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WUcTopus Bonpoca

BeeaeHMWe B Teopuio AYKTYyaLmit

DAEKTPOHHbIE U SAEPHbIE CMIUMHOBbIE BAYKTYaLLMK

* MoaAeAb LeHTpaAbHOrO CrnnHa

* CnunHoBble GAYKTyaLMM B PEXXMME MPbIXKKOB

* D¢deKkTbl 0BMEHHOTO B3aUMOAENCTBUSA

* CnuHoBble GAYKTyaLUMM AP OCHOBHOM PeLLETKM
Cnu1HOBbIE LWYMbl B HEPABHOBECHBIX YCAOBUAX

» KeaHTOBbIM Napapokc 3eHoHa

* LLyMbl 3AeKTPOHOB B YCAOBUAX MOASPU3ALIUU SAEP
OnTuyeckas cnekTPOCKOMNMUs CMUMHOBBIX LLYMOB
3akAloHveHUe
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Velocity: Jv(t) = dv(0)e /™

= VFTp

Velocity/current noise:

02
<5Ux(t)5vx(0)> = ?Fe_ltVTP (ZD)
Conductivity

() /0 " (602 (£)50:(0))e ! dt

Johnson, Nyquist (1928)

Fluctuation dissipation theorem: Callen, Welton (1951)
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Velocity: 6v(t) = dv(0)e /% Spin:  Js(t) = ds(0)e /™

= VFTp

Velocity/current noise: Spin noise:
U% —|t|/7 (85,(t)65,(0)) = 1 -1t/
(60:()60:(0)) = e /% (2D) 52(1)05:(0)) = e
Conductivity Spin susceptibility
o' (w) oc/ <5vx(t)5vx(0)>ei“’tdt paz(w) °</ <5sz(t)5sz(0)>eiwdt
0 —00
Johnson, Nyquist (1928) Bloch (1946)

Fluctuation dissipation theorem: Callen, Welton (1951) 4/ 65



Unpolarized electron

(50) = (s) = (o) =0, but (s2) = () = (s2) = 5 xs(s+1) =




probe beam

) ,
(st = 000

sample

Na vapors

Direct detection of spin fluctuations by Faraday effect: polarization plane
rotation angle is proportional to the instant sample magnetization

Spin noise spectrum:  (852), o (60%),  (usually measured)
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Experiment by Aleksan

probe beam

} o (85, (t)05,(£))

Na vapors

Magnetic resonance in the Faraday-rotation noise
spectrum

E. B. Aleksandrov and V. S. Zapasskir

(Submitted 23 January 1981)
Zh. Eksp. Teor. Fiz. 81, 132-138 (July 1981)

A maximum at the magnetic resonance frequency of sodium atoms in the ground state is observed near the
5896 A absorption line in the fluctuation spectrum of the azimuth of the polarization plane 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.

Direct detection of spin fluctuations by Faraday effect: polarization plane
rotation angle ¥ r i is proportional to the instant sample magnetization Js.

Spin noise spectrum:  (ds2), o (68%),,  (usually measured)
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Spin noise spectrosco

atomic gas (Na) atomic gase (Rb) bulk GaAs

n-GaAs, B =35mT

Spin noise (nV
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Aleksandrov, Zapasskii (1981) Crooker et al. (2004) Oestreich et al. (2005)

Spin noise spectrum
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Spin noise spectroscopy: ove

atomic gas (Na) atomic gase (Rb) bulk GaAs
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Aleksandrov, Zapasskii (1981) Crooker et al. (2004) Oestreich et al. (2005)
quantum dot ensemble single quantum dot microcavity

L probe: 2mW, 833.45 nm; sample at 5.3 K |— |

13 single (InGa)As Q
B =0mT

experimental data
Lorentzian fit

200
T=6K; Bx(Gauss)=0

200 300 400 005 010 015 020 025
Frequency (MHz) noise frequency v (MHz)

Li et al. (2010) Dahbashi et al. (2013) Ryzhov et al. (2015)
Direct measurement of the Larmor frequency and spin relaxation time

Faraday rot. noise power (nrad®/Hz)
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Classical random variables (steady, but possibly non-equilibrium state)

Average

1T
(854(1)) = lim > /_ _SSu()dt, w =%,y z

Second order correlation functions
C,X'B(T) = <5Sa(t == T)&Sﬁ(t»
In quantum mechanics

Cap(T) = ({054t + T)dgﬁ(t)}Qr 855 = Su — ()
symmetrization: { AB}; = (AB+ BA)/2

Single electron, thermodynamic equilibrium, |gupB| < kgT

(35u(0)355(8)) = ({850(5)055(1)}s) = =2

see, e.g., Landau, Lifshits, vol. V 9/ 65



Single electron, thermodynamic equilibrium, |¢upB| < kgT

(35u(0)355(8)) = ({850(5035(1)}s) = =2

@B — 0 dds(t) o JOs(t)
ot T

We need to introduce some agent which supports fluctuations
= random or Langevin forces. These forces are fictitious:

