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What Is “Spin”?
How to manipulate spin?
How can we use “spin” to fabricate useful devices?

Outline

1. Introduction to [1-VI diluted magnetic
semiconductor (DMS) quantum dots
(QDs).

(E=4e2111-V magnetic semiconductors) _ _

2. Growth, structure and band alignment e
of ZnMnTe QDs.

3. Circular polarization measurement and
spin dynamics.

4. Devices for spintronics

5. Conclusion.
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electronics
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Conduction band (CB) 4s

m,=+3/2, +1/2, -1/2, -3/2
Heavy and light hole band

Valence band (VB) 4p
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Spin orbital interaction band
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Spin alignment
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Spin-Dependent Perpendicular Magnetotransport through a Tunable
ZnSel/Zn, Mn, Se Heterostructure: A Possible Spin Filter?

J. Carlos Egues, PRL80, 4578 (1998)
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Injection and detection
of a spin-polarized current Nature 402, p787 (1999)

in a light-emitting diode

R. Fiedering, M. Keim, G. RBeuscher, W, Ossau, G, Schmidt, A. Waayg
& L. W. Molenkamp
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Electrical spin injection
in a ferromagnetic
semiconductor heterostructure

Y. Ohno*, D. K. Youngt, B. Beschotent, F. Matsukura®, H. Ohno*
& D. D. Awschalomt

* Laboratory for Electronic Intelligent Systems, Research Institute of Heatvical
Communication, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577,
Japan

T Center for Spintronics and Quantum Computation, Quantum Institute,
University of California, Santa Barbara, California 93106, USA
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A magnetic-field-effect transistor and spin transport

Io=Ta=Ini2

TREILATOR] [0

R. N. Gurzhi, A. N. Kalinenko, A. |. Kopeliovich, and A. V. Yanovsky
B. Verkin Institute for Low Temperature Physics & Engineering of the National Academy aof Sciences
of the Ukraine, 47 Lenin Ave, Kharkov, 61103, Ukraine

E. N. Bogachek and Uzi Landman®
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430

(Recetved 19 May 2003; accepted 7 October 2003)

A magnetic-field-effect transistor 1s proposed that generates a spin-polanzed current and exhibits a
giant negative magnetoresistance. The device consists of a nonmagnetic conducting channel (wire
or strip) wrapped, or sandwiched, by a grounded magnetic shell. The process underlying the
operation of the device 1s the withdrawal of one of the spin components from the channel. and its
dissipation through the grounded boundanes of the magnetic shell, resulting in a spin-polanzed
current in the nonmagnetic channel. The device may generate an almost fully spin-polanized current.
and a giant negative magnetoresistance effect 1s predicted. © 2003 American Institure of Physics.
[DOI: 10.1063/1.1630839]

wi(x)

FIG. 2. The degree of SP (@) of the current plotted vs the longitudinal (1)
coordinate along the spin gwide; the curves were calculated from Eg. (7)
with oy loryy =03, oy fox=1, wid=028, L=4d, wy/hy=0223,
and w/h =01 (solid), wk =035 (dotted), w/k =07 {dashed).




Diluted magnetic semiconductor (DMS) QDs

* Give us extra dimensions for the growth of self-assembled QDs
passivation, bandgap, lattice constant (strain)

Y Offer a QD system for the control and manipulation of spin
for the potential application of quantum computing and spintronics

DMS

\ A Mn electron | hole
+ * W
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Diluted magnetic semiconductor QDs
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Optically-induced magnetization of CdMnTe self-assembled QDs
S. Mackowski et al., APL 84, 3337 (2004).
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Energy Gap (eV)

Energy Gap vs Lattice Constant
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Diluted magnetic semiconductor QDs
Why ZnMnTe/ZnMnSe QD system?  type Il band alignment

Electron and hole spatially separated. Novel spin dynamics?

\ A electron hole > MnTe

RGPV
* Z*nMnSe ZnSe

A

We have studied ZnTe/ZnSe QD system.
M.C. Kuo,et al., J. Cryst. Grow. V 242/3-4, 533-537 (2002).
Johnson Lee et al., Appl. Phys. Lett.81, 2082 (2002).
C.S. Yang et al., J. Appl. Phys. 97, 033514 (2005).
Meng-En Lee et al., Physica E 26, 422 (2005), T.Y. Lin et al, APL 88, 121917 (2006).
Johnson Lee et al., Phys. Stat. Sol. (b) 241, 3532-3543 (2004).



Veeco Applied EPI 620 molecular beam epitaxy
(MBE) system

Molecular Beam Epitaxy System

Type Il ZnMnTe/ZnMnSe QDs as well as the
type | CdSe/ZnSe: Y.J. Lai et al., JCG v282, p338 (2006)
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Y. Terai et al.
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S. Mackowski et al. substrate
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Sample list

Zn(Mn)Te
QDs

GaAs (100)

ZnMnTe QDs coverage = 1.8, 2.0, 2.2, 2.4, 2.5, 2.6, 2.8, and
3.0 MLs



Cross-section TEM of 2.6 ML
ZnMnTe MQDs

Znse ZnMnTe QD
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Stranski-Krastanow (SK), 2-D to 3D growth mode

Vertical correlation.




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

3.0 MLs

AFM plamm view magze of InTe QD= with 3.0 MLs.
C.S. Yang et al., JAP v94, 033514 (2005) grown by MBE



PL spectra of ZnMnTe QDs at 10K

PL intensity (a.u.)
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Band diagram of type II: ZnMnTe/ZnSe QDs
Band gaps of ZnTe or ZnMnTe are larger than 2.4 eV.
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Power dependent PL of ZnMnTe QDs

PL intensity(a.u.)
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Time resolved photoluminescence
of 2.5 ML ZnMnTe QDs

M1461 ZnMnTe 2.5 ML QDs @ 2.234 eV
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polarization as a function of magnetic field B

PL intensity
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PL Intensity (a.u.)

6000

5000

4000

3000

2000

1000

Polarization atB =0

ZnMnTe MQDs
'spacer 10 nm
o+

Photon energy (eV)

0.10
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06
-0.08
-0.10

Polarization

PL intensity (a.u.)

45000

40000

35000

30000

25000

20000

15000

10000

5000

ZnTe MQDs
spacer 10 nm

o+

0.10
0.08
0.06
= . "Ho.04
[ ]
. o 40.02
lL—-i:!ﬁh—.———-»O.OO
Hr‘. | ]

L ag® _ a-0.02

n F ] Y
n R A - o e I PP
n L L] n ¥
] = [ ™, = uy -
= 4-0.06
[ ] N - !...l|| L]
z "= el 008
"
1 L S -~ -0.10
1.8 1.9 2.0

Photon ennergy (eV)

Polarization



Magneto-PL Intensity (arb. u.)

(b) B=4T
- P=515%

(& B=0T
P=-10.5%

1800

1850 1900 1950 2000

Energy (meV)

Znse ZnMnTe QD

Sl
Sl
Sl
E—
e D

liﬁm\

nSe

GaAs

Non-zero polarization was also
observed in ZnTe/ZnSe QDs



