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Supplementary note 1. Estimation of the PISHE component 

 

The helicity-dependent photocurrent (HDP) can be induced not only by circular photogalvanic 

effect (CPGE), but also by photo-induced spin Hall effect (PISHE). PISHE is caused optically by 

in-plane diffusion of spin current having out-of-plane spin or by out-of-plane diffusion of spin 

current having in-plane spin, and it is the combination of optical generation of spin current and 

inverse spin Hall effect1-3. Since (Tl, Pb)/Si(111) consists of monolayer Tl-Pb alloy having strong 

spin-orbit interaction (SOI) and the Si substrate having quite small SOI, PISHE due to spin 

diffusion in the depth direction is negligible. However, regarding the in-plane diffusion of out-of-

plane spin component, HDP by PISHE can be observed when circularly polarized light (CPL) with 

normal incidence is irradiated at right/left edge of the sample as we reported in the topological 

insulator Bi2Se3 before1. If PISHE is observed at a normal incidence of light, the sign of HDP 

should reverse at the right/left edge. Figure S1 shows the polarization dependence of the 

photocurrent at the left edge, center, and right edge of the sample in Si(111)-(√3×√3)-(Tl, Pb) 

and Si(111)-(4×4)-(Tl, Pb) by normal-incidence irradiation of the laser λ = 1550 nm. The 

difference between right-handed CPL and left-handed CPL, corresponding to the parameter C in 

Eq. (1), is almost zero and the sign does not reverse between on the right and left edges. Thus, it 

is conceivable that PISHE is very small and the origin of HDP observed in this work is most likely 

due to CPGE. 
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Supplementary note 2. Surface structures observed by RHEED 

 

Figure S2 shows reflection high-energy electron diffraction (RHEED) patterns captured in this 

experiment. The crystal quality is checked in situ by RHEED patterns; (a) Si(111)-(7×7), (b) 

Si(111)-(√3×√3)-(Tl, Pb), (c) Si(111)-(4×4)-(Tl, Pb). The flux rates of Tl and Pb at depositions 

were calibrated using the duration time needed for covering the initial Si(111)-(7×7) to the (1×1) 

surfaces as shown in (d) 1 ML Si(111)-(1×1)-Tl, and (e) nominal 2-ML-Pb thin film , respectively.  

Supplementary Figure 1. Polarization dependence of the photocurrent measured at left 

edge/center/right edge positions by normal-incidence irradiation of the laser λ = 1550 nm. 

on the sample in a,b,c Si(111)-(√3×√3)-(Tl, Pb) and d,e,f Si(111)-(4×4)-(Tl, Pb). 
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Supplementary note 3. Second-rank pseudo-tensor γ for CPGE 

 

The second-rank pseudo-tensor γ in Eq. (3) represents the symmetry property of materials. In 

case a material has T symmetry, γ of the material satisfies the following equation, 

𝛾𝑎𝑏

′
= 𝑇𝑎𝑖𝑇𝑏𝑗|𝑇|𝛾𝑖𝑗. (𝑆1) 

Here, γ’ab is the pseudo-tensor element after the transformation, Txy is an element of the 

transforming matrix of T symmetry, |T| is the determinant of the transforming matrix, and γij is the 

Supplementary Figure 2. RHEED patterns observed with the electron beam of [𝟏𝟏𝟐ഥ] 

incidence on the Si(111) substrate at room temperature in this study . a Si(111)-(7×7) b 

Si(111)-(√3×√3)-(Tl, Pb) c Si(111)-(4×4)-(Tl, Pb). Representative 4×4 spots of Si(111)-(4×4)-

(Tl, Pb) are indicated by orange arrows. d 1 ML Si(111)-(1×1)-Tl e nominal 2-ML-Pb thin 

film.  
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pseudo-tensor element before the transformation. Due to Neumann’s principle4, “the symmetry 

elements of any physical property of a crystal must include the symmetry elements of the point 

group of the crystal.”, for a system with T symmetry, γ’ = γ should be satisfied. When 3-fold 

rotation symmetry along z-axis C3(z) and mirror symmetry to xz-plane σy are adopted as 

transformation matrix T, the second-rank pseudo-tensors γ are as follows, respectively;  