=0 = Is(t) =0s(0)exp(—t/1)

ads(t)  Is(t)

TaR - =£(t) = 5s(t):exp(—t/Ts)/_:of,’(t’)exp(t//’rs)dt’

Random (Langevin) forces

E(1)) =0, (Zalt)Ep(D)) = o bupb(t — 1)

2Ts

see, e.g., Landau, Lifshits, vol. V 10/ 65



(E(D)) =0, (Zalt)Ep()) = s bupb(t — 1)

2T

&(t) = ds(t) =exp(—t/rs)/_too§(t’)exp (t'/7)dt’

(35u(t + T)3sp(8)) = 2L exp (/)

—+o0
d .
;2:10e0$m (5sa55ﬁ)w = / <5S“(t = T)ésﬁ(t)>e1wTdT
7'[ 1 TS
(550655‘3)(4} = (SﬂtﬁEA(w)’ A((U) = %1 o (UZTSZ
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(E(D)) =0, (Zalt)Ep()) = s bupb(t — 1)

2T

90s(t) L 95) _ ) o 5s(t)=exp(—f/Ts)/_:o§(tl)eXP (t'/7)at’

(35u(t + T)3sp(8)) = 2L exp (/)

Kinetic equation for correlation functions
a<5sa(t1)(55‘5(fz)> n <5Sa(t1)(5s‘3(t2)>
atl TS

The fluctuations obey the same kinetic equations as the average values
Initial conditions follow from the steady-state density matrix

=0
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(E(D)) =0, (Zalt)Ep()) = s bupb(t — 1)

2T

&(t) = ds(t) =exp(—t/rs)/_too§(t’)exp (t'/7)dt’

(35u(t + T)3sp(8)) = 2L exp (/)

Quantum approach

(054 (£)d5p(0)) = ({exp [—iLI(#)]054(t) exp [iU(£)]084 }s)

Y (11|08 |m) (| 635 1)
I~ Wy — Wy + 1y

11 /65



Spin noise in external magne
a(ss(t) 5S(t) _ if(f); |g.uBB|

—|-(SS><QB+

1
ot Ts kBT <

B t ‘ A)
; sample )’jz

T
time &
frequency

frequency

Con(t) = iexp (—[t/Ty) Con(t) = iexp (=|¢/Ts) cos (Qgt)
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8 SAeKTpOHHbIE U AAepHbIE CrMHOBbIE GAYKTYaLMK
* MoaAeAb LeHTpaAbHOro CrnuHa
* CnunHoBble GAYKTyaLMM B PEXXMME MPbIXKKOB
* D¢deKkTbl 0BMEHHOTO B3aUMOAEHCTBUSA
* CnunHoBble GAYKTyaLMM AP OCHOBHOM PeLLETKM
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Systems with localized charge carriers:

Singly charged quantum dots, quantum wells (na% < 1), ensembles of
donor-bound electrons or acceptor-bound holes in bulk semiconductors

Material systems: GaAs, GaAs/Al,Ga;_,As, In,Ga;_,As, etc.

» Localization = spin relaxation suppression
‘ » Discrete spectrum = resonant optical
response
y * Hyperfine interaction = random
- o4 nuclear fields (Iga = Ias = 3/2,
Inn=5/2, I, =9/2)

Spin noise spectroscopy

provides access to slow intertwined electron-nuclear spin dynamics

14 /7 65



7%5 59/5/3 7%/5 Uea ™As 6a 75\;&5%:% i‘a%% 3As "'Ga
“&a 7%5 7'#3 8As "'Ga PAs "'Ga 7946 Sea s 26a 1A P6a s
TasGa’*As 'Ga 75/@&&5 ®Ga 7%5 TiGa 54s oy 3xs Ofa
"\?a T3Ks "%a Las ©ca °As HiGa s ““#a Tas*ga %?Ga A8
T5ms ©Ga s 26a *As Ga As 9ha Mg "GaT5As 7 Ga s TIGE
"Ga 7%5 5%3 75#5 e§\a %%%%“‘s *96a""as “Ga 7#5
As 7%3 75¥s se%a 75#{3 tiga 5s IgE Bas "#a "As "%a Sas "'Ga
Moa A 965 s 063 “*As “6a "As %ﬁ’%s 7‘ﬁaﬁ«s‘¢a s
75%511&7515 ®Ba"3As i*‘As “GaZias ‘#a%% 75%5 "%/a
@a 7%5 Bga "As PGa As Ga "Ag @5 7xs %GaAs se\ﬁa 75%5
as ’\:{a TSRS fba "As ' Ga T34 IGaliAs TGa T As 6T "% “ﬁa
7%3 3As ®Ga As 8¢31§B% 7955 1Ga T9hs 2Ga T As ”§a "/{s
Toas 965 s “Ga "As SS#afﬁ\sﬁhea "ns \OTAs “Ga As Hoa
‘Ga”/{s ”&a SKs Qga°AS ’}‘a s "Ga"As"Ga 75A9“¥a 75‘\5
7%5 °¢a‘ﬁ\s "*a 7%5 TigaT*AS ©Ga jAs "1Ga "As "'Ga 75%5 “Ga
s&a % %a 75¥s %%\a 75¥s 5%15'“%315 S s#a 7%5

Contact interaction:

Hyp = Avo(1-8)|gc(R)[?

