csin 2(a + ap) + Ly sin 4(a + ay) + Lycos4(a + ay) + D. (1
Here, C represents the component in photocurrents due to CPL, that is to say, HDP, while L; and
L, represent the components due to the linearly polarized light, i.e., the linear photogalvanic effect
and the linear photon drag effect, respectively. D is the component independent of the light
polarization such as the thermoelectric effect and the photovoltaic effect. In the present study, we
focus on the firstterm in Eq. (1) only. A phase shift ag is an offset derived from the experimental
setup; ap = 2.7° and 1.6° for 4 = 1550 nm measurements for Si(111)-(v" 3 x 4 3)-(Tl, Pb) and
Si(111)-(4x4)-(TI, Pb), respectively.
To evaluate the relative magnitude of CPGE in the total polarization-dependent components

including the L; and L, terms, the following equation is often used7.26,
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peirc For Si(111)-(y 3 x ¥ 3)-(TI, Pb) is estimated to be 0.03 (A = 635 nm; Fig. S4(a)) and 0.36 (1
= 1550 nm; Fig. 2(a)). This meansthat CPGE is negligible with A =635 nmwhile it clearly appears
with 2 = 1550 nm. This is reasonable because the laser with A =635 nm (1.95 eV) excites carriers
in the Si substrate over the band gap (1.1 eV) to produce photocurrent in nA range, while the laser
with 2 = 1550 nm (0.80 eV) cannot excite them in the substrate, resulting in three orders of
magnitude smaller photocurrent in pA range, as shown in Fig. 2 and Fig. S4. In other words, the
light of A =1550 nm is suitable to efficiently detect CPGE from the surface superstructures of (Tl,
Pb) alloys only.
CPGE at various angle of incidence of CPL
The flow direction of the photocurrent by CPGE is determined by the crystal symmetry. The
surface superstructures of Si(111)-(v 3 x ¥ 3)-(Tl, Pb) and (4x4)-(Tl, Pb) have Cs, and Cs;
symmetry, respectively. In this case, because e, element in y-tensor!® becomes zero (see
Supplementary Information), CPGE does not occur with a normal incidence of light, but the
oblique incidence of lightinduces in-plane spin components by CPL, so that CPGE occurs. During
CPGE, the electrical current flows perpendicular to the incident plane of light due to the spin-
momentum locking effect and the helical spin texture12.13.25,
When the sample is illuminated by the light at an angle  in xz-plane as shown in Fig. 1(e), the

CPGE photocurrent flows along y-direction, as described by18

75 9 = v,200) EgPeire o C(0) ©)

Here, j is the photocurrent density, y is a second-rank pseudo-tensor which contains the
information of crystal symmetry of the sample and the degree of spin-split e.g. Rashba parameter.

é, 1s the x-component of the unit vector including the transmission coefficients and refraction



effect of light, indicating the light propagation in xz-plane inside the material, Eo is the amplitude
of the electric field of the incident light, Pg = sin2(a+ay) is the degree of circular polarization.
As described in Supplementary Information note 4, Eq. (3) corresponds to the firsttermin Eq. (1),
and the magnitude of CPGE photocurrentis written by € (6) (sameasCin Eq. (1)) usingFresnel’s
transmission coefficient as follow:

4 cos?6 -sin @

(cosH +Ve* —sin? 9)(8*005 6 ++/e* — sin? 9) .

CO) = Aé,06) =A- 4)

A is the amplitude of CPGE photocurrent (proportional to the light intensity and y), and & is the
relative permittivity of materials causing CPGE. Under the normal incidence of light (6 = 0°),
C(0) = 0 means that no CPGE occurs. As described in Supplementary note 4 with some
discussion supporting the conclusion, since Eq. (4) is based on the Fresnel equations and Snell's
law of refraction and transmission of light at the interface between vacuum and material thicker
than the light wavelength, there remains room for discussion if this equation is applicable to
monatomic-layer systems like in the present study.