𝐶3(𝑧) = (
cos 120° − sin 120° 0
sin 120° cos 120° 0

0 0 1

) ∶  𝛾 = (

𝛾𝑥𝑥 −𝛾𝑦𝑥 0

𝛾𝑦𝑥 𝛾𝑥𝑥 0

0 0 𝛾𝑧𝑧

) , (𝑆2) 

𝜎𝑦 = (
−1 0 0
0 1 0
0 0 1

) ∶  𝛾 = (

0 𝛾𝑥𝑦 𝛾𝑥𝑧

𝛾𝑦𝑥 0 0

𝛾𝑧𝑥 0 0

) . (𝑆3) 

In this study, x-direction is set along [112̅] crystal orientation of the Si(111) substrate, y-

direction is set along [ 1̅10] crystal orientation of the Si(111) substrate, and z-direction is set 

perpendicular to the Si(111) surface (see Fig. 1(e)). Si(111)-(√ 3×√3)-(Tl, Pb) have C3v 

symmetry5 and Si(111)-(4×4)-(Tl, Pb) have the most stable structure with C3 symmetry6, therefore 

the respective second-rank pseudo-tensors γ become the following formulas; 

𝐶3𝑣 ∶  𝛾 = (
0 −𝛾𝑦𝑥 0

𝛾𝑦𝑥 0 0

0 0 0

) , (𝑆4) 

𝐶3 ∶  𝛾 = (

𝛾𝑥𝑥 −𝛾𝑦𝑥 0

𝛾𝑦𝑥 𝛾𝑥𝑥 0

0 0 𝛾𝑧𝑧

) . (𝑆5) 

The CPGE current can be described on the macroscopic level by the following 

phenomenological expression7; 

𝑗𝜆 = ∑ 𝛾𝜆𝜇�̂�𝜇𝐸0
2𝑃𝑐𝑖𝑟𝑐

𝜇

. (𝑆6)
 

With the second-rank pseudo-tensor γ of Eqs. (S4) and (S5) and experimental condition of �̂�𝑦 =

𝟎, CPGE current flows along y-direction and is detected with electrodes clamping the sample at 

the both ends (see Fig. 1(e)), which is calculated by Eq. (3) (Note: the second-rank pseudo-tensor 

γ is related to Rashba parameter8 , therefore the second-rank pseudo-tensor γ of Si(111)-(√3×√

3)-(Tl, Pb) and Si(111)-(4×4)-(Tl, Pb) have different values.).  

 

Supplementary note 4. Dependence of CPGE on the incident angle of light 

 

The dependence of CPGE on the incident angle θ of light is represented by Eq. (4). The curve 

shape given by Eq. (4) depends on the relative permittivity ε* of materials. Considering the Fresnel 

equations and Snell's law at the boundary between material and vacuum, the projection of a unit 

vector of the light on the x-axis which propagates to x-direction inside of the materials is expressed 

by the following equation9; 
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�̂�𝑥 = 𝑡𝑝𝑡𝑠 sin 𝜃′ , (𝑆7) 

where 

𝑡𝑝 =
2 cos 𝜃

√𝜀∗ cos𝜃 + cos𝜃′
, (𝑆8) 

𝑡𝑠 =
2 cos 𝜃

cos 𝜃 + √𝜀∗cos𝜃′
, (𝑆9) 

sin 𝜃′ = sin 𝜃/√𝜀∗ . (𝑆10) 

Here, tp is the transmission coefficient of the p-polarized light, ts is the transmission coefficient of 

the s-polarized light, θ is the incident angle in the vacuum side, θ’ is the angle of refraction in the 

material side, and ε* is the relative permittivity of the material. 

Supplementary Figure 3 shows curves given by Eq. (4) with various values of relative 

permittivity ε*. The maximum and minimum positions depend on the relative permittivity ε*. When 

ε* = 1, maximum (minimum) is achieved at θ = 90° (θ = -90°). When ε* increases, the maximum 

(minimum) position shifts to a smaller (larger) angle θ, finally asymptotic to θ = 45° (θ = -45°). 