A ~ 100 peV

Nuclear spin fluctuations
Overhauser field

A

QN ~

~fix

\f..”,r 3

. ° -
number of nuclei Ve s rony
L 4

N, ~ 10*...10°

Nuclear field is largely static on the time

scale of electron spin dynamics:
A
th ~ N/ gnVNB < hQN
Knight field
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Hamiltonian of the problem:
o

Nn " ";.A
H=Y Aul,-8) = 3’{
=1 g .
central spin § interacts with the bath ‘ ® g ° :
‘ b i N @ z

(N, > 1) of nuclear spins I,,
Box model: exact solution (total spin is conserved)

Av=Ay = H=A) (1.-9)



Box model: temporal dyna

S.(t M, M) = 2(2Ml+1)2 {(2M, —1)?
+4(M — M, +1)(M + M) cos [Ag(M +1/2)t]}

(2M +1)N,

Unpolarized nuclear bath (N, x [ =1/2) N(M) =
(% +Mm+1)r (NT —M)!

Kubo, Toyabe (1967); Merkulov, Efros, Rosen (2002); Bortz and Stolze (2007); Kozlov (2007)
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Semiclassical approac

distribution of nuclear fields 7 (Qy ), F(Qn) = [ dayF(Qn)

47‘[2 —02 /82
E( ):We e

QN,J;

S 2S5 1252 1252
S(t) = §0+70 (1— 2€>exp (— 46)

Exactly matches quantum approach in the box model at N, — oo

Kubo, Toyabe (1967); Merkulov, Efros, Rosen (2002); Bortz and Stolze (2007); Kozlov (2007) |8 / 65



dds(t)

n Js(t)

Spin fluctuation Js:
pln uctuation os af -

+ 0s(t) x (Qp + Qn) = &(t)

Random (Langevin) forces
(E(1)2p(0) = 5-0upd(¢ = 1)

(fictitious, determine the amplitude of fluctuations)

+o0
ancom (950058 ) = / (Osa(t +T)dsp(t))el“ dT

forces —00

no field Oy, O = 01 (J54655)c0 = 5aﬁgA(w)

1 Ts

Aw) = 71+ w22
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Role of static nuclea

distribution 7 (Qy), F(Qn) = [ dunF(Qn)
z

=10
10° 102 10" 1
wl o,

9
Two-peaks at w > 0:
((SS%)‘U = % {A(w)+/ooonNF(QN) [A(w+QN)+ ]}

MMG, Ivchenko (2012) 20/ 65



Role of static nuclea

distribution 7 (Qy), F(Qn) = [ dunF(Qn)

Temporal representation

e"l/s 11 2 1252 1252
(884 (t + T)ds4(t)) = 7 [3 +3 (1 == )exp (— i )]

MMG, Ivchenko (2012); cf. Kubo, Toyabe (1967); Merkulov, Efros, Rosen (2002) 21 / 65




Theory and experiment (overvi

Frequency domain Temporal domain

52)ws arb. units

3233.3
222

2

i
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w/ b,

(82)ws arb. units
(

MMG, Ivchenko (2012)

g

o
PL Intensity
(arb.units.)

1000
Time (ps)

‘Spin noise spectrum (),

experiment
g

g

o
g
Circular Polarization (%)

Time (ps)

Berski, ..., MMG (2015) Kalevich, Kavokin




InGaAs quantum dot e

loffe Institute + TU-Dortmund (Germany)

External transversal magnetic field
p-doped sample

E Parameters:

Q

B » Electron & hole
5 g-factors
s |ge| = 0.55,
2

2 | n-doped sample |gn| =0.15

c

[}

g » Hyperfine
2 constants
& 3¢ = 70 MHz,
Q

[ 5, = 40 MHz

Glasenapp, Smirnov, Greilich, Hackmann, MMG, Anders, Bayer (2016)
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8 DAeKTPOHHbIE U SAEpHbIE CMIMHOBbIE GAYKTYaLMK

* CnuHoBble $AYKTYyaLlMU B peXXKMME MPbIXKKOB
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Partially compensated semiconductor

Kinetic equation for spin fluctuation

ds;

= nixsi+2[wijs]-—wﬁsi]—vssi+gi(t), i=1,...,N,j=1,...,
]

j :.\ Wj ‘ *
" 4-1- b
Spin precesses at a given cite with the rate (); and hops between the sites

with the rate Wj; (i — )
25/ 65



Partially compensated semiconductor

ds; ) )
d—t‘ = O; x S+ )_[W;iS; — W;iSi] —vsSi+&;(t), i=1,...,N,j=1,...,
j

1 T(Tw) T(T-w) 1 .
2 _ 4 w w R _
(S2)w =7 [1 TWoT(%,) T T WoT(r o) |’ = Wi

T

T(r) = 5

4 41
[1 - (6,7)2  (6,7)3 exp (—1/8%7?)erfc(1/6,7) | .