The experimental data of C values in Eq. (1) with light of A = 1550 nm were taken under
different incident angles & for four samples, Si(111)-(v 3 X ¥ 3)-(Tl, Pb), Si(111)-(4x4)-(T, Ph),
Si(111)-(1x1)-TI (1 ML), and nominal 2-ML-Pb thin film (2 ML). The results are displayed in
Figs. 3 (a) and summarized in Fig.3 (b). The & dependences of parameter C in each sample were
fitted by Eq. (4) as shown in Fig. 3(a) by each curve (Note: we substitute 6 + 6, for 0 in Eq. (4)
for the slight misalignment of the angle as well as the fitting by Eq.(1); the resultant 6, = - 3.0°).
For both (TI, Pb) alloy surface superstructures, the parameter C is significantly enhanced with
increasing 6, whose tendency is consistent with that of CPGE described by Eq. (4). It should be

noted here that the possibility of PISHE can be excluded; if PISHE occurs by the surface-normal



component of electron spin which is injected under the normal incident of light, the parameter C
does not become negligibly small at & = 0°. This is not the case in Fig. 3(a). Moreover, as shown
in Supplementary Information, the sign of parameter C is not reversed at the opposite edges of
sample, which is in contrast to the case of PISHE in Ref. [9].

On the other hand, in cases of single-element metal overlayers, Tl or Pb on Si(111), the
parameter C is quite small atall incidentangles ¢ in Fig. 3(a). As shown in Fig. 3 (b) their CPGE
amplitudes (parameter A in Eq. (4)) are negligibly small enough to be interpreted as no significant
CPGE signal. The reason for this small A can be understood by their band structures and optical
excitation processes. The surface bands of Si(111)-(1x1)-Tlhave beenstudied in detail usingspin-
resolved ARPES and spin-and angle-resolved inverse-photoemission (SRIPE) measurements?729;
the energy splitting by the Rashba effect occurs around T point, with the energy splitting AE ~ 20
meV and the Rashba parameter ag = 0.05 eV A27, which are, however, one order of magnitude
smaller than those of (TI, Pb) alloy surface superstructures (ar ~ 0.42 eV A for (v 3 x4 3)-(Tl,
Pb)25, and ag ~ 0.27 eV A for (4x4)-(Tl, Pb)22). In addition, though Si(111)-(1x1)-TI has spin-
splitting by 4E ~ 0.6 eV above Er around K point, the spin direction is perpendicular to the
surface?8:29, This is why oblique incidence of light cannot induce the CPGE current. The nominal
2-ML-Pb thin film also shows negligible CPGE due to the small Rashba parameter (ag =0.076 eV
A30) and dense bands crossing the Fermi level Er3L; such dense metallic bands around Er produce

photocurrent irrespective of the polarization of light.

Discussion

There are giant Rashba splittings in the metallic surface bands having opposite in-plane spin

componentson Si(111)-(v 3 x 4 3)-(T1,Pb) (the energy splitting 4Ena ~ 250 meV and the band



shift along the wavenumber axis Akma ~ 0.050 A-1 25) and Si(111)-(4%4)-(Tl, Pb) (4Ema ~ 105
meV and dkma ~ 0.047A1 22) in the vicinity of T point, so that photo-excitations occur between
them by oblique illumination of CPL . In Fig. 4, possible photo-excitations are shown in the
calculated band dispersions. The red and blue curves in the band dispersions indicate spin-
polarized bands due to Rashbasplittingby calculation in the previous research?2.23, The Eg position
is revealed by ARPES observations in Si(111)-(v 3 x ¥ 3)-(Tl,Pb)25 and is shown by an orange
dotted line in Fig. 4(a), while for Si(111)-(4x4)-(TI, Pb) the experimental band dispersion and E¢
position are still unknown although it is known to be metallic by electrical transport
measurements?4, Some of the possible photo-excitations are shown by arrows, of which length
correspondsto the photon energy of ~ 0.8 eV (for A = 1550 nm) and of which color gradation
means spin-flip excitation by the selection rule. Since the photon energy is larger than energy
separations between many pairs of bands for CPGE, various excitation patterns are possible.
However, here we have drawn arrows indicating transitions for which a large CPGE signal is
expected; they show examples that satisfy the conditions of a larger JDOS, a larger Rashba spin

splitting, and less cancellation of spin-dependent excitation.

The firstimportantpointis that, unlike a Si substrate, both surface superstructures of Si(111)-
(v 3 x4 3)-(Tl, Pb) and Si(111)-(4x4)-(Tl, Pb) become direct transition type with the emergence
of new surface bands due to band-folding by superstructure and splitting by Rashba spin-orbit
coupling. Therefore, a myriad of critical points having large joint density -of-states (JDOS) related
to optical absorption appear. In the case of Si(111)-(v 3 X ¥ 3)-(Tl, Pb), critical points can be M,
T, Kand the branches stretch between them as shown in Fig. S5(a) in Supplementary Information,

but we can exclude T point because the photon energy is lower than the energy gap at T’ point. On
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the other hand, in the case of Si(111)-(4x4)-(Tl, Pb), there are many critical points other than M,
T, and K as shown in Fig. S5(b) in Supplementary Information, so we cannot narrow down the
excitation paths. In the case of very simplified band structures, the larger Rashba parameter is, the
larger CPGE amplitude (parameter A) is usually expected, because the CPGE current includes
contributions proportional to Rashba and Dresselhaus parameters32. However, the CPGE
amplitude A does not differ so much between (v 3 X 4 3)-(Tl, Pb) and (4x4)-(Tl, Pb) as shown in
Fig. 3(b) although their Rashba parameters are quite different from each other (ag ~0.42 and ~

