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Aim of the talk

Electron spin plays major role in various phenomena. Most importantly, the
spin of electrons results in the Pauli exclusion principle, which in turn
underlies the periodic table of chemical elements and makes our existence
possible.

It is needless to explain in this audience the manifestations of spin in the
electron transport. Hence, the aim of my talk is to demonstrate alternative,
in particular, optical means to access electron spin in low-dimensional
systems.
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Pump-probe technique

time-resolved, t <> τrad,
“non-destructive”
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Pump: circularly
polarized pulse
orients carrier spins

Sz 6= 0⇒
{

n+ 6= n−
α+ 6= α−

Faraday rotation

Θ ∝ Sz

Faraday EUect (polarization plane rotation)
E llipticity EUect (appearance of the circular polarization)
Kerr EUect (polarization plane rotation of reWected light)

Awschalom et al. (1985); Zheludev et al. (1994)
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Motivation

Quantum wells,
free electrons
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Quantum dot ensembles

A. Greilich et al. (2006)

Single quantum dots

M.H. Mikkelsen et al. (2007)

Microcavities

A. Brunetti et al. (2006)

Pump-probe is a widespread technique to measure
relaxation times, precession frequencies

What can we learn from “microscopics” of signals?

What about signal amplitudes?
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We focus here on quantum dots:
n-type single quantum dots and
quantum dot arrays

Carrier localization leads to the
spin relaxation slowdown

Possibility to address resonantly
singlet trion

HyperVne interaction of electron
and nuclear spins is eUective

Similar physics for quantum wires,
wells and bulk materials with low,
ndadB � 1, density electrons/holes

Other systems: Phys. Solid State 54, 1 (2012)

+

-

-

Element 27Al 69(71)Ga 75As 115In

Z 13 31 33 49
I 5/2 3/2 3/2 9/2
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Questions to theory

Spin pump-probe signals for InAs n-type quantum dots array

Experiments:

A. Greilich et al. (2006, 2007); S. Carter et al. (2009)

MMG et al. (2010)

+

-

-

1 Origin of the long-living signal at
singlet (S = 0) trion excitation?

2 Signals at negative delays, i.e.
before the next pump pulse?

3 Growth of Faraday rotation
signal with time?
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Outline

1 Introduction. Questions to theory

2 Interaction of light with spins
Optical orientation via trions
Detection of spin polarization

3 Spin mode-locking eUect
Phase synchronization condition & passive mode-locking
Nuclei-induced active mode-locking
Emergence of Faraday rotation

4 Spin dynamics in equilibrium

5 Conclusions
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Optical orientation in nanosystems

Optical orientation is a transfor-
mation of the photon angular mo-
mentum to the system of elec-
tron spins

| − 3
2〉vb

| − 1
2〉cb |12〉cb

|32〉vb
σ+

Semiconductor quantum well or
self-organized quantum dot:

at σ+ pump − 3
2 + 1 = − 1

2
i.e. (e, hh) = (−1/2, 3/2)
at σ− pump 3

2 + (−1) = 1
2

i.e. (e, hh) = (1/2,−3/2)

(normal light incidence)

Absorption of circularly polarized light
generates spin-polarized electrons and holes
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Long-living electron spin polarization

σ+ pump⇒ (−1/2e, 3/2h)
The carriers with the spins op-
posite to those of photocreated
electrons are picked out

Hole spin relaxation/fast spin
precession (@ B 6= 0)⇒ spin of
returning electron is negligible

Resident electrons become spin polarized after recombination
Shabaev, Efros, Gammon, Merkulov (2003); Greilich et al (2006); Zhukov, Yakovlev, Bayer, MMG, Ivchenko, Karczewski, Kossut (2007)
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Spin pumping in quantum dots
Only QDs with a certain spin projection interact with

the circularly polarized light
Technical details:

Short pump pulse: τp � τQD, 2π/ΩL

Four level model: two ground states ψ±1/2,
two excited states ψ±3/2
Returning electron is depolarized

Under σ+ pump the wave function transforms as

ψ1/2(t→ +∞) = QeiΦψ1/2(t→ −∞)

ψ−1/2(t→ +∞) = ψ−1/2(t→ −∞)

Transformation of the wave function means
transformation of the spin

Similar to N. Rosen & C. Zener (1932)