T = WO_1 correlation time, WyJ, is arbitrary

Equivalent to the case of the nuclear fields correlator:
(O (t)Onp(t)) o« dupexp (= [t = |/ T)
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Equiprobable hops - Il

1.0

Flequen(\ o
Electron hopping redistributes the spectral weight between the

zero-frequency and precession peaks

MMG (2015)
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Bulk ultra-pure GaAs

loffe Institute + Hannover University (Germany)

experiment
~ 03 === full theory SN o (55§)w(0) - (‘553):0(22 mT)
=
re ' = B=0mT
i;/ — B=22mT Ag/g=0%
i = B=22mT Ag/g=10% l
] /
: Wk
g . “
4
7

—-0.1

100 150
frequency v (MHz)

Extracted parameters:

correlation time: T, ~ 37 ns (N; ~ 10* em~3)

hyperfine fluctuation: Ag ~ 4.6 mT (4, ~ 29 MHz)

Berski, Hiibner, Oestreich, Ludwig, Wieck, MMG (2015)
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Spread of hopping times

2X1']'
ID geometry Uy = v

a

—na = 0.2

—na =04

(68%),, (arb. units)

Y1 ~exp (—|z —x1|/a) s ~ exp (—|z — x2|/a)

pair states  “reaching” state

2 _ 7T ™a
(5sz)w—ﬁm, w — 0

Shumilin, Sherman, MMG (2016)
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8 DAeKTPOHHbIE U SAEpHbIE CMIMHOBbIE GAYKTYaLMK

* D¢PekTbl 0OBMEHHOrO B3aMMOAENCTBUSA
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AHcaMbAb AOHOpOB

[AMMABTOHMAH ABYX B3aUMOAEWCTBYIOLLUX SAEKTPOHOB:

A

H =75 + 7005 +2 ,

MeAkne AoHOpbI B MoAynpoBoaHuke Tuna GaAs:

e (R\*? 2R
R) ~0.82— [ = _==
(R) €ap <ﬂB> exp( ﬂB)

Fopbkoe, Mutaesckuit (1963); Herring, Flicker (1964)

O6MeHHOE B3aMMOAENCTBUE BAXKHO
npu /(R) ~ iQy = n ~ 10 em3

31765



MpeaeA cuabHOro obmeHa,

MoaHbIM cnuH VI = 0, 1 — xopoluee KBAaHTOBOE YUCAO.
= S1 + S MpeLeccUpyeT B «yChegHEHHOM) IAEPHOM MOAE:

51— 852
2
=0, npu [>h(0) -

d Q Q
—:lesl%—ﬂzxsz:gx

dt 2 i (= )

» 08
.:ES S1
0.6
o S92
§ 04 Ql
“ R
o 02- v.... .7 s NG 1 s
o Q5
0.0
0.

O6MeHHOE B3aMMOAEMCTBUE CABUMAET MUK MPELLECCUU € W = I, K 3./ V2.
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MoaAeAb KAACTEpOB AAS aHCaMb

Kaacmep — rpynna AoHOpOB, CBSI3aHHbIX CMAbHbIM 0bMeHoM: | > fid, /3.

BespasmepHas NAOTHOCTb

n= gRg’n <034

onpeaeasieT ctatuctuky p(N) —
BEPOATHOCTb HalTK KAacTep u3 N
AOHOpOB

33/ 65



CUAbHOE 0bMeHHoe B3aMMOAeﬁCTBMe pacLienAseT
7:[0 = ]ikgigk COCTOAHUA MO NOAHOMY MOMEHTY
i#k M=N/2,N/2—1,....

SAEPHbIE MOAA PaCLLEnAAIOT COCTOAHMA C AaHHbIM M
A Ha 3KBMAMCTAHTHbIE MOAYPOBHU. DTO IKBUBAAEHTHO
V=nh Zﬂisi abdpekTuHOMY noao Qg ~ &,/ /2 M,
1

AeWCTBYloLLLeMY Ha cnuH M.