0.27 eV A for the respective surfaces?® 22). This may be because the 4 x 4-(Tl, Pb) surface has
much more dense bands than (v 3 x 4 3)-(Tl, Pb) as shown in Fig. 4(b) and Fig. S5, so that much
more photo-excitations are possible which in turn may reduce the asymmetric degree of
photoexcitation in k-space with respect to high symmetry points. Therefore, the magnitude of the
Rashba parameter is important, but not the only dominant factor in deciding the magnitude of
CPGE. The CPGE amplitude is also affected by the JDOS of the bands regarding excitations, as
well as how crowded and asymmetric the spin-splitting bands are (the degree to which the induced
photocurrent survives by avoiding canceling out with opposite photocurrent).

The optical response of monolayer features has not been investigated enough; only a few
examples have been reported where the authors claim that the signal comes from the thin surface
layers only though their samplesare as thick as bulk crystals!112, Especially the refraction of light
has not been discussed for monolayer materials. Intriguingly, thanks to in situ measurements in
our UHV systems in which we do not need any capping layer on the sample surface for protection,
we have found that, from the fitting by Eq. (4), the relative permittivity ¢* is almost unity for the
(TI, Pb) alloy layers (the values are shown in Fig. 3(b)). This means that, though the absorption of

photons occurs at the monolayer enough to produce the HDP, the layer is extremely thin and

11



located in a transition region between vacuum and the substrate, preventing from differentiating
the relative permittivity from that of vacuum. In other words, it supports that CPGE surely comes
from the surface bands of the monolayers. In previous reports e.g., topological insulators and
Rashba interface systems17.33 ¢* is significantly larger than unity because of the capping layer
and/or the large thickness of the samples; the refraction and transmission of light occurs at the
absorptions of photons inside the materials. See Supplementary Information for the detailed
discussion.

In the fitting results of A and €* by Eq. (4) for 1 ML Si(111)-(1x1)-Tland nominal 2-ML-Pb
thin films, the amplitude A of CPGE is quite small, which brings us to the relatively large
indefiniteness of ¢*. This is reflected in the error bars for ¢* of 1 ML Si(111)-(1x1)-Tl and nominal
2-ML-Pb thin film in Fig. 3(b); it is difficult to have definite discussion about the dielectric
constants in these two cases beyond the margin of error. On the other hand, for samples having the
large amplitude A of CPGE, Si(111)-(¥ 3 x 4 3)-(Tl, Pb) and Si(111)-(4 x 4)-(Tl, Pb), it is
possible to have definite discussion about €* values because the fitting results by Eq. (4) keep the
relative error of ¢" small enough.

In Fig. 5, let us compare our work with other reported systems in terms of the “background”
band gap (ordinate), the sample thickness (abscissa), and the amplitude of CPGE p.i. (point
diameter) defined by Eq. (2). Here, the “background” band gap is defined as the bandgap inducing
excitations that screen out the electrical current of CPGE. Namely, in our system, the background
bandgap is that of the Si substrate. In such meaning, material systems with large background gaps
are more suitable for CPGE observation. As seen in Fig. 5, first, whereas our samples are the
thinnest among them, the CPGE amplitude is comparable to or relatively higher than the listed

cases!113-16.19.26 Thijs benefits the atomic-layer opto-spintronicsdevices. Second, our monolayer

12



samples are on the substrate having the largest band gap among listed cases, which prevents other
undesired optical excitations. Although the surface superstructure is very thin so that the
absorption of light had been considered too small to induce significant spin-dependent optical
phenomena, we have succeeded here in showing significant CPGE.

