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What is “Spin”?  
How to manipulate spin? 

How can we use “spin” to fabricate useful devices? 

                    Outline 
1. Introduction to  II-VI diluted magnetic 

semiconductor (DMS) quantum dots 

(QDs). 

   (比較III-V magnetic semiconductors) 

2. Growth, structure and band alignment 

of ZnMnTe QDs. 

3. Circular polarization measurement and 

spin dynamics. 

4. Devices for spintronics 

5. Conclusion. 
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sp-d exchange interaction的結果?  
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如何產生圓形極化光? 

Extra-ordinary axis 

Ordinary axis 

σ+ 

σ- 



PRL 67, 3820 (1991),  

JAP 75, 2988 (1994) 

Spin super-lattice 



Spin-Dependent Perpendicular Magnetotransport through a Tunable  

ZnSe/Zn1-xMnxSe Heterostructure: A Possible Spin Filter? 

J. Carlos Egues,  PRL80, 4578 (1998) 



Nature 402, p787 (1999) 



Nature 402, p787 (1999) 



Nature 402, p790 (1999) 





Magnetic CdSe-based quantum dots grown on 
Mn-passivated ZnSe 

Prof. JK Furdyna’s group APL 80, 1237 (2002) 

CdSe/ZnSe QDs CdSe/ZnSe QDs 



Dynamical Spin Response in Semimagnetic Quantum Dots 
Prof. JK Furdyana’s group 

Formation of magnetic 
polaron in CdSe/ZnMnSe 
QDs 

Their results from the magnetic semiconductor nanostructures are very fruitful. 



Energy Gap vs Lattice Constant 
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What kind of type-II quantum dots (QDs)? How to grow them? 

Veeco EPI 620 
 molecular beam epitaxy  
(MBE) system 

SVT (MBE) system 

Self-assembled 
Quantum dots (QDs) 

0.4M 0.8M 

How to realize the growth of ZnMnTe QDs on ZnSe? 



It’s very important to have a smooth buffer layer. 

Atomic force microscopy, AFM 

Scanning probe microscopy 

../CFC.SWF


Cross-section TEM of 2.6 ML ZnMnTe MQDs 

ZnSe 

ZnSe 

GaAs 

ZnMnTe QD 

Stranski-Krastanow (SK), 2-D to 3D (0D) growth mode 

Vertical correlation. 

Wetting layer 

2.6 monolayers 

~1.0 nm 

10 nm 

Growth of ZnMnTe magnetic QDs in 
ZnSe by molecular beam epitaxy 
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electron hole 

Magnetic semiconductor  

QD (type-II QD) 

Magnetic field B=0 
Magnetic field B>0 

Electron orbit 

Hole orbit 

Observation of optical Aharonov-Bohm oscillation 

Magnetic field B>0 

Magnetic flux Δφ 

φ 0 =flux quanta  
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Observation of optical  
Aharonov-Bohm oscillation 

Coherent Aharonov-Bohm oscillation in 
ZnMnTe/ZnSe quantum dots PRB77, 241302(2008)  
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electron hole 

Magnetic semiconductor  

QD 

initially t=0 t>0 

Mn2+ spin 

Formation of magnetic polaron (MP). 

Right after pulse laser 
excitation 

Exchange interaction between hole spin and 
manganese ion spin 

Exciton emission energy decreases with time. 

Time resolved photoluminescence is sensitive to probe MP. 
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Robust magnetic polarons in ZnMnTe/ZnSe quantum dots 
PRB82, 195320(2010)  

Photoluminescence (PL) spectrum of ZnMnTe/ZnSe  QDs. 
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Robust magnetic polarons in ZnMnTe/ZnSe quantum dots 
PRB82, 195320(2010)  

t>0 

initially t=0 

PL spectra as a function of time. 

Formation of magnetic polaron (MP). 
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Robust magnetic polarons in ZnMnTe/ZnSe quantum dots 
PRB82, 195320(2010)  

(a) Time dependence of peak PL energy for T=14 to 150K. 
(b)  Temperature dependence of the magnetic-polaron formation energy. 



