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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 y

systems.
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Pump-probe technique

DICHROISM AND OPTICAL ANISOTROPY OF MEDIA;WITH
ORIENTED SPINS OF FREE ELECTRONS
A. G. Aronov and E. L. Ivchenko Sov. Phys. Solid State

(1973)
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(43 . b2l
non-destructive

A, F. Doffe Physicotechnical Institute,
Academy of Sciences of the USSR, Leningrad
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e Faraday Effect (polarization plane rotation)
o Cllipticity Effect (appearance of the circular polarization)
e [Cerr Effect (polarization plane rotation of reflected light)

Awschalom et al. (1985); Zheludev et al. (1994)
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Quantum dot ensembles
Quantum wells,

free electrons

Ty=132ns  T=2K

§ B=0T
~ g £ — . -
" : Microcavities
I g 15 2
LIS ™ B — i, e
;‘% ' 2\\\]” . 1000 500 0 ??:‘6‘1‘[:)05[; 1500 2000 2500 é ﬁww\g %
g 1y N = A. Greilich et al. (2006) é ”\\.\ ; /\ f
e Single quantum dots ] \W Farde
o E) W ¢ = 5
e o
RT. Harley et al. (2007) m
@ * Domen
[ 60 mT] |
e ] 0 W % A. Brunetti et al. (2006)
% 777777 S0 M.H. Mikkelsen et al. (2007)
c TN Tt ] . . .
g PSRN Pump-probe is a widespread technique to measure
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g . . . .
N on] relaxation times, precession frequencies
» ] @ What can we learn from “microscopics” of signals?

0 200 400 600
time t(ps)
T. Korn et al. (2009)

@ 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
@ Hyperfine interaction of electron
and nuclear spins is effective
Similar physics for quantum wires,
wells and bulk materials with low,
ndag < 1, density electrons/holes

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

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

Experiments:

Cc
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>
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.
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Time, t (ps)

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

Ellipticity, A = 0

FR, A=1.17 meV

Faraday rotation, Ellipticity (arb. units;

-0.5 0.0 0.5 1.0
Time (ns)
MMG et al. (2010)
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@ Origin of the long-living signal at
singlet (S = 0) trion excitation?

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

@ Growth of Faraday rotation
signal with time?
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@ Introduction. Questions to theory

© Interaction of light with spins
@ Optical orientation via trions
@ Detection of spin polarization:

© Spin mode-locking effect
@ Phase synchronization condition & passive mode-locking
@ Nuclei-induced active mode-locking
@ Emergence of Faraday rotation \A

@ Spin dynamics in equilibrium

© 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

1 1
‘ — §>cb |§>cb Semiconductor quantum well or
—— — self-organized quantum dot:
e at ot pump —%—1—1:7%
ot i.e. (e, hh) = (—1/2,3/2)
3 3
- §>vb |§>vb @ ato™ pump 3+ (—1) =3

(normal light incidence)

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

QDI

t — —00

A
YA

T

t — +00

QD2

e

ot

e

t — —00

ot pump = (—1/2,,3/2p)

The carriers with the spins op-
posite to those of photocreated

electrons are picked out

KN

KB

t — 400

Hole spin relaxation/fast spin
precession (@ B # 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: 7, < 7gp, 2 /€,

@ Four level model: two ground states ., s,
two excited states 9.5/,

. . . H

@ Returning electron is depolarized 1-Q2  |© XA

Under o™ pump the wave function transforms as || oos
i® e

¢1/2(t—> +OO) = Q¢ ¢1/2(t_> _OO) R R R I

(@,-0)1/2

o
(d)

-

2

P_1/2(t = +00) = p_y/5(t = —00) P

. . 2 n
Transformation of the wave function means @ /(i

-t
32 -1 0 1 2 3

transformation of the spin (@ aye/2n
Similar to N. Rosen & C. Zener (1932)
v

Parameters Q and ® 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

. . : -1
Spin orientation ~ =~ —

o)

Electron spin § = 2 (¢)|o

MW

1 =1l
o= i S; + ¢
2 4
-+ _ — . —
S, = Qcos®S, — Qsin PS5, ,
Sy = Qcos®S, + Qsin oS, Spin rotation ~ ®

@ Before pump pulse §—, after S*
@ An increase of spin z-component v B ..
@ In-plane components rotation z t éz

Yugova, MMG, Ivchenko, Efros (2009) Yy
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Spin rotation by optical pulse

Circular pulse
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S, = Qcos @Sy — Qsin®S, =AY

S;' = Qcos®S; + Qsin @S; 304

Phys. Rev. B 80, 104436 (2009)
Parameters Q and ® are

. 00 05 10 15 20 25 30 35
determined by the pump pulse Detuning A (mev)

intensity, duration and detuning A e 200y E it Qe

from the resonance (®)
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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 off-resonant pulse rotates spins ]
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Spin coherence detection

QW or ensemble of QDs, ...