M=3/2 /- (3/2,1)

- [3h9€ff ~ /3hé,
~J

= é M=1/2 ¢hﬂ(l/2 D s

o eff
M =1/2y (1/2,2)
}ncf ) ~ hé.
) N (M)
(SuSp)w =Y, P(N) Y. Y Sup(N,M,L;w)
N=1 M =1
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MoAeAb KAACTEepOB: pe3yAbTa

(S N (M)
(Sg)w :I\;lp(I\DZ IZ Sz(N, M, ; w)
= =

M

CnuHOBbIN LyM 3aBUCUMOCTb
OT KOHLIEHTpaLmu, 71 (cm )

B kAacTepe u3 N AOHOpPOB

z22zZ22
I nnu
ArwNBE

(652),, (arb. units)

ObmeHHOe B3aMMOAENCTBUE NMPUBOAUT K KYCPEAHEHMIO» CAYHaMHbIX
SAEPHbIX MOAEN U CMELLLEHUIO NPELLECCMOHHOTO MUKA K HU3KMM YacToTam

CmupHos, MM, Usuerko (2014)
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8 DAeKTPOHHbIE U SAEpHbIE CMIMHOBbIE GAYKTYaLMK

* CnuHoBble AYKTyaLMM SAEP OCHOBHOW PELLETKU
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Hyperfine interaction with electron spin:

3Ks $9a 1545 1Ga A “i6a "*hs WeaT5AS TGa 3as 'Ga 5AS Taa

s%ﬂ 7%5 "#a 8As 'Ga *As "Ga A6 %57xs 9Ga °A5 “6aAs
. . I 2

lins“oaﬁns"ea”m.%s 59zsa’sﬁs,"ea”As”G 7355 9a th - AUO (I . S) |(PC (R) |

5%3 7jA/s 7'§a 135 65 °As %Ga 75%5 59#3 ps%9ga %EigGa A8

%%7\5%7%57‘§a75/Asﬁ¢a”A§”Ga“As Ga s 'Ga A ~ 100 er

‘a’%s S%a 75%5 %@%%%%"‘s *96a""As “Ga 75%5 A

e e e o e e e e R A e K ighe fleld : (p ~ o < 106 sec” !

Mea s 63 As Paa As WGa75Asmsi75§s"ﬁam§s°,£a"As hN

75%5%75/559637%}?5“SSGH%B%HM%T%S% Dipole-dipole interaction:

%7%5%75/*559(3375/;5 9Ga "Sag & 7xs°s#a“~“\qa7#s

%’ka%"’ﬁa s TiGa T3k %;ﬁAs MigaTSas S’&ﬁ“&s Bsﬁa " Al n )l

7%5%%‘5‘#31%%7§A571Ga75A5agGaﬁAs"%a”/{s H . VIP[II I . I . 3 (I . r) . (I . 1’)

“‘h%ﬂs“ﬂn’%s“#a’\sﬁsa As -Assgﬁa%ﬁez dd — III r3 r5
%ew/(ssséavs s%a%’}‘Qa7}«3”Ga“As”Ga"As“#a’#\s

7 6 mﬁ’ 75 %75 %75 s71 a75 s7 75 %ﬂ 1 _

s%s %a %a ﬂs 3 5AsT!Ga"As "'ga #s -~ 104 e 1

‘%\a 245 ®Ga 75\5 %%%\a 7%5 5% T asGa " As "%a 7%5 *
Quadrupole interaction:

2V |e|lQ 3 .. . —
HQ_%aruarﬁM(ZI—l) [—(Ialﬁ-l-lﬁla)—l(l—i-l) ; -+ 10° sec

2
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SN power density (arb. u.)

Nuclear spin noise

— fit
— Lorentzian

spin noise

L
30 20
frequency v (kHz)

— full model

— Lorentzian
— Maxwellian
~ Gaussian

« spin noise

— linear fit
+ data

il il
10" 107 10

n,, (em™)

T
frequency v (MHz)

(n 'qm) Ansudp NS

(619%‘ )nucl ~
(619%“ )electron

Berski, Hiibner, Oestreich, Ludwig, Wieck, MMG (2015)

theory: Frohling, Anders, MMG (2018)
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Dynamical nuclear fluctuat

H; = + Vaplo,ilp,i

3 L ltnlkim)a (- S5

(6IZ))w

Experiment

Theory

(0 “que) AusudP NS

20

40 v \\;\—‘{L\
o\\)e“ O

(‘51912?)nuc1 1073
(00 )etectron
[ /electron

Berski, Hiibner, Oestreich, Ludwig, Wieck, MMG (2015)
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Nuclear spin noise in CSM

Approximate and exact solutions of
the central spin model

—_
0
=
c
=}
el
—_
©
-
3
~
o x
2
=

» Hyperfine interaction suppresses
nuclear spin precession

* NSN spectrum shape is sensitive

to the electron wavefunction
Frohling, MMG, Anders (2018)
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# CnuHoBble WYMbl B HEPaBHOBECHBIX YCAOBMUAX
* KBaHTOBbIM NapapoKc 3eHOHa
* LLlyMbl 3A€KTPOHOB B YCAOBUSAX MOASPU3ALIUK SAEP

41 / 65



Nonequilibrium sp

E. L. Ivchenko, Fluctuations of spin polarization of free carriers in semiconductors,

Semiconductors 7, 998 (1973)