Parameters Q and Φ are determined by the pump
pulse shape, area, and detuning from resonance
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Spin pumping in quantum dots
Only QDs with a certain spin projection interact with

the circularly polarized light

Electron spin S = 1
2〈ψ|σ|ψ〉

S+
z =

Q2 + 1
2

S−z +
Q2 − 1

4
S+
y = Q cosΦS−y − Q sinΦS−x
S+
x = Q cosΦS−x + Q sinΦS−y

Before pump pulse S−, after S+

An increase of spin z-component

In-plane components rotation

Yugova, MMG, Ivchenko, Efros (2009)

Spin orientation ∼ Q2−1
4

Spin rotation ∼ Φ
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Spin rotation by optical pulse

Circular pulse

generates spin
coherence (optical
orientation)

rotates spin
(inverse Faraday
eUect)

S+
z =

Q2 + 1
2

S−z +
Q2 − 1

4
S+
y = Q cosΦS−y − Q sinΦS−x
S+
x = Q cosΦS−x + Q sinΦS−y

Phys. Rev. B 80, 104436 (2009)

Parameters Q and Φ are
determined by the pump pulse
intensity, duration and detuning
from the resonance (Φ)

(b)

(a)

�

�

A. Greilich et al. (2009): InGaAs QDs
C. Phelps et al. (2009): CdTe QWs
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Electron spin coherence generation & control

Circularly polarized pulses being resonant with the singlet trion
transition orient electron spins in quantum dots

Slightly oU-resonant pulse rotates spins
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Spin coherence detection
QW or ensemble of QDs, . . .

σ+

Θ

Ellipticity and Faraday
rotation

E + iF ∝ r+ − r−

Probe: transmission/reWection of
weak linearly-polarized pulse
weak=does not aUect spin coherence

= +

r+ 6= r− ⇒ rotation of the linear po-
larization plane of the probe pulse and
appearance of its ellipticity

Resonance trion, exciton, . . .

r±(ω) =
iΓ0,±

ω0,± − ω − i(Γ0,± + Γ±)

t± = 1 + r±

Zhukov, Yakovlev, Bayer, MMG, Ivchenko, et al. (2007)
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Probing the electron spins

Faraday EUect (polarization plane rotation)

F = lim
z→+∞

∫ ∞
−∞

[
|E(t)

x′ (z, t)|2 − |E(t)
y′ (z, t)|

2
]
dt

Ellipticity EUect (appearance of the circular
polarization)

E = lim
z→+∞

∫ ∞
−∞

[
|E(t)
σ−(z, t)|2 − |E(t)

σ+(z, t)|2
]
dt

Probe induced Veld

δE(t) = −4π
(ωpr

c

)2 ieiq|z|
2q

N2d
QDΠ(t)

Πx ∝ (ne − ntr)E
probe
x

Πy ∝ (Sz − Jz)E
probe
x

Spectral function

E + iF ∝∫ ∞
−∞

dt
∫ t

−∞
dt′f(t)f(t′)ei∆(t−t′)

∆ = ωpr − ω0; Epr ∝ f(t)e−iωt

Yugova, MMG, Ivchenko, Efros (2009)
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Electron spin coherence detection
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MMG et al. (2010)

Linearly polarized pulse can readout
spin polarization

Correct description is based on
reWection/transmission rather than
on dielectric constant
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Outline

1 Introduction. Questions to theory

2 Interaction of light with spins
Optical orientation via trions
Detection of spin polarization

3 Spin mode-locking eUect
Phase synchronization condition & passive mode-locking
Nuclei-induced active mode-locking
Emergence of Faraday rotation
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5 Conclusions

M.M. Glazov Coherent Spin Dynamics in Semiconductors 16 / 34



Resonant spin ampliVcation and mode-locking

t

}

}

pump

probe Signal dependence on B at a Vxed delay ∆t

ΩLTrep = 2π

ΩLTrep = π

Resonant spin ampliVcation is
determined by commensurability of spin
precession and pump repetition periods

Kikkawa, Awschalom (1998)
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Astakhov, MMG, Yakovlev, Zhukov, Ossau, Molenkamp, Bayer (2008)

In inhomogeneous systems
certain electrons become polarized
stronger than others (mode-locking)
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Electron spin precession mode-locking

Train of pump and probe pulses, TR is the repetition period
Large spread of electron g-factors⇒ fast dephasing

Signal reappears before the next pump pulse arrival
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~/τp ∼ 1 meV

ΩTR = 2πK
Constructive
interference
exp.: K ∼ 102

Greilich, Yakovlev, Shabaev, Efros, Yugova, Oulton, Stavarache, Reuter, Wieck, Bayer (2006)
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“Passive” mode-locking:
all synchronized modes have same initial phases owing to the pump



Mode-locking is much stronger than expected:

Where are other spins with precession frequecies Ω 6= 2πK
TR

?
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Nuclear eUects: experimental evidence

ΩeUTR = 2π

⇑
Nuclei-
induced
frequency
focusing
⇑

ΩeUTR = π

Very high amplitude at negative delays
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experiment

ΩeU = ΩL + Ωnucl

Feedback of nuclei is necessary
Nuclei-induced frequency focusing
takes place

Greilich, Shabaev, Yakovlev, Efros, Yugova, Reuter, Wieck, Bayer (2007)
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Classical origin of the focusing

B Nuclear spin polarization

m =
∑
i

Ii

Spin precession between the pulses

dm
dt

= [αS(t)×m(t)] + [ω ×m(t)],

dS
dt

= [αm(t)× S(t)] + [Ω× S(t)],

(n− 1)TR < t < nTR

Pump pulse action: m+ = m−

S+
z =

Q2 + 1
2

S−z +
Q2 − 1

4
S+
y = QS−y , S+

x = QS−x

Time scales @ B = 1 T
1 Electron spin precession

2π
Ω

. 0.1 ns

2 Precession in nuclear Veld
2π
αm
∼ 10 ns

3 Pulse repetition period

TR ∼ 10 ns
4 Nuclear spin precession

2π
ω

. 100 ns

5 Precession in electron Veld
2π
αS

& 103 ns

MMG, Yugova, Efros (2012)
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Classical origin of the focusing
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“Active” mode-locking:
spin precession frequencies are synchronized in all dots thanks to nuclei



Alternatives

Random nuclear spin dynamics A. Greilich et al (2006)

Random nuclear spin Wips driven by precessing electron spin:

1
τn

=
α2τc

1 + (Ωτc)2
∼ α2

Ω2τc M.I. Dyakonov and V.I. Perel’ (1973)

Phenomenological electron correlation time τc ∝ 1/Wtr, where Wtr is the
trion creation probability. At PSC nuclear spin Wips stop.

XOur approach shows that the nuclear dynamics is directed!

Dynamical nuclear polarization V. Korenev (2010)

Equilibrium approach/detuned pump:
dmx

dt
= −mx − qSx(mx)

T1e
− mx

T1
A.W. Overhauser (1953)

PSC is generally not stable!?

XNonequilibrium regime for the pump-probe conditions!
XTuning is possible for resonant pump!
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Puzzle of spin-Faraday eUect

Nuclei induce eUective tuning of electron spin precession frequencies to the
synchronous with pump repetition period values

MMG et al. (2010)

Why does spin Faraday signal amplitude grow with time?
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Emergence of Faraday rotation
Inhomogenous array:

Spread of
resonant
frequencies

Related spread of
g-factors

Random nuclear
Velds
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Pump-probe signal calculation
QDs array, correlated distribution of resonant
frequencies, ω0, and g-factors, p(ω0, g):

S(∆t) ∝
∫

dω0dg p(ω0, g)Sz(ω0, g,∆t)×{
F(ω0 − ωpr)
E(ω0 − ωpr)

}

g ≈ 2− 4|pcv|2

3m0

∆

EQDg (EQDg + ∆)

L. Roth (1964); E.L. Ivchenko, A.A. Kiselev (1992)
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Emergence of Faraday rotation

Inhomogenous array:

Spread of
resonant
frequencies

Related spread of
g-factors

Random nuclear
Velds

g

gg

Simple model

F(t) =
1
2

√
π

2τ 2p
exp

[
−∆2τ 2p/2− (Ω′t)2

8τ 2p

]
×[

2∆τp cos
(

Ω̃0t
)

+
Ω′t
τp

sin
(

Ω̃0t
)]

Experiment

Faraday rotation does not reWect “averaged”
spin dynamics of electron ensemble!

MMG et al., (2010)
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Emergence of Faraday rotation

Inhomogenous array:

Spread of
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frequencies

Related spread of
g-factors

Random nuclear
Velds
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Faraday and ellipticity are formed by diUerent ensembles of spins
DiUerent temporal behavior

Faraday rotation does not reWect “averaged” spin dynamics of electron
ensemble



Outline

1 Introduction. Questions to theory

2 Interaction of light with spins
Optical orientation via trions
Detection of spin polarization

3 Spin mode-locking eUect
Phase synchronization condition & passive mode-locking
Nuclei-induced active mode-locking
Emergence of Faraday rotation

4 Spin dynamics in equilibrium

5 Conclusions
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Spin Wuctuations

What would happen, if one measures Faraday or
Kerr eUect in the absence of pump?