Probe: transmission/reflection of
weak linearly-polarized pulse
weak=does not affect spin coherence

HORe

r+ # r— = rotation of the linear po-
larization plane of the probe pulse and
appearance of its ellipticity

trion, exciton, ...

Ellipticity and Faraday
rotation

E+iFoxcry —r

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

e Faraday Effect (polarization plane rotation) (E . >
00 (—. —>
- & (1) 2 _ g 2}
F=tim [ [IEG0F - Bz 0] dt < .. -
o Ellipticity Effect (appearance of the circular :: . :))
polarization) w (_. >
o0 7 - f >
2= Ik [|E<f>,(z, D2 — |E9. (2, t)ﬂ dt 0
z—too J_ <4 2
Probe induced field Spectral function
2 jeldll E+iF
5E(t) = —am () = NeTI() e
c q / / iA(t—t
dt [ dIADfiY)e20")
Il o (n, — ntr)Egmbe S S fOAL)
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o
Yugova, MMG, Ivchenko, Efros (2009)
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Electron spin coherence detection
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@ Introduction. Questions to theory

© Interaction of light with spins
@ Optical orientation via trions
@ Detection of spin polarization:

© Spin mode-locking effect
@ Phase synchronization condition & passive mode-locking
@ Nuclei-induced active mode-locking
@ Emergence of Faraday rotation \A

@ Spin dynamics in equilibrium

© Conclusions
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t spin amplification and mode-locking

pump

be

| | | | |pI|
——
Tr

Y

M.M. Glazov

Signal dependence on B at a fixed delay At

Resonant spin amplification is

determined by commensurability of spin
precession and pump repetition periods

QL Trep =27 Kikkawa, Awschalom (1998)

0.8

0.4

Kerr rotation signal (arb. units)

0.0

-15-10-5 0’5 1015 2 3 4
Magnetic field (mT)

Q _ Astakhov, MMG, Yakovlev, Zhukov, Ossau, Molenkamp, Bayer (2008)
L Trep =7

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,

@ Large spread of electron g-factors = fast dephasing

@ Signal reappears before the next pump pulse arrival

(a) Ta=132ns T=2K

Precession frequency, Q

Faraday rotation amplitude

Distribution function, p,, (3, )

n N | I PN IR N
05 00 05 10 15 20 25 -5 0 5 10 15 20 25 30
Time (ns) Time (ns)

®
e
Resonant optical frequency, w,

A ) B
e
h/Tp ~ 1 meV me B

(ke )Ta

= ey 1P

T
== e

A S:0 constructive | interference ~
| 7

Constructive
interference
exp.: K ~ 102
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Electron spin precession mode-locking

“Passive” mode-locking:

all synchronized modes have same initial phases owing to the pump
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Mode-locking is much stronger than expected:

Where are other spins with precession frequecies 2 # %(? J

(a) Ty=132ns T=2K

B=0T

mmamanas

1T

6T

Faraday rotation amplitude

05 00 05 10 15 20 255 0 5 10 15 20 25 30
Time (ns) Time (ns)
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Nuclear effects: experimental evidence

Very high amplitude at negative delays

I without frequency (@)
0.2 {-focusing
g -
2 ol
Qe Tr = 27 ]
= e 02
eff LR S | model
_,g L L L L L L L
= (b)
i) I
Nuclei- ar
o &
induced [~ experiment
1 1 1 1 1 1 1
freq uency 15 40 05 00 05 1.0 15
focusing B

Qeff = QL + Qnucl

WS Fecdback 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

Nuclear spin polarization
1 Timescales@ B=1T

pump
* m= ZIi @ Electron spin precession
i

2m
— < 0.1ns
Spln precession between the pulses 9
@ Precession in nuclear field
dm 27
I = [aS(t) x m(t)] + [w x m(1)], P 10 ns
ds © Pulse repetition period
T [am(t) x S(t)] + [ x S(t)], Tgr ~ 10 ns
@ Nuclear spin precession

(n—l)TR<t< nlg o

; ' == <100 ns
Pump pulse action: w

@ Precession in electron field

y _ gl O 2—7T>1O3ns
Sy = 2 SAaF i S ~
Sj; = QS; 9 S)—I{ = QS; MMG, Yugova, Efros (2012)
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Classical origin of the focusing

10-

ot (S€C)

N B~ O\
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Pulse area ®

(@)
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Classical origin of the focusing

“Active” mode-locking:

spin precession frequencies are synchronized in all dots thanks to nuclei
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Alternatives

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

Random nuclear spin flips driven by precessing electron spin:

1 o?T, o?

