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Introduction...Introduction...

• Growing interest in the manipulation of 
semiconductor spins
Spin Transistor, Spin-LED, Spin-VCSEL ,

Single electron spin memories,  Entangled photon pair sources 

Spin-based quantum gates (C-NOT, Spin rotation)...

Control the spin coherence 

Semiconductor Quantum Dots (QD)  : good candidates ?

• Spin dynamics in QDs :
Spin relaxation mechanisms in zero-dimensional structures ?
Exchange interaction between carriers 
Hyperfine interaction with nuclear spins 

nm



Spin polarization in Quantum DotsSpin polarization in Quantum Dots

3D, 2D : Carrier spin relaxation mechanisms closely linked to E(K)*
0D : Discrete energy levels : slowing down of the spin relaxation ?

•Theory
* Khaetski et al., PRB 61 (2000) tttt s ~ m~ m~ m~ ms (spin-orbit)
* Merkulov et al., PRB 65 (2002) tttt s ~ ~ ~ ~ ns (interaction with nuclear spins)

• Single-dot cw spectroscopy             GaAs or InAs QD
* Gammon et al. , Science 273 (1996)
* Kuther et al., PRB 58 (1998)

• Time-resolved spectroscopy            CdSe QD
* Chamarro et al., J. Lum. (1996)
* Awschalomet al.PRB 59 (1999)

* for a review, see “Optical Orientation”, ed. Meier, Zakharchenya, North Holland (1984)
2D : L. Vina, J.Phys.Cond. Matt. 11, 5929(1999)



Outline…

� Self_organized quantum dots

� Optical orientation experiments

� Spin relaxation dynamics of neutral excitons in intrinsic
InAs/GaAs quantum dots

� Spin relaxation dynamics of electrons/holes in N and P-
doped quantum dots :  spin memory ?
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Electronic states in quantum dotsElectronic states in quantum dots

J.P. Mc Caffey et al., JAP 88, 2272(2000)
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OPTICAL ORIENTATION
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InAs/GaAsInAs/GaAs Quantum Dots : Quantum Dots : ExcitonExciton fine structurefine structure

Self-organized QD
Anisotropic exchange 

interaction

|X>=(|1>+|-1>)/         //[110]

2|Y>=(|1>-|-1>)/           //[1-10]

2
w�=D1

Bayer et al., PRL 82 (1999)

1D
150 µeV

Xs Ys

Single dot cw-PL 

Single dot differential transmission 
A. Högele et al., Physica E 21 (2004)

DDDD1 = 30 ±±±± 0.1 µeV

TEM Image, A. Ponchet, Toulouse (1995)
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Excitation sX (X// [110] )

• Photogeneration of linear
excitons :

•Strong linear polarization

No measurable decay ! : tttt s> 20 ns 
Neither the electron, nor the hole spin relax on the
exciton time scale
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M. Paillard, X. Marie, P. Renucci, T. Amand, A. Jbeli, J.M. Gérard, PRL 86 (2001)
Lenihan et al., PRL 88 (2002)
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Exciton spin relaxation in 
GaAs/AlGaAs QW
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RESONANT EXCITATION :
Ts1 ~50 -100 ps

• Bar-Ad et al., PRL 68 (1992)
• Vinattieri et al., PRB 50 (1994)

• Amand et al., PRL 78 (1997) ...

Ts2~ 20 -50 ps

• Worsley et al., PRL 76 (1996)

• Marie et al., PRL 79  (1997) …

Theory :

Maialle, Silva, Sham,PRB 47 (1993)



Quantum beats under resonant pumpQuantum beats under resonant pump--probe experimentsprobe experiments

g
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s s s s ±±±±

DDDD1• Resonant circular s± pump

( )YiX ±=y
2

1creates the coherent 
superposition : 

M. Sénès et al. ,PRB 71, 115334 (2005)

feels the transient 
induced dichroism

A. S. Lenihan et al.,PRL 88, (2002) ; A.I. Tartakovskii et al., PRL 93 (2004)

D1 » 30 µeV

• Resonant linear sX probe

TR Differential Transmission:

