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» Plan of lectures —

Lecture I:

1. Spin relaxation mechanisms (overview)
2. Spin relaxation (qualitative model)

3. Dyakonov-Perel spin relaxation
Lecture ll:

1. Spin-orbit coupling fluctuations (crossover
between Dyakonov-Perel and Elliott-Yafet mechanisms)

2. Spin decoherence in quantum dots

MM Glazov. Spin relaxation in low 5
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» Spin relaxation - |
1. Spin relaxation mechanisms (overview)

— Free electrons
— Localized electrons

2. Spin relaxation (qualitative model)
— Spin in a fluctuating magnetic field

3. Dyakonov-Perel spin relaxation
— Spin splittings in nanostructures

— Spin density matrix & kinetic equation
— Electron-electron interaction

— Spin relaxation anisotropy
— Features of high-mobility structures
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Free electrons:

e Bir-Aronov-Pikus mechanism (electron-hole
exchange interaction)

* Paramagnetic scattering (in magnetic systems)
e Elliott-Yafet mechanism (spin flip at scattering)
* Dyakonov-Perel mechanism (spin precession)

Driving force is the spin-orbit coupling:
Interaction of electron spin and its momentum

MM Glazov. Spin relaxation in low
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» < Spin relaxation mechanisms &A=

Localized electrons:

* Spin-orbit mediated electron-phonon
Interaction

* Hyperfine interaction (electron-nuclei
coupling)

* Inhomogeneous broadening (in magnetic
field: g-factor spread)

Orbital motion is quenched, hence spin-orbit
coupling plays minor role

MM Glazov. Spin relaxation in low
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» Spin relaxation

Most general model: spin precession in time-
dependent magnetic field

H(t) = ga Q)

Te is the correlation time of €2



» Spin splittings

Dyakonov-Perel spin relaxation is caused by the
electron spin precession in the effective
magnetic field arising from the spin-orbit
interaction

Lack of an inversion center:
e Bulk inversion asymmetry
* Structure inversion asymmetry
* |nterface inversion asymmetry

MM Glazov. Spin relaxation in low
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» Spin splittings - |

Lack of an inversion center:
* Bulk Inversion Asymmetry (BIA)
Ho = V[ozka(ky — k) + oyky (k7 — kZ) + 02k (kg — k)]
Hp = v(k2) (0 ky — 0oks) 2||[001].
e Structure Inversion Asymmetry (SIA)
Heo = alo X k|- n

* |nterface Inversion Asymmetry (lIA)
like BIA in (001) quantum wells

MM Glazov. Spin relaxation in low
dimensions



Y .
» Spin splittings - Il

Effective magnetic field

h2k‘2
H = Q'ijUikj + % + ’)"ikljaikjkkkl
R’k®  h
H=Ho+ Hs = = +§(0'-Qk)
2 2
Qp: = ﬁaijk-j + ﬁ"/‘ikljkjk’kkl
. v(k2) ~ 72—; ~ QOCVA?’(IOO;)Q —2x 1072 VA.
Estimate (10 nm QW):

(k2 ky ~2x 1072 VA x 1072 A7 = 0.2 meV.

MM Glazov. Spin relaxation in low
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M.I. Dyakonov, V.I. Perel (1971)

Spin relaxation (qualitative)

Collision dominated regime:
Ap=Qr <1
Spin is lost between the scattering events
(9%) = N(Ag)?
Spin relaxation time (®2) ~ 1 = N ~ (A¢) 2

; 1
Ts = NT ~ ——

027
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» Kinetic equation

A/

oS
pr = fil + Sk o i+ S x i = St{S}.
_ 0S5k
St{S} = ;[Wk,k,sk, ~ WSl = ——*.
95, .. -
— T18: =0, Lij = (Qi% - kaQkJ) T.

ot

Example: asymmetric quantum well
Qk = &R(k}y, —]{x,O).

2 1.2 2 1.2
= ank T - ank T
2 1.2 2 R 2 R
1 o
7~ 1ps, i)~ 0.1 meV, => Q ~ 0.1 ps™L. —~ 107 ps,
S
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4 A/ Relevant scattering
v mechanisms

12
TS

the stronger scattering (7 |) the longer spin relaxation time (75 T)

What are the relevant scattering processes?

@ elastic momentum scattering

(impurities, interface roughnesses,
phonons. . .)

