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Outline

• Introduction
• Rashba effect and its application
• Large Rashba-parameter materials

• Quantum well state in Ag few MLs on Au(111)
• Computational result
• Discussion

• Theory of Rashba splitting
• Spin-orbit interaction and intrinsic magnetic field
• Tight-binding model and solution

• Application of model to QWS of Ag/Au(111)
• Summary
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Rashba effectIntro

𝐻(𝒌) =
𝒌2

2
+ 2𝛼R 𝒆𝑧 × 𝒌 ⋅ 𝒔

휀𝑘
± =

𝒌2

2
± 𝛼R 𝒌

Y. Bychkov , E. Rashba JETP Lett. 39, 78 （1984）.

𝐻 = −
𝛁2

2
+ 𝑉 𝑟 +

2

𝑐2
𝛁𝑉 𝑟 × 𝒑 ⋅ 𝒔

𝒌

𝐻R(𝒌) = 𝑩R(𝒌) ⋅ 𝒔

𝑩R(𝒌) ≡ 𝛼R 𝒆𝑧 × 𝒌

Inversion 
asymmetric 
potential

Hamiltonian with spin-orbit interaction

Confined 2D (Nearly Free) electrons

𝑘𝑥

𝑘𝑦

휀𝑘
± =

𝒌2

2
± 𝛼R 𝒌 + 𝑬 ⋅ 𝒌

𝑘

𝑘

Bias

Spin-current generation
detection

Application

Diffusion
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Application of Rashba effect

Generate spin current
Detect spin current

Diffuse

K. Kondo, 日本物理学会誌 Vol. 72, No. 5, 2017 

※Only large Fermi surface is drawn

Intro

J. Sánchez, et al., Nat. Commun. 

4, 2944 (2013). 

No inverse spin Hall effect
No spin current in Bi2O3

Measurement of Spin 
current → Charge current

http://www.riken.jp/lab-www/nanomag/activities/publications/Nihonbutsurigakkaishi72_320.pdf
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Origin of potential gradient
M. Nagano, et al., J. Phys.: Condens. Matter 21, 064239 (2009).

• SOC : Second variational
• FLAPW

Au(111), Ag(111), Sb(111)
23 layer slab

Δ휀𝑅 = 𝜓𝑆𝑆
𝑘∥ 𝐻𝑅 𝜓𝑆𝑆

𝑘∥ = 𝒌∥ න𝑑3𝑟
2

𝑐2
𝜕𝑉

𝜕𝑧
𝜓𝑆𝑆
𝑘∥

2

Large SOI +
Asymmetry of WF

Intro
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Material with Large Rashba Splitting
Au(111) surface state

S. LaShell, et al., PRL 77, 3419 (1996).

𝛼𝑅 = 0.33 eV・Å

Bi surface alloy

3 × 3 R30°Bi/Ag(111)

𝛼𝑅 = 3.05 eV・Å

C. Ast, et al., PRL 98, 186807 (2007).

N. Yamaguchi, 
F. Ishii, J. Crys. 
Growth 468, 
688 (2017)

K. Ishizaka, et al., Nature 
Materials 10, 521 (2011).

Intro
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Ag/Au(111) : Purpose of study 

Intro

Purpose : Reveal the mechanism of this trend
⚫ The shape of the quantum well state
⚫ The effect of Au-SOI at the boundary atom
⚫ How well states (not surface state) feel the Rashba effect

High-resolution spin-decomposed ARPES
Au(111) : 𝛼𝑅 = 330 meV・Å
Ag(111) : 𝛼𝑅 = 31 meV・Å

K. Yaji et al., 
PRB 98, 041404 (2018).

Ag/Au(111) : Quantum well states confined in Ag region

T. Miller, et al., PRL 61, 1404 (1988). F. Forster, et al. PRB 84, 075412 (2011).

Rashba effect 
at interface

R. Noguchi, K. Kuroda, M. Kawamura, K. Yaji, A. Harasawa, T. Iimori, S. Shin, F. Komori, T. Ozaki, T. Kondo, 
PRB 104, L180409 (2021).
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QWS in Ag/Au(111)
Example

