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e Reaching limits of conventional semiconductor
technologies (e.g. transistors)
— |leakage currents
— heat

e Possible solution: Spintronics
= Usage of the spin degree-of-freedom of carriers
(not only electronic devices, also optical devices)

e Limits of spintronics:
— SpIn Injection
= spin relaxation and spin dephasing
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Spin relaxation DP

D’yakonov Perel’ (DP) mechanism

 Origin: spin-orbit (SO) interaction in systems without
Inversion-symmetry
— band splitting: E;(k) # F, (k)

Structure of SO interaction: Hgso ~ o - B(k)

— splitting corresponds to an effective k-dependent
magnetic field B(k)

= precession of the spins around B (k)
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D’yakonov Perel’ (DP) mechanism

 Origin: spin-orbit (SO) interaction in systems without
Inversion-symmetry
— band splitting: E;(k) # F, (k)

Structure of SO interaction: Hgso ~ o - B(k)

— splitting corresponds to an effective k-dependent
magnetic field B(k)

= precession of the spins around B (k)

 In addition: scattering
— change of the k-vector of the electrons
— change of the magnetic field B (k)
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= Spin relaxation

e Characteristics:
spin relaxation time < scattering time

(motional narrowing)

Tg ~ T,

Christian Lechner, AG Seminar Richter/Fabian/Grifoni, Universitat Regensburg — p. 6



Spin relaxation DP Il

Universi£
Regensburg

= Spin relaxation

e Characteristics:
spin relaxation time < scattering time
(motional narrowing)

—1
Ts ~ T,

e Sources of inversions-asymmetry:
bulk inversion-asymmetry (BIA/Dresselhaus)

B(k) ~ k’
structure inversion-asymmetry (SIA/Rashba)

B(k) ~ k
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Bir Aronov Pikus (BAP) mechanism

e Scattering of electrons and holes due to
Coulomb-exchange interaction possible

— simultaneous spin-flip of electrons and holes

= restriction on electron system:. spin relaxation
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conduction band

_> + Valence band
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Elliott Yafet (EY) mechanism

e SO Interaction leads to admixture of hole states in the
valence band to electron states in the conduction band
with opposite spin
— NO pure states
= direct spin flip scattering possible

e Characteristics:
spin relaxation time < scattering time

Ts ~ Tp
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* \What is one of the best methods to describe dynamics in
optically excited semiconductors?

Bloch equations

o Example: optically driven two-level system

2 Dynamical variables of the sys-
tem:
occupation difference

1 coherence
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e Description by 2 x 2 density matrix:

» = 4 occupation number

: T
ij = N\G G =y L,
01y = {61 ) i # j coherence
e Equations of motion (EOM) given by Liouville equation
Zhat@ — [Ha Q]—

e Decay of the components:
» occupation number 7 (— diagonal entries)
» coherence 75 (— offdiagonal entries)
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» Possibility 1: classification of the spin states with respect
to a fixed quantization axis (e.g. growth direction of a

QW)
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» Possibility 1: classification of the spin states with respect
to a fixed quantization axis (e.g. growth direction of a QW)

e Spin-up and spin-down electrons in the conduction band
define two-level system (coupling via SO interaction)

Hamiltonian:

H — HO + le’ght + Hscatt
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 Hamiltonian for a QW system with SO interaction

Og o'

Ho= {e(k’) + h(K)

k/

b b () e ()

SO interaction: h(k) = (hx(k), h,(k), 0)
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 Hamiltonian for a QW system with SO interaction

Ho= {e(k’) + h(K)

k/

Og o'

beb(<) e (K)

SO interaction: h(k) = (hx(k), h,(k), 0)

« EOM:
00118) = 1 (he) 3oy 1K)} — hy (1) Roy ()}
0.01100) = 7 (h0)S{o1,(6)} — hy (1) R{oy ()}

~

dori(k) = o= 'hx(k)—hy(k)) (QTT(k)_Qll(k))
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o Aim: microscopic theory of spin relaxation based on the

Bloch equations
e Formulation with diagonal kinetic part of Hamiltonian

— Elgenstates
= Spin (-tm.) depends on wavevector k
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o scattering described in the density matrix formalism
— restriction on electron-phonon scattering

= Extension of the optical Bloch equations

e Starting point: six-level system

e Spin polarization is controlled by excitation with circularly
polarized light
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e Hamiltonian:

H = HO =+ Hlight =+ thonon
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Bloch equations with spin Il

e Hamiltonian:
H = HO =+ Hlight =+ thonon

e Kinetic contribution:

Ho = Zemé(k’)c (k') e ( +Z emt (K') v (K) 0]

k’m

(k')

/
’U
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e Hamiltonian:
H = 7_[O =+ Hlight =+ thonon

e Kinetic contribution:

Ho = ZGmg(k’)C (K e ( +Z Emr ( k’)v;

k’m

e Hamiltonian is diagonal
— Spin precession contained in eigenenergies ¢, (k)
O]
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Bloch equations with spin Il

e Hamiltonian:

H = 7_[O =+ Hlight =+ thonon

e Kinetic contribution:

Hy = Z G (k/) c,. k/ ) e (K')+ Z Em, ( )U ;(k/)

k/ m/

e Hamiltonian is diagonal

— Spin precession contained in eigenenergies ¢, (k)
O]
e Interaction with the light field:

Higne = = 3 {B() - d5y, () el (K) 0],

C

k/ Christian Lechner, AG Seminar Richter/Fabian/Grifoni, Universitat Regensburg — p. 16
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Bloch equations with spin VI

e Electron-phonon interaction H,xonon:

Hphonon = | Bw(q)b'(q) b(q)

a
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Bloch equations with spin V

e Restriction to conduction band
— 2 X 2 density matrix:

memoy iy [ @meme(¥) @mcmxk))
e <@mcmc<k> 0 e (K)

o Scattering treated in 2"¥ order Born approximation
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e Hierarchy problem due to phonon-assisted density
matrices
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Bloch equations with spin VIl

Solution: truncation of the hierarchy

1. Derive EOM of the phonon-assisted density matrices

2. Factorize the expectation values into their macroscopic
parts

3. Take only those which lead to a absolute squared value of
the interaction matrix element

4. Integrate and apply the Markov and adiabatic
approximation

5. Insert result into initial EOM

— Boltzmann limit
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Results

e Diagonal entry:

at ch me (k) |ph0n0n — _Fggctmc (k) ch Mc (k)

(1+ Bla) }
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Results Il

o Offdiagonal entry:

1 .
81t Ome —me (k)lphonon — Z_h chp—mc (k) Om. —m. (k)

o Self-energy

Yome —m(K) =R (Q?i?:;p—mc (k) =il ", (k))

€
mc _mc

e real and imaginary part are connected via
Kramers-Kronig relation
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Results Il

Imaginary part of the self-energy

re? (k) =

mc _mc

) (
(1= omymy (k= a) ( )
G o (A2 0 (€, (k) — €y (k — q) (
(1= omr e (k — @) (14 B(Q) + 0mr o (k — q) ()]
g o (@) 0 (€m. (k) — €me (K + q) + hw(q))
( (a))
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» Offdiagonal-entry: scattering contributions beyond the

Boltzmann limit
(different truncation rules, but still 2" order Born

approximation)

e self-energy

S (@) = B (@07 (@) =i, (a)

C C

 contributions are not connected via Kramers-Kronig
relation
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Summary of results
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» Typical form of EOM in 2" order Born approximation
(compared with carrier dynamics )

e But: Explicit inclusion of spin degree-of-freedom
= spin dependent optical Bloch equations

= Decay times
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 Formal definition of decay times:

L N ) T (X))

17 x —~

1

= F'/en_p—m k
15 x c—m. (K)

» Result for small spin splitting:

Tl,k i T2,k
* Result for spin degenerate:
Thx =15

= Experimental observables
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Observables

o Experimental observables:

Spin polarization S (— spin relaxation):
S=> (o11(k) — 0y (k))
k

Spin coherence C (— spin dephasing):

C=> oy (k)
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Observables

o Experimental observables:

Spin polarization S (— spin relaxation):
S=> (o11(k) — 0y (k))
k

Spin coherence C (— spin dephasing):
C=> oy (k)
k

= Unitary transformation
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il Transformation

e Transformed density matrix (Rashba SO interaction)

Q(T l)(k)lRashba =
1 ( dy + 23 {0m. —m.(k) €%} d_+2iR{om, —m.(k) €} )

5 d_ — Qi%{gmc —mc(k) ez’gp} d—l— o 2%{@”’&(3 _mc(k) eigp}
with

d:l: = Om,.me. (k) T O—me —me (k)
and

Y = <Z(/€w, ky)
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Transformation Il

e Observables:

S = > aR{—ie ¥y _n.(k)}

C

STV A {—ie g, ()}

k

« Spin relaxation is ruled by 75 i of the Bloch equations

e Spin dephasing Is ruled by a combination of 77 . and 75 i
of the Bloch equations

e Connection discussed by M.E. Flatté et al.in
Semiconductor Spintronics and Quantum Computation
but here: microscopic theory
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e Concept of Bloch equations:

Extension towards spin dynamics

e Microscopic description of spin dynamics:
optical Bloch equations with spin
— electron-phonon scattering

e Formal definition of 7, and 7, times

e Connection between decay times of Bloch equations and
spin relaxation/dephasing times
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e Extension of semiconductor Bloch equations
— Inclusion of many-particle effects (already done)

 Numerical evaluation of equations (work in progress)

e More information: cond-mat/0412370
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