M.M. Glazov Coherent Spin Dynamics in Semiconductors 26 / 34



Spin Wuctuations

What would happen, if one measures Faraday or
Kerr eUect in the absence of pump?

M.M. Glazov Coherent Spin Dynamics in Semiconductors 26 / 34



Spin Wuctuations

What would happen, if one measures Faraday or
Kerr eUect in the absence of pump?

Just noise? Spin noise!
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Spin noise spectroscopy

〈ϑF (t)ϑF (t′)〉,

〈ϑK(t)ϑK(t′)〉 ∝ 〈Sz(t)Sz(t′)〉
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Autocorrelations

Transport δv(t) = δv(0)e−t/τp

Electron velocity noise:

〈vx(t)vx(0)〉 =
v2F
2
e−t/τp

DiUusion coeXcient

D =

∫ ∞
0
〈vx(t)vx(0)〉dt =

v2Fτp
2

Spin δs(t) = δs(0)e−t/τs

Electron spin noise:

〈sz(t)sz(0)〉 = 〈s2z〉e−t/τs

Magnetic susceptibility

µzz(ω) ∝
∫ ∞
0
〈sz(t)sz(0)〉eiωtdt
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Spin noise in electron ensembles

Single spin

〈sx〉 = 〈sy〉 = 〈sz〉 = 0 but 〈s2x〉 = 〈s2y〉 = 〈s2z〉 =
1
3
× 1

2

(
1 +

1
2

)

Spin ensemble

√
〈S2i 〉 =

√
N
√
〈s2i 〉 =

√
N
2
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Spin noise theory

Spin Wuctuation δs in a dot

∂δs(t)
∂t

+
δs(t)
τs

+ δs(t)× (ΩB + ΩN) = ξ(t)

Random (Langevin) forces

〈ξα(t′)ξβ(t)〉 =
1
2τs

δαβδ(t′ − t)

spin

random
forces

(δsαδsβ)ω =

+∞∫
−∞

〈δsα(t+τ)δsβ(t)〉eiωτdτ

MMG, Ivchenko (2012)

Zero Veld
Nuclei Wuctuations

(δs2α)ω =
π

6
{∆(ω)

+

∫ ∞
0

dΩN F(ΩN)

[∆(ω−ΩN)+∆(ω+ΩN)]}

(a)

(

(

(

(

Zero Veld peak

Peak at Ω ∼ 〈
√

Ω2
N〉
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Spin noise theory

Spin Wuctuation δs in a dot

∂δs(t)
∂t

+
δs(t)
τs

+ δs(t)× (ΩB + ΩN) = ξ(t)

Random (Langevin) forces

〈ξα(t′)ξβ(t)〉 =
1
2τs

δαβδ(t′ − t)

spin

random
forces

(δsαδsβ)ω =

+∞∫
−∞

〈δsα(t+τ)δsβ(t)〉eiωτdτ

MMG, Ivchenko (2012)

Transverse Veld
Zero Veld peak is
reduced

Main peak shifts
∼ ΩB

(a)

(

(

(b)
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Spin noise theory & experiment

∂δs(t)
∂t

+
δs(t)
τs

+ δs(t)× (ΩB + ΩN) = ξ(t)

Random (Langevin) forces

〈ξα(t′)ξβ(t)〉 =
1
2τs

δαβδ(t′ − t)

spin

random
forces

(a)

(

(

(

(

(a)

(

(

MMG, Ivchenko (2012)

Experiment

Yan Li, Sinitsyn, Smith, Reuter, Wieck,
Yakovlev, Bayer, Crooker (2012)
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Spin noise spectroscopy

Spin noise spectroscopy
provides information about spin precession and dephasing in
close-to-equilibrium conditions
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Prospects & Challenges

Spin control
B

pump pulse

control pulse

probe pulse

3 pulse technique
Chen, et al. (2004)

Economou, Sham, Wu, Steel (2006)

Spin noise spectroscopy

〈S2i 〉 = N〈s2i 〉

monitoring
Faraday/Kerr/Ellipticity
Wuctuations (in an
absence of a pump)

Aleksandrov, Zapasskii (1981)

Spins in cavities
entanglement via spin

Hu, Munro, Rarity (2008)

3D spin tomography

Kosaka et al. (2009)

Smirnov, MMG (2012)
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Conclusions

Faraday eUect and ellipticity
provide complementary information
about dynamics of electron and
nuclear spins in QDs

Coherent spin dynamics of
electrons and excitons in
nanostructures (a review)
Phys. Solid State 54, 1 (2012)

Plan
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