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Chirality in chemistry, biology and physics

Handedness of geometry

Mystery of homochirality in life

Spin-momentum locking

Photons

Weyl fermions

Topological Surf. States

Neutrino



𝜌 =
𝑅1 − 𝑅2

𝑅1 + 𝑅2

Chirality Induced Spin Selectivity (CISS)

How does chirality interact with spin?
• Where is the strong SOC from?
• Why is the polarization so high?

• Room temperature 
• Organic molecules
• High polarization

R. Naaman, D. Waldeck, et al. 
Science 1999, 2011

Magnetic tunneling junction

P1

P2



CISS in different aspects

Photoemission Magnetoresistance Enantiomer separation Water splitting

CISS works robustly at room temperature (RT).
CISS works for a zoo of chiral molecules (DNA, peptide, helicene etc) and even inorganic materials, where SOC < RT.

Detection Magnetization Resistance Adsorption speed O2 generation efficiency

Metal
Contacts

Au, Ag,
Cu, Si, Al

Au, Pt
Ni+Au, Co+Au

Ni+Au, Co+Au Pt, F-TiO2
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Where is the strong SOC from?

Enhance SOC in chiral molecules
• Strong correlation
• Electron-phonon interaction
• Beyond Born-Oppenheimer
• Effect of the nuclei
• ……

Electrode serves SOC? 
-- What does chirality do?



How do electrons feel chirality?

Particle in a box

Particle in a chiral box



Particle in a box

𝑎

cos 𝑘𝑧 =
1

2
(𝑒𝑖𝑘𝑧 + 𝑒−𝑖𝑘𝑧)

  𝑘 = 𝜋/𝑎

Momentum
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Particle in a chiral box

𝑎

cos 𝑘𝑧 + 𝒍𝜑 = ½  

(𝑒𝑖𝑘𝑧𝑒𝑖𝑙𝜑 + 𝑒−𝑖𝑘𝑧𝑒−𝑖𝑙𝜑)

l  is  Orbital 
         angular momentum

Momentum Orbital
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𝜓 = 𝜓+ + 𝜓− 0 0



Orbital-momentum locking

𝑎

𝑒𝑖𝑘𝑧𝑒𝑖𝑙𝜑 𝑒−𝑖𝑘𝑧𝑒−𝑖𝑙𝜑

Chiral geometry leads 

to electronic chirality:

 𝑘||𝑙 (right handed)

−𝑘||𝑙 (left handed)

𝜒

Similar to CP light

Not limited to a helical structure
Time-reversal 𝑙 𝑘 = −𝑙 −𝑘
Only require inversion-breaking

Orbital Angular Momentum (OAM)

𝑝𝑥, 𝑝𝑦 , 𝑝𝑧

𝑝𝑥 + 𝑖𝑝𝑦

𝑝𝑥 − 𝑖𝑝𝑦 

𝑝𝑧
𝑙𝑧 = +1 𝑙𝑧 = −1 𝑙𝑧 = 0



Detect the electronic chirality

𝑒𝑖𝑘𝑧𝑒𝑖𝑙𝜑 𝑒−𝑖𝑘𝑧𝑒−𝑖𝑙𝜑 SpinSOC

Chiral state      1  + (–1) = 0
Achiral state    0  +     0  = 0



CISS magnetoresistance

Y. Liu, J. Xiao, J. Koo and B. Yan, Nature Mater. 20, 638 (2021)

Orbital/spin filter

𝑙 ⋅ 𝑠

𝑙
𝑠



Experiment verification?

T. Liu, P. Xiong et al. ACS Nano 14, 15983 (2020)

Peng Xiong (Florida)

Au vs Al

New experiment 



Experiment verification

Electrode tunes the magnetocondutance by SOC.

Y. Adhikari, T. Liu, et al. Nat Commun 14, 5163 (2023).



Detect the electronic chirality

Chiral     1 + (–1) = 0
Achiral  0 +   0   = 0

Circuarly Polarized Light

𝑒𝑖𝑘𝑧𝑒𝑖𝑙𝜑 𝑒−𝑖𝑘𝑧𝑒−𝑖𝑙𝜑

SpinSOC

ℏ

2



Chirality + CP light

Adsorption

Chiral materials selectively absorb or emit
circularly polarized light (CPL)

Photoluminescence (PL)

Electroluminescence (EL)

Kim et al Science 2021
2.6%

Luminescence of CPLCircular Dichroism (CD)



Known facts

Our work
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Circular polarized Electroluminescence (CP-EL)

Li Wan

Imperial College,
Linkoping Uni. / MPI-Halle
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Solid state p-n junction LED
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Orbital–momentum locking 
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Experiment 

Conventional Anomalous
(Berry phase)

Generalization to inversion-breaking solids 
(e.g., chiral crystals, TMD)
• Berry curvature dipole 
• An inverse process of CPGE 
• Electric switch of CPL handedness (fast)
Y. Liu and B. Yan, PRB 2024



Summary 

Spin SOC

Chirality information transfers from geometry to electron orbital.
The orbital generates spin via SOC (e.g., in electrodes).
The orbital can be transfer to CP light. 

Spintronics Optoelectronics



Outlook: Twisted vdW layers and chiral solids

(a)
(b)

Figure 4: CISS platforms by twisted van der Waals layers sandwiched between vertical elec-

trodes. The electrodes can be either metals or metallic/semimetallic van der Waals materials. Blue

arrows indicate the magnetic material. Magnetism can appear in one/both electrodes (a) and/or (b)

in the twisted material. If the twisted layers are insulating, CISS-type magnetoresistance occurs.

If it is more conducting, it acts as a magnetochiral diode. The role of SOC can be examined in

different electrodes like graphite.
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Y. Liu, T. Holder, B. Yan, The Innovation 2 (1), 100085 (2021)
J. Xiao, B. Yan, arXiv:2201.03623 (2022)
G. Menichetti, et al. arxiv:2312.09169 (2023)

e.g. RhSi and PdGa 

Q. Yang, B. Yan et al  PNAS (2023)



Outlook: chemistry and biology 

Control chemical/biological interactions by magnetism, or light.

Explore origin of life.

Water splitting catalysis

Wang, Yan, et al. Nature Energy (under review)
G. Haran, R. Namaan et al, PNAS (2022)



Dynamics in chemistry and biology 

Control via magnetic field, magnetism, or CP light. Origin of life.
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