⚫ DFT code : OpenMX
⚫ GGA-PBE functional
⚫ 𝜌 cutoff : 300 Ry
⚫ Broadening : 5000 K (0.03 Ry)
⚫ 𝐤-grid : 14×14×1
⚫ Spin-orbit
⚫ Au 60 ML

⚫ Basis
⚫ Au7.0-s4p3d2f1
⚫ Ag7.0-s2p2d2f1

⚫ With structure optimization

Au 60 ML

Additional basis
(Improve accuracy 

of mirror state)

Ag 10～34 ML

Vacuum
10 Å

Periodic for
𝑥𝑦-plane

𝑧
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Band structure and well statesResult

Ag10ML
on

Au(111)

Ag24ML
On

Au(111)

Ag 
Surface
state

Au surface
state

𝑛 = 1
quantum well state

(QWS)

𝑛 = 1 QWS

𝑛 = 2 QWS

𝑛 = 3 QWS
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Energy level of QWS
Normal QWS

휀1 < 휀2 < 휀3 < ⋯

This case

휀1 > 휀2 > 휀3 > ⋯

휀Au6p < 휀Ag5p < 휀image

1st

2nd

81st

80th

79th

Au : 60 sites
Ag : 20 sites
Image : 1site

𝑡 = −3
휀Au = 0
휀Ag = 2

휀image = 6

Discuss



11/23

Tight-binding

−𝑡 −𝑡 −𝑡 −𝑡

Δ𝜇 Δ𝜇

𝐻 =

0 −𝑡 0 0 0
−𝑡 0 −𝑡 0 0
0 −𝑡 0 −𝑡 0
0 0 −𝑡 Δ𝜇 −𝑡
0 0 0 −𝑡 Δ𝜇 

𝑤 𝑤 𝑤 𝑤 𝑤

𝑡 𝑡 𝑡 𝑡

Δ𝜇 Δ𝜇
𝑤 −𝑤 𝑤 −𝑤 𝑤

𝐻staggered =

0 𝑡 0 0 0
𝑡 0 𝑡 0 0
0 𝑡 0 𝑡 0
0 0 𝑡 Δ𝜇 𝑡
0 0 0 𝑡 Δ𝜇 

𝑡 𝑡 𝑡 𝑡

−Δ𝜇 −Δ𝜇
𝑤 −𝑤 𝑤 −𝑤 𝑤 𝐻stag,inv =

0 𝑡 0 0 0
𝑡 0 𝑡 0 0
0 𝑡 0 𝑡 0
0 0 𝑡 −Δ𝜇 𝑡
0 0 0 𝑡 −Δ𝜇 

= −𝐻

Same spectrum

Inverted spectrum

Discuss



12/23

Result Rashba split vs ML

Reproduce experimental results

Decompose integration into 
contributions from each atom

Next

Investigate ML and well state 
dependence of the splitting

Rashba splitting from SOI term

𝐻 = −
𝛁2

2
+ 𝑉 𝑟 +

2

𝑐2
𝛁𝑉 𝑟 × 𝒑 ⋅ 𝒔

Δ휀R ≈ න𝑑3𝑟
2

𝑐2
𝛁𝑉 𝑟 × 𝒑 ⋅ 𝒔 𝜑 𝑟 2

R. Noguchi, M. Kawamura, et al., PRB 104, 
L180409 (2021).

※ Decomposition method is not unique
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Split vs 𝜑 𝑟 2
Result

Peak of 𝜑 𝑟 2 → Node of decomposed splitting Δ휀𝑖

Slope of 𝜑 𝑟 2 → Peak of decomposed splitting Δ휀𝑖 (Opposite sign)