™ 1+ (Qn)? QP

Phenomenological electron correlation time 7. o< 1/ Wi, where W, is the
trion creation probability. At PSC nuclear spin flips stop.

M.1. Dyakonov and V.1. Perel’ (1973)

v Our approach shows that the nuclear dynamics is directed!

Dynamical nuclear polarization V. Korenev (2010)
d —gS
Equilibrium approach/detuned pump: My _ x4 x(1m) _ e
dt Tie T;

AW. Overhauser (1953)

PSC is generally not stable!?

v'Nonequilibrium regime for the pump-probe conditions!
v'Tuning is possible for resonant pump!
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Puzzle of spin-Faraday effect

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

Ellipticity, A = 0

FR, A=1.17 meV

Faraday rotation, Ellipticity (arb. units)

-0.5 0.0 0.5 1.0

Time (ns) MMG et al. (2010)
Why does spin Faraday signal amplitude grow with time? J
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Emergence of Faraday rotation

Inhomogenous array: . .
& Y Pump-probe signal calculation

@ Spread of QDs array, correlated distribution of resonant
resonant frequencies, wy, and g-factors, p(wy, g):
frequencies

S(At) < [ dwodg p(wo, g)Sz(wo, g, At)X

@ Related spread of
g-factors F(wo — wpr)

@ Random nuclear E(wo — wpr)
fields

- 0 ]
o g L Ellipticity A |
(>)~ o 5 " 4 717‘7/2 -rp/zt
8 % -\ < 2 = i
:?); g — o 4| pey| A gn‘
L B ~ o
E 3mo EZP(ES” + A) @ ~
3 S Faraday
§ _5 L. Roth (1964); E.L. Ivchenko, A.A. Kiselev (1992) rotation
o =
é’
4 ) 0 4
[ Q'cp/Zn

5
Resonant optical frequency, w,
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Emergence of Faraday rotation

Inhomogenous array:

@ Spread of . o -.
resonant t:O spin z distribution t>0

frequencies

@ Related spread of
g-factors

@ Random nuclear

e S — oo o

Faraday rotation (arb. units)

fields 0
I‘\ e
I\ s
i v
1 i 1 i I i 1 i 1 1 i 1 i i i 1 i 1
6 -3 0 3 6 6 -3 0 3 6
(05 - ©p)T, (05 - ©p)t,

Faraday rotation
signal appears at

i ) ati =20 t£0

5
Resonant optical frequency, w,

Precession frequency, Q

No Faraday rotation signal

Distribution function, p__, (e, )
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Emergence of Faraday rotation

Simple model

2,2 11)\2
Inhomogenous array: F() = 1 /7 _— —Ar; /2 — (Q1) y
2\ 27} 875
@ Spread of /
~ 't -
resonant |:2A7'p Ccos <Qot) + —sin (Slotﬂ
frequencies Tp

@ Related spread of

Experiment
g-factors 5 ————
R | .
@ Random nuclear g
fields z |
T =
o
ﬂ0.555 _5
3 g |
8 °
£0.550 7|
& -1.0=--05 0.0 0.5 1.0 150 -0.5 -1.0
0.545 X Time (ns) Time (ns)
2 10 12 3 Faraday rotation does not reflect “averaged”

hA (meV)

spin dynamics of electron ensemble!
MMG et al., (2010)
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Emergence of Faraday rotation

Faraday and ellipticity are formed by different ensembles of spins

o Different temporal behavior

@ Faraday rotation does not reflect “averaged” spin dynamics of electron
ensemble
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@ Introduction. Questions to theory

© Interaction of light with spins
@ Optical orientation via trions
@ Detection of spin polarization:

© Spin mode-locking effect
@ Phase synchronization condition & passive mode-locking
@ Nuclei-induced active mode-locking
@ Emergence of Faraday rotation \A

@ Spin dynamics in equilibrium

© Conclusions
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Spin fluctuations

What would happen, if one measures Faraday or

Kerr effect in the absence of pump?
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Spin fluctuations

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

M.M. Glazov Coherent Spin Dynamics in Semiconductors



Spin fluctuations

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

Just noise? Spin noise!
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Spin noise spectroscopy

Magnetic resonance in the Faraday-rotation noise : b
spectrum 201cn

E. B. Aleksandrov and V. S. Zapasskil

{Submitted 23 January 1981)

Zh. Eksp. Teor. Fiz. 81, 132-138 {July 1981)

A maximum at the magnetic frequency of sodium atoms in the ground statc is obscrved near the
5896 A absorption line in the fluctuation spectrum of the azimuth of the polarization planc of light crossing a.
magnetic field in sodium vapor. The experiment is a demonstration of a new EPR method which does not
require in principle magnetic polarization of the investigated medium, nor the use of high-frequency or
microwave fields to induce the resonance.