Damping :  due to D1 fluctuations

Ginh ~ 30 µeV
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Self-organized CdSe/ZnSe QDs
quasi-resonant excitation

Large fluctuation of D1
from dot to dot : 0< D1 < 1meV
Patton et al., PRB68,125316(2003)

Beat period :
~320 ps ( 13 mmmmeV)
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or

N-doped quantum dots

Charged exciton X-

s+s+s+s+

Hole spin dynamics ?

• ~ 1 doping electron/QD
• s+ polarizedresonantexcitation

+
- -

InAs QDs

Si

GaAs
Si

InAs QDs

40 nm



Resonant excitation of negatively charged exciton (X-)
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Hole spin stability : tttt s>~ 20 ns !

InAs/GaAs QDs : tttt s >~20 >~20 >~20 >~20 ns
Ensemble: Senes et al., ICPS (2002)
Single dot: Laurent et al., PRL 94, 147401 (2005)

Heiss et al, PRB 76, 241306(R) (2007) : 250 ms for B= 2T

CdSe/ZnSe QDs : tttt s ~18 ~18 ~18 ~18 ns
Flissikowski et al., PRB 68 (2003)

Negatively Charged exciton X-
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Spin Dynamics in P-doped Quantum Dots

ps laser
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~ 1 resident hole /QD

Positively charged exciton X+

-
+ +
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Non-resonant excitation in the Wetting layer  
Elaser=1,44 eV (ssss+) 

Two regimes :
• Slow decay : ~ 700 ps
• Polarisation plateau : t > 700 ps
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Braun et al., Phys. Rev. Lett.  94, 116601 (2005) 
Nature, Research Highlights, Vol. 434, 839 (2005)
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NL nuclei
~105/QD

Electron spin relaxation induced by nuclei
Dyakonov-Perel(1973); Merkulov et al., PRB 65 (2002) ; Khaetskii et al., PRB 67, (2003)…

• Electron spin in a QD interacts with NL~105 nuclei
• Sum over the interacting nuclear spins : Effective hyperfine field BN

Hyperfine interaction with nuclear spins : SIR ˆˆ)(
2

0 ×= �
j

j
j

hf AvH y



Electron spin relaxation induced by nuclei

*Merkulov et al., PRB 65 (2002)

BN : effective hyperfine field

Electron spin

Ensemble of Quantum Dots

AFM Image, CNET

Time-dependence of the average electron spin 
due to the interaction with nuclear spins* :

time

1

1/3

S/S0

TDDDD

TDDDD ~500-1000 ps for NL~104 – 105 nuclei

Similar effect for GaAs QD : TDDDD~10  ns 
Brackeret al., PRL 94,47402 (2005)
Petta et al., Science 309, 2180 (2005)

STRONG B : ms electron spin lifetime:
Elzermanet al., Nature 430(2004)
Kroutvar et al., Nature 432(2004)



Spin memory QD Device...
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Spin memory QD device...

Kroutvar et al., Nature 432, 83 (2004)

Spin lifetime in the ms range (T=1 K, B~4 T)



ps laser
(s+)(s+)(s+)(s+)

sc

sv

sc

sv

Charged X+ 

~ 1 resident hole/QD

Electron spin coherence in transverse magnetic field
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Lombez et al, PRB 75, 195314 (2007)



Hyperfine Interaction between electron spins and nuclear spins

In (9/2)

As 
(3/2)

1 conduction electron
Sublattice of N nuclei with spin

Optical Pumping of nuclear spins in a 
Single Dot

Eble et al, PRB Rapid Com 74, 81306 (2006)
Braun et al., PRB 74, 245306 (2006)

T2> 1 ms Spin echo Pettaet al, Science 309, 2180(2005)
Mode-locking, Greilichet al,Science 313, 341(2006)

