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What we have seen
Semiconductor basics

Y

Band structure

Effective mass approximation

Carrier statistics

Electron-photon couplings

Thermodynamics

Semi-classical transport (Boltzmann equation)

Spatial modulation basics Modulation doping: pn-junctions
Schottky junctions, MOS junctions
Hetero-junctions

Quantum confinement

Quantum wells, wires and dots

Minority carrier confinement

—
=

Quantum physics in
semiconductors

Fermion transport: Landauer (-Buttiker) formalism
T-matrix, S-matrix

Boson transport, Bose-Einstein condensation

Quantum dots: Single electron effect, guantum confinement
» Quantum Hall: Edge mode, topological number
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Part of topics

Charge (kinetic) freedom Laser diode Quantum confinement
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Si technology: FINFET

Quantum Hall and topology

In solid state physics Quantum dot: single electron, quantum confinement
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Spin degree of freedom: A new paradigm

Charge (kinetic) freedom Spin degree of freedom
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The two current model Nevill Mott

. _ _ _ _ 1905-1996
Divide a current to the one with T spin and the one with | spin.
1 1 1 2n.T
o=or+to, —=—+— Drude: s = ——— (s=1,
B 05 = 8=

Condition: spin diffusion length A; > [ mean free path (or other lengths)

. . . J+—J et -
Spin polarized current: Jpr = J+ — J P.= "+ ="7= Jps = 0sE —eDs(—Ving)
AL pT AT g+ + 7 i drift diffusion
Einstein relation for metals: 0s = € Ns(Er)Ds (cf. 0 =e€*(n/ksgT)D)

€. local Fermi energy, é¢, : Shift from thermal equilibrium

Os

DS 5 S S
[quﬁ— Vn] o

= Z5[—eV + Ve,
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Ly = —ep + €5 Spin-dependent chemical potential Js=——Vis



o, 2.0 p 2 (3)

Remember Boltzmann equation ot " m*  Or Op ot
Because spin carriers are dipoles it is difficult to apply forces (needs magnetic field gradient)—Diffusion current only

b, h . :

Spin current (simplest) definition 3°(r,t) = 2(—_6)(31\ —J)

Angular momentum conservation % +divj® =0
0s,, o s, h _ , h (dny  Ony

i i i div 1° = : — S —
With spin relaxation o +div ) By + 2(_6)V Jy—3J) 9 ( T T )
cf. Charge conservation 9p + divj = 9p +V-(jr+4,)=0

ot ot T

Steady state Nyt = N 14

e - 1
spin diffusion equation V3 (orur + o) =0, V2 (up — py) = TOE (e — py)
st

e 1 1 1
spin diffusion length = 4+
(A (M) (A])?
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Spin injection and detection

0 T Tdo B0 0 a0 do e Jedema et al. Nature 410, 345 (2001).



Spin precession

Zeeman Hamiltonian

From Heisenberg equation:

Solution

eh

I = —QB0§Z — QMBBO§z [§ja §k] — Z§l/2

2m0
[%,§x] — iguBBO.§y, [%, §y] — —?:g[,LBBo§3;, [320, §z] =0

O(sz) _  gus
5t R Dol

(sy)  guB (s.)
ot TBO(S‘”>’ gt~V

($4) = Acoswot, (s,) = Asinwpt, (s,) =C

2 2 _ .2 €9
A4+ C* = s~ wo—%Bo A7
Larmor frequency C
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Spin precession experiment
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Spin-orbit interaction (in electron motion)

Pauli approximation of Dirac equation:

| P|? 2 1 ) 1 1 eo - B
2L : RV (—
3 \\E, "E, +A E, E,+A) &

1 1
| = — - (k - Spin-orbit i '
+ {Eg (B —|—A)2] eag - (kxE&)| :spin orbltlnt.eractlon
E : electric field

2 1 eV - & ,

Finite £: requires inversion asymmetry.

BIA: Bulk inversion asymmetry

SIA: Structure inversion asymmetry



SIA-SOI Rashba-type SOI

BIASOl 350 = W2 [ka (k3 — (K2)0u + ky (K2) — k2)0,] = Blk,0, — keos) + Y2 (koklo, — k2o,

E =1(0,0,&) ona2DEG (z-y) (Actually through the valence band)

Jthso = ao - (k x e,) = a(k,0, — kyoy)
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Spin Hall effect

Jij — Os Zez’jkEk
k
%SO = OO0 - (k X ez)

Effective magnetic field
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How we understand the quantum Hall effect?

Edge mode transport Topological discussion
T Magnetic Bloch function
Landau quantization Magnetic Brillouin zone
Edge mode transport Kubo formula
Landauer formula —— l
TKNN formula
\ Topological invariant

[ Hall conductance guantization J

Bulk-edge correspondence

18



Spin Hall effect in an insulator

Remember k-p approximation S Uunk (1) = Epptink (1) ink)
. 0 ./ O(nk) d(nk)
A,(k)=1 <nk ok nk> , B,(k)= z< % ‘ X ‘ oh >

Consider the case these are not zero. Then the discussion is in parallel with the TKNN formula.
(k|r|k'Y = (iVy + A)6(k — k')
(k|[Z,9]|K") = (iVk x A),d(k — k') =iB,5(k — k')

di| \ [0E 5(k — k)
<kdtk>_[8km (FxB)a| ———

dk. | \ . 0(k—K)
) - 0




Anomalous velocity and quantum spin Hall effect

Wave packet: [ = Z ax|k) Bloch wave expansion
k

F = —e&
dro dr (f|k)
o= (1511 = S (Vb B) (k1)

1

~ = (VeE = F x B)|;,
dky, F .
E — % Anomalous velocity

5 TKNN
—€ —€
Oy = _—26(0.1?, — Uiy) = —@ -1 = A5

Spin-subband
Chern number Spin Chern number



Topological insulator: helical edge state

E Jx = OW)ox By, Jf = —OW)oyE: x=1,!
dpX d pX
M ,0 I V CAaX L . E
Er /\ Charge dt J dt (V)0 X E
conservation: dpX X e’
— — —F, =0
) T (y)v*—
A > k —_— T— \l'—5 6—I/T—V\LE:O
y (0= p7) = o(y) > ( ) Eo
Ordinary insulator ds, —e
) —— = L—uv,E, —— Extraspin flow at the edge
k) > dt 2
) | Helical edge mode:
Topological insulator E]? = +v(0k, — eEyt) 14, b —

djtz _ %(51\7T _§N)) = L%Ex Edge mode number = Chern number




Topologically insulating quantum well

Konig et al., Science 318, 766 (2007).
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Charge (kinetic) freedom Spin degree of freedom
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