Δ휀𝑅 = න𝑑3𝑟
2

𝑐2
𝛁𝑉 𝑟 × 𝒑 ⋅ 𝒔 𝜑 𝑟 2

𝑛 = 1 𝑛 = 2 𝑛 = 3

+

-
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MechanismResult

Δ휀𝑅 = න𝑑3𝑟
2

𝑐2
𝛁𝑉 𝐫 × 𝒑 ⋅ 𝒔 𝜑 𝐫 2

Δ휀𝑖 ∝
𝜕𝑉

𝜕𝑧
𝑧 𝜑𝑝𝑧

2 𝑑 𝜑envelope
2

𝑑𝑧

Large in the
vicinity of atoms

M. Nagano et al., 

J. Phys.: Condens. Matter 

21, 064239 (2009).

+

-

𝑧

≈ 𝒌∥ න𝑑3𝑟
1

𝑐2
𝜕𝑉

𝜕𝑧
𝜑(𝐫) 2

𝜑 𝐫 ≈ 𝜑𝑝𝑧 𝐫 𝜑envelope 𝑧
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Split vs 𝜑 𝑟 2 at boundary Au and AgResult

Δ휀R ≈ න𝑑𝑧
𝜕𝑉

𝜕𝑧
𝑧 𝜑𝑝𝑧

2 𝑑 𝜑emvelope
2

𝑑𝑧

≈ 𝛿𝑉 Au න
−∞

0 𝜕 𝜑emvelope
2

𝜕𝑧
+ 𝛿𝑉 Ag න

0

∞𝜕 𝜑emvelope
2

𝜕𝑧

= 𝛿𝑉 Au 𝜑emvelope(0)
2
− 𝛿𝑉 Ag 𝜑emvelope(0)

2

𝛼R,Ag

𝛼R,Au
=

31meV ⋅ Å

330meV ⋅ Å
≈ 0.1 SOI coupling constant

Au(6p) : Ag(5p) ≈ 1 : 0.3 1 : 0.5 → ×

𝛿𝑉 ≡
𝜕𝑉

𝜕𝑧
𝑧 𝜑𝑝𝑧

2 R. Noguchi, M. Kawamura, et 
al., PRB 104, L180409 (2021).
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Further question and motivation
M. Nagano, et al., J. Phys.: Condens. Matter 21, 064239 (2009).

Δ휀𝑅 = 𝜓𝐤
𝐻SOC 𝜓𝐤 = 𝒌 𝑆𝑥𝑦න𝑑𝑧2

𝜕𝑉

𝜕𝑧
𝑥𝑦

𝑢 𝑧 2

Intro

𝜓𝐤 𝐫 = 𝑒𝑖𝐤⋅𝐫𝑢 𝑧 2D nearly free electronic state

• Since the wavefunction of a realistic system is not like the 2D free electronic state
• The applicability of the earlier study is unclear.
• We need to fill the gap between the atomic SOC and Rashba interaction term. 
• precise theoretical model to capture the wide range of behavior of QWSs system will 

be derived.
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Spin-orbit coupling and symmetry-broken systemTheory

𝐻𝜎𝜎′
SOC = 2 𝛁𝑉 𝐫 × 𝐩 ⋅ 𝐬𝜎𝜎′

𝜓𝐤↑ 𝐫

𝜓𝐤↓ 𝐫
= 𝑒𝑖𝐤⋅𝐫

𝜒𝐤↑
𝜒𝐤↓

𝑢𝐤 𝐫

−
(𝛁 + 𝑖𝐤)2

2
+ 𝑉 𝐫 𝑢𝐤 𝐫 = 휀𝐤

0𝑢𝐤 𝐫

휀𝐤
SOC = 𝐬𝐤 ⋅ න𝑑3𝑟2𝛁𝑉 𝐫 × 𝐤 𝑢𝐤 𝐫 2 − 𝑖𝑢𝐤

∗ 𝐫 𝛁𝑢𝐤 𝐫

Re←Gauss theorem & anti sym. of ×

S
ym

. 
B

ro
ke

n 
ax

is

Rotational sym.