Decoherence time      ~1 ns*
2T



effective for localised carriers

� Donor bound electrons (1970s/1980s) 

Optical Orientation, edited by Meier and Zakharchenya (1984)

� Electrons in Quantum Dots : D. Gammon PRL 2001

I : nuclear spin                  
S : electron spin    

A : hyperfine constant
Y : electron envelope function

In (9/2)

As 
(3/2)

1 conduction electron
Sublattice of N nuclei with spin
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Optical pumping of nuclear spins…

For a review :
Abragam, 1961
Dyakonovet al., JETP38, 177 (1974)
Paget et al., PRB 15, 5780 (1977)

PRB24, 3776 (1981)
QD : Gammon et al., Science 277 (1997)

Electrons Nuclei

Hyperfine  Interaction

Flip flops

electron nucleus

+

-
+
-

Ze Zn

� Zeeman splitting of electron depends on the 

laser polarization ssss : B = B     BN 

(Overhauser shift)

B

B = 0B >>  BL Bn ~ 0

z

±±

BnBn



B
nuclear spin

applied magnetic field

electron spin

B

B BN

LASER
s- polarisation

nuclear fieldBN

B BN

LASER
s+ polarisation
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Single Dot Optical Spectroscopy

SPAD

Ti/Sapicosecond

Confocal Microscope

B = 0 - 13 T
T= 2-300 K
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Zeeman splitting � Z at Bext=2T

1,2700 1,2704
0

1000

P
L 

in
te

si
ty

PL transition energy (eV)

1,2700 1,2704
0

1000

P
L 

in
te

si
ty

PL transition energy (eV)

linearly polarized 
Laser excitation

no nuclear 
polarization

s- polarized 
Laser excitation

strong nuclear
polarization
up to 50%

� Zs-

s- s+

s+s-

� ZLIN
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LINn ZZ D-D= -sdOverhauser shift :

The Overhauser shift is related to the average nuclear spin :

More information
C.M Simon talk
19h20
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Braun et al., PRB 74, 245306 (2006)
Braun et al., PRB 76, 201301,R (2007)
(Toulouse) 
SEE POSTER T. BELHADJ

Maletinsky et al, 
PRB 75, 035409 (2007) 
(Imamoglu group, ETH Zurich)

Tartakovskii et al, PRL 98, 26806 (2007) 
Makhonon et al, PRB 77, 125307 (2008)
(Skolnick group, Sheffield)
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Braun et al, 
PRB 74, 245306 (2006)
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Periodic part of the carrier Bloch function
nucleus

…but holes do interact with nuclei via the dipole-dipole t erm

nucleus

electron:
s- symmetry
� strong overlap

hole:
p- symmetry
� negligible contact

Gryncharova, Perel,
Sov. Phys. Semicond. 
11, 997 (1977)

Fermi contact term :

Eble et al , cond-mat 807.968( july 2008)



Spin Dynamics in GaN/AlN Quantum Dots (Cubic)

Lagarde et al., PRB 77, 041304(R) (2008)�

12 nm

1-2 nm

� Dot size

Martinez-Guerrero, APL 77, 809 (2000)�

Collaboration : H. Mariette, S. Founta (Grenoble)

GaN bulk Wurzite,  t ~1 ps, Brimont et al, PRB 77, 125201(2008)
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Relaxation time > 10 ns, even at300 K !



Spin Dynamics in ZnO

Hole Spin Dynamics in bulk ZnO : ~300 ps
Lagarde et al, PRB 78, 033203 (2008)

Electron spin coherence time ~25 ns 
(T=300 K)



Interactions with QDInteractions with QD--confined electronic spin statesconfined electronic spin states

Optical pumping

Electromagnetic field

Zeeman effect 

cw-magnetic field

Lattice Phonons

Spin orbit interaction

Lattice Spin Nuclei

Hyperfine interaction

Confined Electron Spin

Confined Hole Spin

Exchange interaction QD
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