Even if ε* = 2, the maximum (minimum) position is θ ≈ 45°. Therefore, the parameter C of Si(111)-

(√ 3×√3)-(Tl, Pb) and Si(111)-(4×4)-(Tl, Pb) in Fig. 3(a) is significantly enhanced with 

increasing θ up to 60° because of ε* ~ 1.0 - 1.1, indicating a negligible absorption of the light with 

the negligibly small effect of refraction. 

In the refraction and transmission processes of Fresnel equations and Snell's law, the dielectric 

constant ε* represents how much transmission occurs and how much light is bent by refraction. In 

other words, the dielectric constant ε* determines attenuation coefficients tp, ts, and angle of 

refraction θ’ (namely reflection coefficient). In the vacuum side ε* = 1.0 whereas in the bulk side 

(Si substrate) ε* = 11.9. Naturally, the value of ε* in the vacuum and the bulk should be smoothly 

connected to each other at the Si surface. Therefore, ε* of ~ 1.0 in the vacuum increases up to 11.9 

with going deep into the bulk. The gradient of ε* in the direction of depth depends on the magnitude 

of ε* of the material, which in the case of Si varies with a width of about 4 nm10-12. Therefore, it is 

estimated that ε* near the surface of the monolayer superstructure is almost equal to ε* = 1.0. In 

this way, such an effect of reduced dielectric constant near the vacuum interface is more 

pronounced when the film thickness is thin, which is known to be a problem, for example, when 

one wants to ensure capacitance in thin-film devices13-16. 
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 Supplementary note 5. Photocurrent with λ = 635 nm laser light 

 

A visible red laser with λ = 635 nm is also irradiated on the samples and CPGE is measured (Fig. 

S4). The 180° periodicities are not observed, that is, CPGE is not observed. This is reasonable 

because the laser with λ = 635 nm (1.95 eV) excites carriers in the Si substrate over the band gap 

(1.1 eV) to produce photocurrent in nA range and hides the surface response, that is, CPGE.   

Supplementary Figure 3.  Angle of light incidence dependences of tptssinθ’ in various 

values of relative permittivity ε*. tptssinθ’ is normalized for comparison with the peak value; 

with larger ε*, the peak becomes smaller.  
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Supplementary note 6. The band structures of (Tl, Pb)/Si(111) and optical transition 

 

In this work, the band structures play important roles in optical transitions with red and near 

infra-red (NIR) light. Since Si single crystal is an indirect transition semiconductor having indirect 

bulk band gap (Eg = 1.1 eV), the laser with λ = 635 nm (1.95 eV) excites not only carriers in (Tl, 

Pb) surface layer but also carriers in the Si substrate over the band gap (1.1 eV) to produce 

photocurrent in nA range (Fig. S4).  

On the other hand, the critical points having large joint density of states (JDOS) in the Brillouin 

zone, which are related to the optical transitions with NIR (~ 0.8 eV) light, can be found in surface 

Rashba-splitting band dispersions around Mഥ , Γ̅, and Kഥ in the case of Si(111)-(√3×√3)-(Tl, Pb) as 

shown in Fig. S5(a)17. However, we can exclude transitions around Γ̅ point because the energy gap 

around Γ̅ point is too large for the incident photon energy. In the case of Si(111)-(4×4)-(Tl, Pb) as 

shown in Fig. S5(b)6, there are many critical points having large JDOS other than Mഥ , Γ̅, and Kഥ, so 

we cannot narrow down the excitation paths. 

 

Supplementary Figure 4. Polarization dependence of the photocurrent measured on 

Si(111)-(√3×√3)-(Tl, Pb) with λ = 635 nm. at the angle of incidence a θ = - 60° and b θ 

= + 60°, respectively. The photocurrent has almost the same value between right- and left-
handed CPL. 



 8 

 

 

 

Supplementary note 7. Calibration of center position with invisible light λ = 1550 nm 

Since NIR light cannot be seen directly, one way to decide whether the laser illuminates the 

sample or not is by measuring the photocurrent. When the laser is irradiated outside the sample, 

no photocurrent is generated, and when the laser spot is subsequently moved toward the center of 

the sample, the sample edge is recognized by that the photocurrent begins to be generated. So, we 

can judge the position which the laser spot illuminates on the sample. When we measured the 

x(horizontal)-direction dependence of the photocurrent (see Fig. 1(e)), we started to measure the 

photocurrent at the left edge of the sample, and moved the laser spot position toward the right edge 

by a certain distance step by step and measure the photocurrent repeatedly, until the spot reached 

the right edge. Then, we estimated the shift distance by the number of repeats and the sample width, 

which enables us to determine the center position of the sample. This process was done at each 

incident angle of the light 𝜃 (Fig. S6). 

