
InhomogeneousInhomogeneous spinspin decoherence and dephasing in room temperature CdSedecoherence and dephasing in room temperature CdSeInhomogeneousInhomogeneous spinspin decoherence and dephasing in room temperature CdSedecoherence and dephasing in room temperature CdSeInhomogeneousInhomogeneous spinspin decoherence and dephasing in room temperature CdSe decoherence and dephasing in room temperature CdSe gg pp p g pp g p
t l t d tt l t d tnanocrystal quantum dotsnanocrystal quantum dotsnanocrystal quantum dotsnanocrystal quantum dotsnanocrystal quantum dotsnanocrystal quantum dots

A K Fumani R Sharghi Moshtaghin J Berezovsky1 12A K Fumani , R Sharghi‐Moshtaghin , J Berezovsky1 12, g g , y
D t t f Ph i D t t f M t i l S i d E i i C W t R U i it Cl l d OH1 2Department of Physics, Department of Materials Science and Engineering, Case Western Reserve University, Cleveland OH1 2Department of Physics, Department of Materials Science and Engineering, Case Western Reserve University, Cleveland OH

S i d i i iS i d i i i d dd d ff i h ii h i i d di d dI d iI d i Fi i FR d FSDFi i FR d FSD IDID d ld lSpin dynamics is sizeSpin dynamics is size‐‐dependent; gdependent; g‐‐factorfactor inhomogeneityinhomogeneity inducedinducedIntroductionIntroduction Fitting FR data to FSD +Fitting FR data to FSD +gIDgID modelmodelSpin dynamics is sizeSpin dynamics is size‐‐dependent; gdependent; g‐‐factor factor inhomogeneityinhomogeneity induced induced IntroductionIntroduction Fitting FR data to FSD +Fitting FR data to FSD +gIDgID modelmodel
d h i (d h i ( IDID))dephasing (dephasing (gIDgID))W F d t ti (FR) ti l d t d t i i  T d l ti b t d fi d li bl fitdephasing (dephasing (gIDgID))We use Faraday rotation (FR) time resolved measurements and transmission   To reduce cross‐correlation between and find reliable fit y ( )

l t i (TEM) t d t d th d l i ti b t th t bi ti l d h delectron microscopy (TEM) to understand the underlying connection between the  parameters we combine exponential decoherence and 
 Th i di t ib ti ithi th bl l d t d h i f

electron microscopy (T M) to understand the underlying connection between the
d f h i d i d h h d i

parameters we combine exponential decoherence and
d h i f h i i The size distribution within the ensemble leads to dephasing of decay of room‐temperature coherent spin dynamics and the shape and size dephasing terms of each spin component into one parameter40p g

th i i l
decay of room temperature coherent spin dynamics and the shape and size  dephasing terms of each spin component into one parameter 0

sthe spin signal. distribution of an ensemble of CdSe nanocrystal quantum dots (NCQDs) There are and fit the data30Dthe spin signal.
 i h i di ib i b i i l l

distribution of an ensemble of CdSe nanocrystal quantum dots (NCQDs). There are  and fit the data. 30

C
Q

Measuring the size distribution by TEM imaging we calculatetwo confounding factors in the spin dynamics of these systems: //1 BN
CMeasuring the size distribution by TEM imaging we calculate two confounding factors in the spin dynamics of these systems: //1 111 Bg B 20fNdephasing:Magnetic field dependent spin dephasing and decoherence

//1 111 Bg B 20of
 

dephasing:Magnetic field dependent spin dephasing and decoherence. 
222# 

o

 Presence of two distinct components in spin signal with different dynamics and 222 ///1  BBg  10#

 Presence of two distinct components in spin signal with different dynamics and 

 222 ///1  cB BBg  0

decay characteristics 
  ))(cos()(/ BTggggdgPeS t 

222 cBg 
decay characteristics.   ))(cos()( 00 BTggggdgPeS Bz  0 8 1 1 2y

W dd th t i i t b d l i d l f d h i d
 

))(()( 00 ggggg Bz  0.8           1           1.2
We address these two main points by developing a model of dephasing and  0 8g-factorp y p g p g
d h i i f f di ib i d i fi

0.8g factor
decoherence arising from g‐factor distribution and exciton fine‐structure d) 0 6decoherence arising from g factor distribution and exciton fine structure 
h ad 0 4

0.6

 This approach fails to capture the dephasing/decoherence or the short timescale behaviorinhomogeneity m
ra 0.4 This approach fails to capture the dephasing/decoherence or the short‐timescale behavior inhomogeneity.