YIK 621.315.592

K BOMNPOCY O ®IYRTYALMAX
CIINHOI TOJAPU3AINI
CBOBOJIHLIX HOCH Eil B HIOJYIIPOBOJHHKAX

E. JI. Nsuenxo

“The theory of fluctuations of spin polarization of free carriers is developed
from the first principles for the non-equilibrium conditions where the crystal
is illuminated by the circularly polarized light and the vector of total spin is
non-zero in the steady state.”
» Optical orientation of spins has already been demonstrated
experimentally and described theoretically
Lampel (1968); Dyakonov, Perel (1971); Ekimov, Safarov (1970); Zakharchenya, Fleisher, Dzhioev, Veshchunov, Rusanov (1971)
* Non-equilibrium fluctuations of electric current are extensively studied
Gantsevich, Gurevich, Katilius (1970)

« Each non-equilibrium problem requires special consideration (no FDT)

in some cases generalizations are still possible: Svirskii, Svirskaya, Vonsovskii (1980) 42 / 65



Suppression of longitudinal spin fluctuations

2 _
(852)w = p) 1+ (wTy)?

—1 < P; < 1 is the electron spin polarization, 7, accounts for the
generation-recombination noise

Qualitative description, similarly to the magnetic field effect

@ =g OH=g-6P<;

I

E.L. Ivchenko (1973)
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M+RM =0, M;i(t) = (8S,i(1)8S,j(t+ 7)), i,j=ge

R — (Te_1+G _%O:G ) G = ’)/’Vl?.
_ P (

(a)
probe
UVAVAVAVAVAV. o —)Z
() 3/2 -3/2
~Th =
G G

12 4~ 7, A2

(5S§,e)w = 'g Te_1 +G

2
=

@
S

w = w0+ 7

Frequency (wtp)

0.0 0.2 0.4 0.6 0.8 1.0

—w —

Frequency (wty)

5 il
GG+t e

Th_l 4F To_l +G—iw MMG (2016)
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Spin and reoccupation no

photon energy (meV)
1396.905 1397.055 1397.205 1397.355 1397.505

PL intensity (arb. u.)

total SN pow

laser detuning A (pieV)
Two contributions to the Kerr rotation noise:

30k (t) < A(A)8S;(t) + C(A)B.on(t)

spin noise reoccupation noise

Probe absorption induces fluctuations 67 (t); on® < n(1 —n)

(a) + experimental data
—— Loren a
— Lorentzian p
double Lorentzian fit

00 05 10 1.5 20 0
frequency v (MHz) laser detuning A (peV’

non-equilibirum SNS theory: MMG (2016); experiment: Wiegand, Smirnov, Hiibner, MMG, Oestreich (20I8)45 /65



# CnuHoBble WYMbl B HEPaBHOBECHBIX YCAOBMUAX
* KBaHTOBbIM NapapoKc 3eHOHa
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Measurement eff

Excitation breaks phase of the spin precession

@+5sxﬂ+§+Gés—ﬁeZ:§
dt Ts T
asj  oj . 1 1 1
E—F;T 8= 6w TT_TO+TS,T
Effective precession frequency
» G212
0= /02- =T <0
415

Poltavtsev, Ryzhov, MMG, Smirnov et al. (2014)

Quantum Zeno effect
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Quantum Zeno

Arrow paradox

If everything when it occupies an equal space is at rest, and if that which is in
locomotion is always occupying such a space at any moment, the flying arrow
is therefore motionless.

as recounted by Aristotle, Physics VI:9, 239b5

/\emw,aﬂ CTpeAa HErNnoOABUXHA, TaK KakK B Ka>KAbIA MOMEHT BpeMeHU OHa
3aHUMAET paBHOE cebe NMOAOXEHUE, TO €CTb NMNOKOUTCA; MOCKOAbKY OHa
MOKOUTCA B KaXKAbIA MOMEHT Bpe€MeHU, TO OHa NMOKOUTCA BO BCE€ MOMEHTDbI
BpEMEHU, TO €CTb He CyLUEeCTByeT MOMEHTA BpEMEHU, B KOTOPOM CTpPEAa

COBEpLUAET ABUXKEHUE.
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Theory and experiment

(@)

AlGaAs
A-cavity /GaAS Qw DI?R

Reflection

tunable Ti:Sa cw-laser —

balanced

photodetector~

cryostat with ' |~ 650nm diode laser
sample

Probe power:
— 025mW
— 05mW
— 075mW
— ImW

SN power (a.u.)
w
% aaman

©

N S S PSS B S
50 100 150 200
Frequency (MHz)

=)

= e

Probe intensity dependence ((1)

50 100 150 200

Frequency (MHz)

Magnetic field dependence (b)

B=95mT

B=145mT
B=195mT
B=245mT
B=295mT

50 100 150 200
Frequency (MHz)
Poltavtsev, Ryzhov, MMG, Smirnov et al. (2014)
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Effect of dyna