Contents lists available at SeienceDirect

Physica E

journal www.elseyier.

Invited review

Semiconductor spin noise spectroscopy: Fundamentals,

and challenges <7’9’C(t)19lc(tl)> X <

Georg M. Miiller, Michael Oestreich, Michael Rmer, Jens Hiibner*

Instieut i Festipenphyaik, Loibniz Univers it Hannover, Appelitras 2, D-30167 Hannaver, Gemany

sample in optionzl trans-
varee magnetic field
x & \Uytﬂ polarizing
: beam splitter

lincarpolaized
laser source

‘(}) frequency f (MHz)

FFT epoctrur analysic - balinced reseiver
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Autocorrelations

Transport  v(t) = dv(0)e ¥/

Electron velocity noise:
VZ
(D) x(0) = T
Diffusion coefficient

V%Tp
2

D= /Ooo<vx(t)vx(0)>dt:
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Autocorrelations

Transport  v(t) = dv(0)e ¥/

Electron velocity noise:

Electron spin noise:

z

i
(ve(D)ux(0)) = e (5:(1)5,(0)) = (2)e~/™
Diffusion coefficient Magnetic susceptibility

V12~"Tp
2

D= /Ooo<vx(t)vx(0)>dt: (W) o /Ooo<sz(t)sz(0)>eiwtdt

M.M. Glazov Coherent Spin Dynamics in Semiconductors



Spin noise in electron ensembles

Single spin
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Spin noise theory

Nuclei fluctuations

Spin fluctuation §s in a dot
(652)0 = = {AW)

00s(t) N ds(t)

+ ds(t) x (2 + ) = £(2)

ot T

+ / dQy F(Qy)
0

Random (Langevin) forces [A(w—QN)+Aw+W)]}
T oo "y

050
10
z |
5 ol
< 10
[0k —— T i
wid,

v /(5sa(t+7)(5sﬁ(t)>ei‘”d7 T

—00 @ Zero field peak

MMG, Ivchenko (2012) ° Peak at Q ~ <\/Q>2N>

4

(050058)w = o

random 5
forces
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Spin noise theory

Transverse field

@ Zero field peak is

Spin fluctuation §s in a dot reduced
96s(s) 5s(t @ Main peak shifts
;E)Jr :_()+5S(t)X(QB+QN):§(t) ~ Qp

Random (Langevin) forces

random (6804586)“) - . \”1 ©)
- forces 20
. 21 \
v / <5Sa(t+7')(5$ﬁ<t)>elw7- d’i’g’ . 2N
— 00 S 0.5
MMG, Ivchenko (2012) il
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Spin noise theory & experiment

09s(t) n ds(t)

+ ds(t) x (B + Q) = £(1)

ot T
Experiment
Random (Langevin) forces N -
N
< l@
Y5 g Indication =8,
S of B,
£ ve
5 \ 200
2 4
8_ 1) 150
2,0l T 100]
5 2
c \ S~ 50
el = -\
random & o B=0C

forces

0 10 20 30 40 50 60
Frequency (MHz)

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

a,
MMG, Ivchenko (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

Spins in cavities
entanglement via spin
Sp[n control Spln noise spectroscopy (N+[Y)2  alr)+ple)  alr)+ sy

spin photon1 photon2
A = 0 hput
# + output
1 l ‘ i QD-Cavity
* * + Hu, Munro, Rarity (2008)

3D spin tomography

| () = N(s) ’

control pulse

2 projection

probe pulse MoOnNitoring
Faraday/Kerr/Ellipticity

3 pulse technique fluctuations (in an

Chen, et al. (2004) absence Of a pump) Kosaka et aI (2009)

@ B ()
Economou, Sham, Wu, Steel (2006) Aleksandrov, Zapasskii (1981) . (ww ,—,@
At oy
iy o(1/2) 7

Smirnov, MMG (2012)

pump pulse I
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Faradey effectand elipicity (RS

provide complementary information @ Introduction. Questions to theory
| about dynamics of electron and

nuclear spins in QDs © Interaction of light with spins
© Spin mode-locking effect

Q@ Spin dynamics in equilibrium
© Conclusions

E.L. Ivchenko, D.S. Smirnov (loffe Inst., Russia) == B
I.A. Yugova (St.-Petersburg State University, Russia) : E
ALL. Efros (Naval Research, USA) A" -SOEAB

E.A. Zhukov (Moscow State University, Russia) [
D.R. Yakovlev, M. Bayer (TU-Dortmund, Germany)
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