(m 0 2of the spin signalTo ensure that the fitting procedure yields meaningful results we examine and R
 ( 0.2of the spin signal.To ensure that the fitting procedure yields meaningful results we examine and  FR 0 0minimize the cross‐correlation between parameters D t

F 0.0minimize  the cross‐correlation between parameters. Data
0 2 FitB = 200mT-0.2

0 8 0 1 2 3 40.8 0.8 0               1               2               3               4

) 0 6 0 6 Time (ns)
E citonsE citons in NCQDs Optical e citation and Farada rotationin NCQDs Optical e citation and Farada rotation ad

) 0.6

d) 0.6 Time (ns)
ExcitonsExcitons in NCQDs, Optical excitation, and Faraday rotationin NCQDs, Optical excitation, and Faraday rotation We disentangle decoherence and dephasing parametersra 0 4 ra

d

0 4 Fit regionExcitonsExcitons in NCQDs, Optical excitation, and Faraday rotationin NCQDs, Optical excitation, and Faraday rotation We disentangle decoherence and dephasing parameters m
r 0.4

m
r 0.4 g g p g p

i th B d d f th bi d d tR
 (m 0 2 (m 0 2

 l
using the B‐dependence of these combined decay rates.FR

0.2

R
 0.2

 Optical excitation creates
g p y

D t

F 0.0 FR 0 0 Optical excitation creates  Data Data
0.0

neutral exciton positive or B = 200mT Fit Data
FitB 200mT-0.2 -0 21Sneutral exciton, positive or  B  200mT FitB = 200mT0.21 eS

negative trion depending on 0 1 2 3 0 1 2 3 1 41Snegative trion depending on  0                1                 2                3
Time (ns)

0                1                2                 3
Ti ( )

1.4)3/21S

the initial charging of the
Time (ns) Time (ns)  )1 XG G XXGthe initial charging of the  s  

 -1XG G XXG

NCQD 1 0(n
s

NCQD. 1.0(
2

1,
2

Taking shape anisotropy into accountTaking shape anisotropy into account ζ 1

40 Taking shape anisotropy into accountTaking shape anisotropy into account 0 6
40

U1 L0 g p pyg p py 0.6
 E it fi t t i i

U1 -0 9
0

 Exciton fine‐structure arising  20V
) -0.9

V
) L1

40 80 120 160 200
g

f l t h l h
20

2eV eV

1

H l i fli  The fluctuating splitting given by
40            80            120          160          200

Magnetic field (mT)from electron‐hole exchange  U

2

m
e

1 0m
e L1 Hole spin flips at a E it fi t t i i

 The fluctuating splitting given by  Magnetic field (mT)from electron hole exchange
i i d l fi ld

0 U0y 
(m -1.0y 
(m 1 Hole spin flips at a 

t f b t
Exciton fine‐structure is size 

g p g g y
a combination of exchangeinteraction and crystal field L1rg

y

rg
y

2 rate of about once  and shape dependent[4] a combination of exchange 
 Spin lifetime is 1 69±0 28 ns for electrons and 3 11±0 47 ns

interaction and crystal field 
20

1

ne
r

ne
r 2

[3] it
and shape dependent[4]. g

i t ti d h d d t
 Spin lifetime is 1.69±0.28 ns for electrons and 3.11±0.47 ns splitting is size and shape -20 L0En -1 1En 2 per ps[3] so exciton 

p p
interaction and shape‐dependent 

p
f it

splitting is size and shape  0 -1.1 2 p p [ ]
state is in transition

p p
l li i l d

for excitons.dependent -40 state is in transition  crystal splitting leads todependent.
3 0 4 0 5 0 6 0 7 0 8 0

40
0 485 0 49 0 495

between available
crystal splitting leads to 3.0   4.0 5.0  6.0 7.0   8.0

M di t ( )
0.485         0.49          0.495

Elipticity between available  decoherence of exciton spinMean diameter(nm) Elipticity

states
decoherence of exciton spin.

states.
ConclusionConclusionThere is a ConclusionConclusionP l i Δ Magnet Sample There is a  ConclusionConclusion

 FSD is large in NCQDs in whichPolarizer Δt Magnet Sample

decoherence  g factor inhomogeneity is not enough to model the FR data d h
 FSD is large in NCQDs in which λ/4 decoherence 

d h
 g‐factor inhomogeneity is not enough to model the FR data. Reading the Spin: Rotation in

g
the crystal field and shapeDetectors

associated with  By including the FSD we are able to model the short
 Reading the Spin: Rotation in  the crystal field and shape associated with 

fl i d
 By including the FSD we are able to model the short‐polarization of the probe beam is a

y p
i t t ib ti tfluctuating random timescale feature

polarization of the probe beam is a  anisotropy contribution to 40 fluctuating random 
litti [5]

timescale feature.measure of the projection of spin onto
py

i fi l
~ 40ps

splitting[5].
 E it i i Q i h i l NCQD h l lif ti

measure of the projection of spin onto  exciton fine‐structure cancel
Fine structure

p g[ ]
 Exciton spins in Quasi‐spherical NCQDs have longer lifetimes. the beam direction

exciton fine structure cancel 
( )