Spin fluctuation Js: E)é;t(t) + 55T(t) +0s(t) x (Qp+Qy) =
S
Three-stage protocol

» Optical cooling of nuclear spins

1

m X Pcirc : B/ ’®N| < Tlatt

* Reorientation B || x

QNO< >>QB

B
kp®n
« Spin noise measurement Real-time measurements of nuclear

spin dynamics
(652),, () = OQn(tab)

proposal: Smirnov (2015) IRytivevh e ell, (@15 20016
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Effect of the nuclear frequenc

Under pulsed excitation with the repetition period T the nuclear spins tune
the electron spin precession in such a way that

yQB+QN|_ 1< KeN

spin mode-locking effect

Jaschke, MMG, Anders (2018)
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. OnTuyeckas CMEeKTpOCKOonma CrinHOBbIX LUYMOB

52/ 65



Experiment by Aleksan

Magnetic resonance in the Faraday-rotation noise
spectrum

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 resonance frequency of sodium atoms in the ground state is observed near the
5896 A absorption line in the fluctuation spectrum of the azimuth of the polarization plane 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.

probe beam

Direct detection of spin fluctuations by Faraday effect: polarization plane
rotation angle ¥ r i is proportional to the instant sample magnetization Js.

Spin noise spectrum:  (852), & (60%),  (usually measured) 53/ 65



Spin noise and Raman effect

B. M. Gorbovitskii and V. I. Perel Optics and spectroscopy (1983)

Conventional Raman effect

1) o [{E()E*(0))e dt

Eyexp(— 1wt)+
OB (r,t) exp (—iwt)

-Qp w w+ Qp
Spin noise spectroscopy
(61%)q = [(61(t)51(0))e*d4

4z 1By + BEg X e.65.(t)
Wy — W — i’)/o

Eyexp (—iwt)

Gorbovitskii, Perel (1983); MMG, Ivchenko (2012); Zapasskii et al. (2013); MMG, Zapasskii (2015)
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CnuHoBbIK 3P PeKT Papases

BTOPMHHOE MOAE:

inEg + BEy X e;S;

E; = e—iwt+iqz
wp —w —iyg

Yroa ®apapes:

2§R{EO,XET,]/} CL)O — W
JE ~
|Eox|? (wo — w)? + 73

72
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CnuHoBbIK 3P PeKT Papases

BTOPMHHOE MOAE:

E. — o lwttigz inEy + BEg X e:S;
! wo — w — i

Yroa ®apapes:

- 23%{]50,9: iky} wo — w

e 2 (wo — w)? + 73

MMG, Ivchenko (2012); Zapasskii et al. (2013); MMG, Zapasskii (2015) |E0,X

0.25
2020
£0.15

£0.10

)
& 0.05
0.00
-10 -5
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DAYKTyauum papaseeBCcKOro B

OAHOpOAHOE yLuMpeHUe HeoaHopoaHoe ywmpeHue (7 > o)

—w)? (w — wp)?

50%)0, o (52) (W0 = @) 59%) & (52)q ex [— }
( ]:) ( Z) [(WQ—CU)2+’Y(2)]2 ( f) ( Z) p ,)/2

MMG, Ivchenko (2012); Zapasskii et al. (2013)
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JKCNepuMEeHTaAbHbIE UAAKOCTP

OaHopoaHoe ylLuMpeHue HeoaHopoaHoe yLumpeHue
(wo — w)? (w — wp)?
(69%)q o« (652)q 592) o (65%)q e [—}
F z [(WO _ w)z + 75}2 ( F)Q ( Z)Q Xp ,)/2

Optical spin noise
Optical spin noise

-100 0 100 1.36 1.40 1.44
Eprobe - ED1 (/’Iev) Energy (eV)

Conventional Faraday rotation

o

Zapasskii et al. (2013)
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JKCNepuMEHTaAbHbIE UAAKOCTPA

OAHOpOAHOE YyLUMpeHUe: OAUMHOYHAs KBAaHTOBas TOYKa

photon energy (meV)
1396.905 1397.055 1397.205 1397.355 1397.505

T T T XO
« spinnoise
— Lorentzian Fit

—PL

—-o- PS\‘

), (arb. u.)

(367

! . L
0.5 1.0
frequency v (MH2z)

PL intensity (arb. u.)