𝑉 𝐫∥, 𝑧 = 𝑉 −𝐫∥, 𝑧

𝑢𝐤
∗ 𝐫∥, 𝑧 = 𝑢−𝐤 𝐫∥, 𝑧 = 𝑢𝐤 −𝐫∥, 𝑧

SOC part of Hamiltonian

𝜒𝐤↑
∗ , 𝜒𝐤↓

∗ 𝐬↑↑ 𝐬↑↓
𝐬↓↑ 𝐬↓↓

𝜒𝐤↑
𝜒𝐤↓

Uniform spin wavefunction

= 2𝐬𝐤 ⋅ න𝑑3𝑟 𝛁𝑉 𝐫 × 𝐤 𝑢𝐤 𝐫 2 + 𝑖𝑉 𝐫 𝛁𝑢𝐤
∗ 𝐫 × 𝛁𝑢𝐤 𝐫
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Expansion of 𝑢𝐤 𝐫  for 𝐤

𝑢𝐤 𝐫 = 𝑢𝟎 𝐫 +

𝑖

𝑘𝑖𝜕𝑘𝑖𝑢𝐤 𝐫 ቚ
𝐤=𝟎

+

𝑖𝑗

𝑘𝑖𝑘𝑗𝜕𝑘𝑖𝜕𝑘𝑗𝑢𝐤 𝐫 ቚ
𝐤=𝟎

+ 𝑂(𝑘3)

𝜕𝑘𝑖𝑢𝐤=𝟎 𝐫 = 𝑖 −
𝛁2

2
+ 𝑉 𝐫 − 휀𝐤=0

−1

𝜕𝑟𝑖𝑢𝟎 𝐫

𝜕𝑘𝑖𝜕𝑘𝑗𝑢𝐤=𝟎 𝐫

= 𝑖 −
𝛁2

2
+ 𝑉 𝐫 − 휀𝐤=0

−1

𝜕𝑘𝑖𝜕𝑘𝑗휀𝐤=0 − 𝛿𝑖𝑗 𝑢𝟎 𝐫 + 𝑖𝜕𝑟𝑗𝜕𝑘𝑖𝑢𝐤=𝟎 𝐫 + 𝑖𝜕𝑟𝑖𝜕𝑘𝑗𝑢𝐤=𝟎 𝐫

Real

Imaginary

Real

𝑢𝐤
∗ 𝐫 = 𝑢𝟎 𝐫 −

𝑖

𝜕𝑘𝑖𝑢𝐤 𝐫 ቚ
𝐤=𝟎

+

𝑖𝑗

𝜕𝑘𝑖𝜕𝑘𝑗𝑢𝐤 𝐫 ቚ
𝐤=𝟎

+ 𝑂(𝑘3)

휀𝐤
SOC = 2𝐬𝐤 ⋅ න𝑑3𝑟 𝛁𝑉 𝐫 × 𝐤 𝑢𝟎 𝐫 2 + 2𝑖𝑉 𝐫 𝛁𝑢𝟎 𝐫 × 𝛁

𝑖

𝑘𝑖𝜕𝑘𝑖𝑢𝐤=𝟎 𝐫 + 𝑂(𝑘3)
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Symmetry

Intrinsic magnetic field in 𝑥 − 𝑦 plane and parallel to 𝐞𝑧 × 𝐤

(111) surface of fcc lattice (100) surface of cubic lattice

3-fold + 3 mirrors 4-fold + 4 mirrors

𝑢𝟎 𝑅𝐫 = 𝑢𝟎 𝐫

Symmetry op.

