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What we have seen
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 Band structure

 Effective mass approximation

 Carrier statistics

 Electron-photon couplings

 Thermodynamics

 Semi-classical transport (Boltzmann equation)

Semiconductor basics

 Modulation doping: pn-junctions

 Schottky junctions, MOS junctions

 Hetero-junctions

 Quantum confinement

 Quantum wells, wires and dots

 Minority carrier confinement

Spatial modulation basics

Quantum physics in 

semiconductors

 Fermion transport: Landauer (-Büttiker) formalism

 T-matrix, S-matrix

 Boson transport, Bose-Einstein condensation

 Quantum dots: Single electron effect, quantum confinement

 Quantum Hall: Edge mode, topological number



Part of topics

Charge (kinetic) freedom
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Chapter 10a Spintronics I

Two current model

Spin injection



Spin degree of freedom: A new paradigm
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Nobel laureates
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Charge (kinetic) freedom

2007

Spin degree of freedom



The two current model

Divide a current to the one with ↑ spin and the one with ↓ spin.

Drude:

Condition: spin diffusion length 𝜆𝑠 ≫ 𝑙 mean free path (or other lengths)

Spin polarized current:
drift diffusion

Nevill Mott
1905-1996

Einstein relation for metals:

𝜖𝑠: local Fermi energy,  𝛿𝜖𝑠 : Shift from thermal equilibrium

Spin-dependent chemical potential



Spin current

Spin current (simplest) definition

Angular momentum conservation

With spin relaxation

cf. Charge conservation

Steady state

spin diffusion equation

spin diffusion length

Remember Boltzmann equation

Because spin carriers are dipoles it is difficult to apply forces (needs magnetic field gradient)→Diffusion current only 



Spin injection
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Spin injection and detection
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Jedema et al. Nature 410, 345 (2001).



Spin precession

Zeeman Hamiltonian

From Heisenberg equation:
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Solution



Spin precession experiment
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Chapter 10b Spintronics II

Spin-orbit interaction

Spin Hall effect

Topological insulator (quantum spin Hall effect)



Spin-orbit interaction (in electron motion)

: Spin-orbit interaction

BIA: Bulk inversion asymmetry

SIA: Structure inversion asymmetry

V

III

Pauli approximation of Dirac equation:



SIA-SOI Rashba-type SOI

(Actually through the valence band)

𝐸±

𝑘

𝑚∗𝛼

ℏ2
−
𝑚∗𝛼

ℏ2

BIA SOI



SOI and SdH oscillation
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Spin Hall effect

Effective magnetic field
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How we understand the quantum Hall effect?
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Edge mode transport

Hall conductance quantization

Topological discussion

Landau quantization

Edge mode transport

Landauer formula

Magnetic Bloch function

Magnetic Brillouin zone

Kubo formula

TKNN formula

Topological invariant

Bulk-edge correspondence



Spin Hall effect in an insulator

Remember k∙p approximation

Consider the case these are not zero. Then the discussion is in parallel with the TKNN formula.



Anomalous velocity and quantum spin Hall effect

Wave packet: Bloch wave expansion

Anomalous velocity

TKNN

Spin-subband

Chern number Spin Chern number



Topological insulator: helical edge state

𝑘
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Ordinary insulator

Topological insulator

0

y

Charge 

conservation:

Extra spin flow at the edge

Helical edge mode:

Edge mode number = Chern number



Topologically insulating quantum well

7.3nm

König et al., Science 318, 766 (2007).

(a)

(b)
(c)



Summary

Charge (kinetic) freedom
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