  

 

 

Supplementary Figure 5. The whole band structures of a Si(111)-(√3×√3)-(Tl, Pb) and 

b Si(111)-(4×4)-(Tl, Pb). The band dispersion figures are cited from [6,17]. Green markers 

in a and red and blue markers in b indicate the surface Rashba-split bands. a is reprinted and 
modified from [17], Copyright (2017), with permission from IOP Publishing Ltd.. b is 
reprinted and modified from [6], Copyright (2017), with permission from Elsevier. 
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Supplementary note 8. Confirmation of displacement effect of laser spot  

Regarding the position-related effects of the laser concerning QWP rotation, these often confuse 

and can mislead us, so we must be careful. In this study, we have confirmed before the 

measurement whether we can exclude them or not as follows:  

If the position-related effects by the QWP angle occur, it often results from the misalignment of 

the optical axis of QWP (Fig. S7(a)), which makes laser spot rotate around an optical axis with 

rotating the QWP (Fig. S7(b)). If this rotation occurs, unintentional photocurrent dependence on 

QWP angle α which has a periodicity of 360° should be seen when the laser spot illuminates at the 

sample edge. This is because the rotating spot gets out of the edge in a certain angle range as shown 

in Fig. S7(c) and the photocurrent is written by, instead of Eq. (1),  

𝐽 = 𝐶 sin 2(𝛼 + 𝛼0) + 𝐿1 sin 4(𝛼 + 𝛼0)

+𝐿2 cos 4(𝛼 + 𝛼0) + 𝑁𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒 sin(𝛼 + 𝛽 + 𝛼0) + 𝐷. (𝑆11).

Here, Ndisplace reflects the magnitude of the displacement and β is the phase shift term. The 4 th term 

in Eq. (𝑆11) means that J changes with 360° cycle by the QWP rotation. The observed data and 
the fitting result by Eq. (R1) are shown in Fig. S7 (d), and Ndisplace = 3.15 ± 0.68, D = 615 ± 0.48, 
so the ratio of Ndisplace/D = 3.15/615 = 0.51 %. This tiny ratio indicates that the spot displacement 
effect due to the QWP misalignment is negligibly small, at least an order of magnitude smaller 

Supplementary Figure 6. Laser-spot position dependence of the HDP current C 

measured along x direction on Si(111)-(√3×√3)-(Tl, Pb) with λ = 1550 nm at various 

incident angles 𝜽  from - 60° to + 60°. The data surrounded by green circles are adopted 
as the center position data. 
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than the radius. The reason for this is that if the displacement is larger than the spot radius, the 
ratio should be 100 % at the sample edge because half of the spot area generates the half 
photocurrent at α+β = 0° and α+β = 180°, full of the spot area generates the full photocurrent at 

α+β = 90°, and the spot does not illuminate the sample at all α+β = 270°. In this situation, Ndisplace 
and D are comparable as shown in Fig. S7 (c) (lower figure). However, in our experiments, such 
a change in the photocurrent with 360° periodicity cannot be seen as in the graph of Fig. S7 (d), 
that is, the spot-position-related effect due to the QWP misalignment is small enough to ignore.  

 
 

 

Supplementary Figure 7. Images of displacement effect. Schematics of a a spot 
displacement due to misalignment of QWP, b a spot rotation by the misalignment when 

the QWP rotates in β = 0 condition of Eq.(𝑆11), and c a situation when the laser light 
illuminates the sample edge with misalignment in β = 0 condition. The lower figure is a 
schematic showing the QWP angle dependence of the photocurrent component with the 

displacement effect. The color points correspond to the spot position in the upper figure. d 
Polarization dependence of the photocurrent measured on the left edge in the samples of 
Si(111)-(√3×√3)-(Tl, Pb) with λ = 1550 nm with the incidence light of θ = 0°.  
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