Beam Fine‐structure 
 21 E

p Q p Q g
Th f h l i ib h h i l

the beam direction.  each other (quasi‐spherical QDs)Chopper
Beam 

SplitterVariable
induced  21 E  The rest of the population contributes to the short‐timescaleeach other (quasi spherical QDs).Chopper SplitterVariable 

Filters induced   1 cE 


The rest of the population contributes to the short timescale 
k h h h h h d bSC

Filters
dephasing(FSD) 2

 spike This is in agreement with what hypothesized by GuptaF TEM i i
SC 
l d dephasing(FSD) 2 spike. This is in agreement with what hypothesized by Gupta From TEM imagingPulsed 

M bl  et al [2]LaserMovable et al.[2].100
Laser

Mirror
 FSD accounts for the unexpectedly strong B‐dependence of FSD accounts for the unexpectedly strong B‐dependence of 

i i li i f i s

the decay of the exciton componentInitialization of spin upon D
sIntegrating out how the the decay of the exciton component.Initialization of spin upon 

0 1 Q
Dg g

energy splitting andarrival of pump pulse 0.1 of
 energy splitting and 

l i l d harrival of pump pulse # 
oultimately decoherence y

time depends on the
ReferencesReferences

time depends on the 
h i We use FSD+gID to ReferencesReferences1 0 0shape anisotropy. We use FSD+gID to  ReferencesReferences1.0

0 0 1 10
0p py

describe the exciton spin
[1] N P Stern D D A schalom et al Ph s Re B 72 161303 (2005)0.8 0.0 -1 10

Elli ti it
describe the exciton spin 

[1] N P Stern, D D Awschalom, et al., Phys. Rev. B 72,161303 (2005)

ad
) 0.8

0 6 )0.5 1 1.5 2 Ellipticity
component of FR data and [2] J A Gupta D D Awschalom et al Phys Rex B 66 125307 (2002)m

ra 0.6 u.
)0.5              1               1.5              2

    
component of FR data and  [2] J A Gupta, D D Awschalom, et al., Phys. Rex B 66, 125307 (2002)

[3] V H GD S h l l Ch i l Ph i L 491 187 (2010)(m 0.4 (a
.     /exp)( dtPt   

p
ID t d l th l t [3] V Huxter, GD Scholes et al., Chemical Physics Letters, 491,187 (2010)R

 0.4
0 2 T 

(     /exp)(FSD dtPt   gID to model the electron  [ ] , , y , , ( )
[4] A L Efros et al Phys Rev B 54 4843 (1996)FR 0.2 F

  

 g
ib i i i l [4] A L Efros, et al., Phys. Rev. B 54, 4843 (1996)0 0    

21  contribution to spin signal.
[5] J Fabian, et al., Acta Physica Slovaca 57, 565907 (2012)

0.0
0 2

   222expexp1 qs Bt 






 contribution to spin signal.

[5] J Fabian, et al., Acta Physica Slovaca 57, 565907 (2012)-0.2    222222
exp

2
exp 

 cBt
ktk














AcknowledgementsAcknowledgements   222222 221  cktkt     AcknowledgementsAcknowledgements0 1 2 3 4 1 6 11 16
 21  cckt    gg0                  1                   2                  3                 4  

Ti ( ) F (GH )
1           6          11          16

We acknowledge the support of AFOSR, award No. FA9550‐12‐1‐0277 and DOE, grantTime (ns) Freq. (GHz) We acknowledge the support of AFOSR, award No. FA9550 12 1 0277 and DOE, grant 
N DE SC0008148( ) cos( / )exp( / )exp( / )f t g Bt g Bt t    No. DE‐SC0008148.The two peaks in Fourier transformProjection of the spin precession 1 1 1( ) cos( / )exp( / )exp( / )e B Bf t g Bt g Bt t     The two peaks in Fourier transform Projection of the spin precession  1 1 1( ) ( ) p( ) p( )e B Bf g g 

of the FR data are attributed toaround magnetic field onto probe of the FR data are attributed to around magnetic field onto probe   ( ) cos( / )exp( / ) exp( / )f t g Bt g Bt t t     
l t d it i [1 2]

g p
b di ti

 2 2 2( ) cos( / )exp( / ) exp( / )exc B B FSDf t g Bt g Bt t t      
electron and exciton spins[1,2]beam direction 

 . 2 2 2( ) ( ) p( ) p( )exc B B FSDf g g 
p [ , ]