@ electron-electron collisions
(although the total momentum is
conserved, the spins of electrons
are intermixed)

MMG, Ivchenko (2002)

M.-W. Wu (2003)

MM Glazov. Spin relaxation in low
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Inclusion of e-e scattering

Average spin in the k state sy, average occupation [

ds
d—: + Sp X (e + Qc k) + Qr{s} =0,

Collision integral (Boltzmann statistics, no exchange)

Qr{s.f} =) W(k.k —p,p)(skfw — spfp)
k' pp’/

Its solution allows to obtain the electron-electron scattering rates which
govern Dyakonov-Perel’ spin relaxation mechanism

7 2
i ~ 3.4EF (kBT> , kT < Ep —— 1
Tee h \ EFf 5T {O2) T
1 e*Ng T2NZ?, T < Ep
 ~357——2 kT >E g~ S
- hoPkgl’ B = °F : { T-2Ns, T > Ep

MMG, Ivchenko (2004)

MM Glazov. Spin relaxation in low
dimensions
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Experimental proof - |

Spin polarization decay in
GaAs/AlGaAs n-type quantum wells

o Electron density

N ~ 3 x 101 cm—2

1

100

NU211

'M L=102nm
N,=3.10 10"em™

; '%""'h.- T=250 K
:MN .
T o 150K ’
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Experimental proof - Il

GaAs/AlGaAs quantum wells

T315
F 11 2
Fa=100nm, N=230x 10 cm
[ £(5K) =10 ps, 2,0.19ps"

100

10:' /

Spin relaxation time (ps)

1000 | T539
a=20.0nm, N=175x10 an’
5(5K) =27 ps, 0,,-0.19 ps”

100 ¢

Spin relaxation time (ps)

10F .o -

T = Tee X

1 10
Temperature (K)

impurities, ...

1

—_— NS

Ts

027

e Very low T's: 7 = 71, (remote

)

@ Degenerate gas (ee-scattering)

& (Ep )\’
Er \ kgT

@ Slightly non-degenerate gas
(ee-scattering) T o< kT

e High T's 7 = 7, (optical phonons)

Leyland, John, Harley, MMG, lvchenko, Ritchie, Farrer,

Shields, Henini (2007)

MM Glazov. Spin relaxation in low
dimensions
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» Features of DP mechanism — =

* Spin relaxation is slowed down by scattering
* Spin relaxation is quenched by magnetic field

E.L. lvchenko (1973)

2,0
16%
1,2+
0,8+
0,4+
1 . ] o 1 o 1 R ] R 0,0 | L o ] - L - ] - ] 1
0 20 40 60 80 100 0 20 40 60 80
0 (deg) 0 (deg)
Theory: MMG (2004)
Experiment: Wilamowski, Jantch (2004)
MM Glazov. Spin relaxation in low 16
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4" Spin dephasing in (ultra)
high mobility structures M

»

Spin precesses around Qg: spin makes > 1 revolutions between scattering
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W. Leyland et. al. (2007)

MM Glazov. Spin relaxation in low
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t
S, (t) o< [cosh (2q—T + —sinh

cos Qg t

t
-

MMG (2007)

Gridnev (2001)

40 80

M. A. Brand et. al.

(2002)
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» Thank you for attention

1. Spin relaxation mechanisms (overview)
— Free electrons
— Localized electrons

2. Spin relaxation (qualitative model)
— Spin in a fluctuating magnetic field

3. Dyakonov-Perel spin relaxation
— Spin splittings in nanostructures

— Spin density matrix & kinetic equation
— Electron-electron interaction

— Spin relaxation anisotropy
— Features of high-mobility structures
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» Plan of lectures —

Lecture I:

1. Spin relaxation mechanisms (overview)
2. Spin relaxation (qualitative model)

3. Dyakonov-Perel spin relaxation
Lecture ll:

1. Spin-orbit coupling fluctuations (crossover
between Dyakonov-Perel and Elliott-Yafet mechanisms)

2. Spin decoherence in quantum dots
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4" Spin dephasing in (ultra)
high mobility structures M

»

Spin precesses around Qg: spin makes > 1 revolutions between scattering
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» Spin relaxation - |
1. Spin relaxation mechanisms (overview)

— Free electrons
— Localized electrons

2. Spin relaxation (qualitative model)
— Spin in a fluctuating magnetic field

3. Dyakonov-Perel spin relaxation
— Spin splittings in nanostructures

— Spin density matrix & kinetic equation
— Electron-electron interaction

— Spin relaxation anisotropy
— Features of high-mobility structures



» Spin relaxation - II

1. Spin orbit coupling fluctuations (crossover
between DP and EY mechanisms)

— Classical model of spin relaxation
— Effects of magnetic field
— Spin relaxation in quantum wires
2. Spin decoherence in quantum dots (localized
electrons)
— Spread of electron g-factors
— Nuclei-induced spin dephasing



4" Spin-orbit coupling

»

fluctuations
What about Rashba term?