In summary, contraryto the naive conviction, we have observed strong CPGE producingnon-
reciprocal photocurrent on the monolayer surface superstructures, Si(111)-(v' 3 X ¥ 3)-(Tl, Pb)
and (4x4)-(Tl, Pb), for the first time. This is due to spin injection to excite electrons between
Rashba-type spin-split surface bands. In addition, the relative permittivity ¢* of the monolayers is
estimated to be ~ 1 from the light incident-angle dependence of CPGE. This is natural by
considering that the surface superstructures are only single-atom thick and located in a transition
region between vacuum and the substrate. In other words, this strongly indicates that the CPGE
observed here is derived from surface superstructures. These results show an impactful fact to the
field that structures with only one atomic layer can excite significant spin-polarized current due to
spin-momentum locking as a result of Rashba spin split surface bands at room temperature by
irradiating circular polarized light, which can then be detected electrically, and pave the way to

“surface opto-spintronics.
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Fig. 1| experimental setup and overview of (Tl, Pb)/Si(111). a Schematics of the
experimental set-up duringthe sample growth (left) and the optical measurements (right) in the
UHV chamber. b RHEED pattern with the incident electron beam of [112] of the Si(111)
substrate just after the growth of the (¥3xV3)-(TI,Pb) monolayer on Si(111). (c,d) Top view
and cross-sectional view of the atomic structures of ¢ Si(111)-(4x4)-(TI, Pb) and d Si(111)-
(\V3x33)-(TI, Pb) surface superstructures??25, e Detailed figure around the sample. The
photocurrent is generated by irradiating the laser on, and is detected by metal (Mo) electrodes
clamping both ends of the sample. The sample can be rotated to change the angle of incidence

of the laser beam.
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Fig. 2| Polarization dependence of the photocurrent measured on a, b Si(111)-(v 3% 4~
3)-(Tl, Pb) and c, d Si(111)-(4 X 4)-(TI, Pb) with 2 = 1550 nm, at the angle of light incidence
a,cf=-60°and b,d 8=+ 60°, respectively. The light is polarized by rotating the QWP with
angle a, and the polarization isshown atthe top of each graph. Scansfor five times represented
by light colored dots are plotted, and deep-colored solid curves are the fitting results by Eq.
(1). The green (blue) dashed line indicates the photocurrent value for the right-handed (left-
handed) CPL. The difference between the two dashed lines indicated by red arrow corresponds

to HDP, which is twice as much as the parameter C in Eq. (1).
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Fig. 3| enhancement of CPGE under oblique incidence of CPL. a Light incidentangle &
dependence of parameter € in Si(111)-(v 3 x4 3)-(Tl, Pb), Si(111)-(4x4)-(Tl, Pb), Si(111)-
(1x1)-Tl, and nominal 2-ML-Pb thin film. The parameter C was obtained by fitting the a
dependence of the photocurrent using Eq. (1) at each incidentangle 6. Solid lines are fitting
curves by Eq. (4) for the respective surfaces. b CPGE amplitude A in Eq. (4) of each sample.
Si(111)-(v 3 x4 3)-(TI, Pb) and Si(111)-(4x4)-(TI, Pb) show significantly larger amplitudes
than Si(111)-(1x1)-Tl and nominal 2-ML-Pb thin film which show negligibly small CPGE.

The fitting results of relative permittivity * are shown on top of each bar chart.
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Fig. 4| band dispersion of (TI, Pb)/Si(111) surface state and possible excitation paths. The
calculated band structures of a Si(111)-(v 3x4 3)-(Tl, Pb), where orange dotted line indicates
the Fermi level determined by experiments, and b Si(111)-(4x4)-(Tl, Pb)2223, Red and blue
colors represent the surface Rashba split bands. The depicted arrows having length of 0.8 eV
indicate possible representative optical excitation paths, and the gradient color in arrows mean
the spin-flip excitation by the selection rule. a is reprinted and modified from Ref. [23],

Copyright (2017), with permission from American Physical Society. b is reprinted and

modified from Ref. [22], Copyright (2017), with permission from Elsevier.
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Fig. 5| Comparison of CPGE reported in various systems. The diameter of each marker
represents the CPGE amplitude p. defined by Eq. (2). For the thicknesses of materials under
measurements, we have adopted the values available in the literature. When the values are not
available, we have estimated them with error bars. For the background band gap, which is defined
as the bandgap inducing excitations that screen out the electrical current of CPGE. Smaller values
are adopted when those of substrate and films are different in order to compare the ease of access
to spin-split surface band dispersions which appear within the background band gap. The

background color depicts a rough classification of samples in terms of thickness into atomic layers
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(orange), thin films (sky blue), and bulk materials (light green). In the case that CPGE is enhanced

by some operation such as gate tuning or optical resonance, pr is determined in the bare state.
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