𝛁𝐫𝑢𝟎 𝐫 → 𝑅−𝑡𝛁𝐫𝑢𝟎 𝑅𝐫

𝛁𝐤𝑢𝐤=𝟎 𝑅𝐫 = 𝑅−𝑡𝛁𝐤𝑢𝐤=𝟎 𝐫

휀𝐤
SOC

= 2𝐬𝐤 ⋅ (𝐞𝑧 × 𝐤)න𝑑3𝑟
𝜕𝑉 𝐫

𝜕𝑧
𝑢𝟎 𝐫 2 + 𝑖𝑉 𝐫

𝜕𝑢𝟎 𝐫

𝜕𝑧
𝛁𝐫 ⋅ 𝛁𝐤𝑢𝐤=𝟎 𝐫 − 𝛁𝐫𝑢𝟎 𝐫 ⋅

𝜕𝛁𝐤𝑢𝐤=𝟎 𝐫

𝜕𝑧

+ 𝑂(𝑘3)

Assuming 𝛁𝐤𝑢𝐤=𝟎 𝐫 = 0, this becomes Nagano’s  formula
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Tight-binding modelTheory 𝑢𝑒𝑛𝑣 𝑧𝑏
2 ≈ 0 𝑢𝑛

2 = Res𝜀=𝜀𝑛 𝐺00 휀

𝐺00 휀 =
1

휀 − Σsub
s − Σwell

s

𝐸𝑛
well

≡ −𝑑 − 2𝑡 cos
𝑛𝜋

𝑁well + 1

Res𝜀=𝜀𝑛 𝐺00 휀 =
4𝑒2 1 − 𝑒0 + 𝑒1 − 𝐸𝑛

well
2
− 𝑒1 − 𝐸𝑛

well

2 1 − 𝑒0 4𝑒2 1 − 𝑒0 + 𝑒1 − 𝐸𝑛
well

2

𝑒2 ≡
2𝑡2

𝑁well + 1
sin2

𝑛𝜋

𝑁well + 1

𝑒1 ≡
1

2
𝐸𝑛

well
+ 𝐸𝑛

well 2
− 4𝑡2

𝑒0 ≡
1

2
+

𝐸𝑛
well

2 𝐸𝑛
well 2

− 4𝑡2

𝛼𝑅 ≈ 𝛼𝑅
VRes𝜀=𝜀𝑛 𝐺00 휀

Eig. problem of 
Toeplitz matrix

Function of 𝑑/𝑡
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Band structure and orbital characterExample
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Validity and efficiency of analytical formula
Example

𝛼𝑅 ≈ 𝛼𝑅
VRes𝜀=𝜀𝑛 𝐺00 휀

𝛼𝑅
V =47,000 (meV・Å), 𝑑/𝑡 =0.14

Two fitting 
params.

Max. at 𝑁well = 1

Bi(1/3ML) surface alloy : C. R. Ast, et al., PRL 98, 186807 (2007).

Bi (1ML) on Cu(111) :  S. Mathias, et al., PRL 104, 066802 (2010).

To see the validity of the analytical result, we 
compare it with first-principles calculation
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Summary

• We computed Ag/Au(111) slab model (Au 60 ML
+ Ag 6～34 ML).

• We reproduced quantitatively the experimental
Rashba splitting (the same ML number and well
state dependence).

• We decomposed the splitting parameter 𝛼R into contributions from each atom.
• 𝛼R can be estimated with 𝜑 𝑟 2 at boundary-Au/Ag and ⟨𝜕𝑉/𝜕𝑧⟩ of each element.

Therefore the Rashba effect mainly occurs at the boundary of this system.
• We constructed minimum tight-binding model which can explain the trend of 𝛼R.

R. Noguchi, K. Kuroda, M. Kawamura, K. Yaji, A. Harasawa, T. Iimori, 
S. Shin, F. Komori, T. Ozaki, T. Kondo, PRB 104, L180409 (2021).

• We construct the theory to obtain the 𝐤-linear Rashba splitting energy systematically from
the SOC.

• Then, we derive a minimum model that captures the Rashba effect in QWS using a one-
dimensional tight-binding model and the Green’s function method.

• Our theory qualitatively fits the first-principles result of a realistic Ag/Au(111) system using
only two fitting parameters.
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