E.g. symmetric z || [110] QW Nominally symmetric structure
A

doping quantum doping
z||[110] layer well layer
o | .
lvi2)|

>

yll[o01] g

.
_____‘L>

S
wd

X||110] Symmetry is locally broken:
Dresselhaus term
2ag(p)
p o (0,0, k) || 2 fig = =5 (ky, ks, 0)
does not affect spin 2 component ar(p) = £E,(p), Es(p) = zn(r)dr
- z ’ z NN E)Y

=P
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4" Spin relaxation for ballistic
v electrons

Random spin-orbit coupling

20y
Qp = #(k@,, ke, 0)

(ar) = 0: no spin-orbit coupling on average

Fluctuations: (a?) = ¢2(E?)

Spin relaxation rate

Tls ~ (QR)7d T
AN

74 = lg/v is the domain passage time
Momentum scattering is not needed!

Sz(t)—ex —/tdt /tldtC (t1 — t2)
sz(O)_ p ; 1 ; 2000l — 12

MMG, Sherman (2005)

MM Glazov. Spin relaxation in low
dimensions
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ic field eff ==
Magnetic field effect —uf—
Electron passes the same configura-

tion of the disorder:
spin relaxation speeds up

' |
»

4;;;‘;Emnba J'li

Y-

4(ad)k? T4t?
T,

= exp [—

- .. cyclotron period T, = 27 /w,
10 . . -
S Classically strong magnetic fields:
ost! \ Ep > w.t > (1/19)%/3
i l '\ e \ ATS
06F 1 \ ,
A 1 ‘.' \ H=0 1)
%“04- \ R
. \ RIS n
. \ 01T SO B
02 VosT N S~
A \‘ ~ ~ o
0'00 16‘&)“§7“&>“§f’m >
Time [ps} magnetic field B

MMG, Sherman (2005)

MM Glazov. Spin relaxation in low
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v Spin dephasing
» In nanowires

— demonstrate 1D physics, between localized (OD) and free (2D, 3D)
1

Tk — 5[04(33)/% + kza(z)loyn = Q|| A
1 Spin rotation angle is
determined by the
Okv 0&&) '.:wﬁ_ T electron displacement
AN

2mao

http://phys.org/news5043.html

MM Glazov. Spin relaxation in low
dimensions

Cos(t) = /_ Z dz p(z,t) cos ( = Ox) exp [—(02(x))/2].

27



» Spin relaxation - II

2. Spin decoherence in quantum dots (localized
electrons)

— Spread of electron g-factors
— Nuclei-induced spin dephasing

MM Glazov. Spin relaxation in low
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» < Spin relaxation mechanisms &A=

Localized electrons:

* Spin-orbit mediated electron-phonon
Interaction

* Hyperfine interaction (electron-nuclei
coupling)

* Inhomogeneous broadening (in magnetic
field: g-factor spread)

Orbital motion is quenched, hence spin-orbit
coupling plays minor role

MM Glazov. Spin relaxation in low 29



Spread of
g Larmor frequencies
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Element | YAl | ©VGa | 5As | 1°In

Z 13 31 33 49
I 5/2 3/2 3/2 | 9/2

_pXxXTr B _ wrd
A— ']“3 —I'Ot?, [,L—T
1 e 2 1
H=— (p— —A) + —goupo - rot A
2m0 C 2

2uppr . | L s r(r-s) 8
V = I
I r3 73 7o 3 (r)

V = Au(I - s)|¥(R;)|?
A ~ 10% ueV
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4 ¥ Nuclear fluctuations in
g guantum dots

Ao = e (<)

S, (1) = 523(0) {1 - (2= 6242 exp <—t253 )}

025 T

<
—
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1> Thank you for attention

Lecture I:

1. Spin relaxation mechanisms (overview)
2. Spin relaxation (qualitative model)

3. Dyakonov-Perel spin relaxation
Lecture ll:

1. Spin-orbit coupling fluctuations (crossover
between Dyakonov-Perel and Elliott-Yafet mechanisms)

2. Spin decoherence in quantum dots
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