35 

Robust magnetic polarons in ZnMnTe/ZnSe quantum dots 
PRB82, 195320(2010)  

Schematic illustration of the magnetic-polaron formation. 
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Decay time 

Unfortunately, it’s not linear. 



Stretched exponential relaxation (SER) 
-the problem that is 150 years old- 

In 1847, R. Kohlrausch found that the decay of the residual charge on a glass 

Leyden jar was described by a stretched exponential function exp[−(t/τ)β ], 

and he showed that this function could be derived by assuming that the decay 

rate was not constant, but decreased with time as tβ−1. 

Reference:  
1847 Ann. Phys., Lpz. 12 393 

Decay rate  
dn/dt = - n/τ 
n = n0 exp (- t/τ) 
ln(I/I0) = - t/τ   

What is the origin SER? 



 

What is the physics behind the Kohlrausch’s stretched 
exponential law ? 
 

 

Although the Kohlrausch law closely fits donor-acceptor 
pair luminescence decay, Kuskovsky et al. concluded 
that it has no fundamental significance. (PRL 80, 2412) 
 

However, Phillips, who reviewed the decay dynamics of 
numerous material systems, summarized a few 
microscopic models based on the Kohlrausch law and 
concluded that this law is nature’s best kept secret. (Rep. 
Prog. Phys. 59, 1133) 
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Kohlrausch’s stretched exponential law 

τ: decay time 
β: stretched exponent 

Non-mono-exponential 

What is the origin of non-mono-
exponential photoluminescence 
decay? 

Lin et al., APL93, 241909 (2008) 
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Kohlrausch’s stretched exponential law 

τ: decay time 
β: stretched exponent 

Non-mono-exponential 

What is the origin of non-mono-
exponential photoluminescence decay? 

Lin et al., APL97, 041909 (2010) 

Carrier dynamics in isoelectronic ZnSe1−xOx semiconductors 



Percolation transition of persistent photoconductivity in II-VI 

mixed crystals, H.X. Jiang and J.Y. Lin, PRL 64, 2547 (1990) 

Ippc(t)=Ippc(0) exp [(- t/τ)β] 

A 

Random local potential fluctuation 
τ’=t/τ, β=0.77 

Zn0.3Cd0.7Se 



Fluorescence Decay Time of Single Semiconductor 

Nanocrystals, G. Schlegel et al., PRL 88, 137401 (2002) 

the fluorescence decay time is 

fluctuating during the 

investigation leading to a 

multiexponential decay even for a 

single nanocrystal 

fluctuating nonradiative decay 

channels leading to variable 

dynamic quenching 

processes of the excited state 

CdSe/ZnS core shell quantum dots 
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Decay Dynamics in Disordered Systems: Application to Heavily  

Doped Semiconductors (ZnSe:N), PRL 80, 2413, (1998) 
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B. Sturman et al., PRL 91, 176602 

Dependence of the stretching index  

on R=a; the curves 1, 2, and 3 are 

plotted for N0/NT  = 40, 20, and 10. 

Origin of Stretched Exponential Relaxation for Hopping-Transport Models 



β=3/7 ? 

Lin et al., APL93, 241909 (2008) 

Te Se Zn 

Magic number for long-range 
Coulomb force 

(Rep. Prog. Phys. 59, 1133) 



electron ZnMnTe quantum dot (hole) 

Two dimensional transport. 

ZnSe buffer layer 
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Does the Kohlrausch’s stretched exponential law apply? 



Multi-layered QDs:Two-three dimensional transport? 
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Does the Kohlrausch’s stretched exponential law apply? 
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Kohlrausch’s stretched exponential law 



β=3/7 ? 



Two dimensional transport. 

B 

electron ZnMnTe quantum dot (hole) 

ZnSe buffer layer 



ZnMnTe/ZnSe MQDs 2.6 MLs 
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