£
o
)
2
o]
a
Z
n
8
ie)

o

laser detuning A (peV)

Wiegand, Smirnov, Hiibner, MMG, Oestreich (2017)
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JKCNepuMEeHTaAbHbIE UAAKOCTP

Ao (neV)
0 40

N
O
=
2
o
I3
S
o

—04(t)

— 0,1

—20 0 20 40
Detuning AZ (pm)

Time

Yang et al. (2017)
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CnuHoBbLIX WYM napoB Cs

absorption

250 MHz

—— Av=-470 MHz

Av 80 MHz
Av=+630 MHz
IS AR (35435

D, line
Ao = 852.119 nm H
F=4

9.2 GHz

Signal-to-shot-noise ratio

681, R e
F=3 . 160 180
Radio frequency, f'(kHz)
SdbdekT Aonaepa s e

w(v) = (1 + %) wo

SN HWHM, of (kHz)

[MapameTpbi:

B=045G, g =025

Y0 =~ 10 MHz, 35 1050 05 1 0 05
Y= 400 MHz Optical Detuning, Av (GHz) W (mW/cm?)

~
g
=
©
2
=]
S
1
172}
2
=
=)
172}
=}
<
-
=

exc

HeoaHopoaHoe (AonAepoBckoe) ylumpeHue AuHum Do

Petrov, Ryzhov, Smirnov, Belyaev, Potekhin, Glazov, et el. (2018) 60/ 65



OnNTUUYECKUM CNEeKTP CMIMHOBO
2.5

- T=38°C
W, = 1.8x107* W/cm?

€

~~
N
s
o
[a4
Z
7
N
<
o
=~
<
Y
<
(5]
o
Q
Bz
1S
=
k=
o,
x

—-0.5 0 0.5
Optical detuning, Av (GHz)
OnTuyeckuit CneKTp CNMMHOBOTO LiyMa MMeeT npoBaA npu fiw = Ep,
HECMOTPS Ha 3HA4YMTEAbHOE HEOAHOPOAHOE YLUUPEHUE

Petrov, Ryzhov, Smirnov, Belyaev, Potekhin, Glazov, et el. (2018)
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ABYXLBEeTHbIA 3KCMIEPUMEHT

Absorption

Vo and 1% K= 0

SN spectrum SN spectrum

B AByxLBETOM 3KCNepUMeHTe PAYKTyaLlMM KOPPEAUPOBaHbl Ha OAHOM
KPbIA€ AUHUU MOTAOLLLEHUA U AHTUKOPPEAUPOBAHDbI Ha Pa3HbIX.

KAloY K MOHMMaHUIO 3KCNEPUMEHTA Ty > Tp — FOMOT€HW3aLMA CNeKTpa
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DAYKTyauum BbiCTpa
DAYKTYauumn rupoTponumn M AMHEMHOTO ABYAYYEMNPEAOMAEHUS CPEABI:
Oenp — 0py = 1A(wW)Kap,OF,, Otnp+ depy = 25(w)o{FuFs}s

Aas F > 1/2 BkAaA OT ABYAYYENPEAOMAEHUS MOXET BbiTb CyLLECTBEHHBIM
=> PAYKTYaLIMKN BbICTPaUBaAHUS

Cox(T) = ({EFe}s(t + T){ EF}s(t))

(a) spin orientation spin alignment

Fomin, Petrov, Kozlov, MMG, et al. (2020) 63/ 65



DAyKTyaLuumn rupoTpONUU U AMHEMHOTO ABYAYHEMPEAOMAEHUSA CPEeAbI:

Oenp — Oegy = 1A(wW)Kyp)OF,, denp+ degy = 25(w)d{FaFg}s

Aas F > 1/2 BkAaA OT ABYAYYENPEAOMAEHUS MOXET BbiTb CyLLECTBEHHBIM
=> PAYKTYaLIMKN BbICTPaUBaAHUS

Cox(T) = ({EFe }s(t 4+ 1) {E:Fi }s(1))

(b) Faraday geometry
T=47°C |
W = 17 mW/cm?

Frequency (MHz)
Noise Power Density (LV#/Hz)

0.002

00 5 10 15 20 2500 5 10 15 20 25
B, (G) B, (G)

Fomin, Petrov, Kozlov, MMG, et al. (2020) 63/ 65
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CneKTPOCKOMNUA CMIUMHOBbLIX LUYMOB — MOLLHbIA MHCTPYMEHT AAf
MCCAEAOBAHMUA CTMHOBOMW PUUKMU

- OXFORD SUENCE PUBLICATIONS

. MCTOPMH Bomnpoca Electron & Nuclear
Spin Dynamics in

® BseaeHue B TeopUIO BAYKTyauMit Semiconductor

Nanostructures

8 DAekTpOHHbIE U SAEPHbIE CMIMHOBbIE BAYKTYaLMM MiiGlezcy

# CnuHoBble LyMbl B HEPaBHOBECHBIX YCAOBMSIX

% OnTuueckas cNeKTPOCKONMA CMIMHOBBIX LIYMOB

® 3akaiouenune

Cnacubo 3a BHMMaHuMe!
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Spin-density fluctuatio

Spatiotemporal spin correlator
Kug(r1 — 12,1 — t2)
= (Su(r1,t1)Sp(r2, t2))
A possible optical method

for measuring spin correlations
with spatial resolution

05 1.0 15

R
Poshakinskiy, Tarasenko, Phys. Rev. B (2015)
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