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Bell Labs nobel pri es
1937, Clinton Davisson The wave nature of matter 

Bell Labs nobel prizes

1956, Shockley, Bardeen and Brattain Transistor

1977, Philip Anderson Electronic structure of glass and magnetic mat.

, y,

, p g g

1978, Penzias and Wilson Cosmic microwave background radiationg

1997, Chu Cool and trap atoms with laser light

1998, Stormer,  Laughlin, and  Tsui Fractional quantum Hall

Other inventions: MBE, Unix, C++, etc…
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History of self assembled Rings
I A /G A• InAs/GaAs
– QR at UCSB (study of QD in RTD)

• J M Garcia et al APL 71 (1997) 2014• J.M. Garcia et al. APL, 71 (1997) 2014
– QR at IMM (fundamental growth studies)

• D.Granados et al APL, 82 (2003) 2401
• InAs/InP

• T. Raz et al. APL 82 (2003) 1706, …
• SiGe• SiGe 

– J.Cui, APL, 83 (2003) 2907, …
• Droplet epitaxy growth• Droplet epitaxy growth

– S. HUANG et al, Solid state data. B, vol. 121-23 (2007), 541, ...



Motivation
Q t i f ti• Quantum information 
manipulation

A Quantum Dot Single PhotonA Quantum Dot Single-Photon 
Turnstile Device, 

P. Michler, A. Kiraz, C. Becher, W. V. 
Schoenfeld, P. M. Petroff, Lidong 
Zhang,E. Hu, A. Imamogùlu, 

SCIENCE 290, p 2282 (2000)

Fl ibili f d i i d f d i i h• Flexibility of design required for devices with nanostructures 
in the active region.

Lasers solid state near RT Q bits operation etc– Lasers, solid state near RT Q-bits operation, etc…

• Non trivial quantum geometry. Rings under Magnetic Field
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GROWTH - From Dots to Rings:  In(Ga)As/GaAs(001)g ( ) ( )
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Requierements for Ring formationq g
• QD

– Very uniform size distribution
– Large QD. Height > 10 nmg Q g
– (3.5x10-6 mbar As2, Ts=540ºC)

• Ring formation• Ring formation
– GaAs Capping with 20% height QD
– Lower T (500ºC) and As2



in situ, reak time Characterization
Morphology and relaxation processes during MBE epitaxial growth

SPECIAL TECHNICS @ IMMSPECIAL TECHNICS @ IMMa b SPECIAL TECHNICS @ IMM@

•ACCUMULATED STRESS
•Reflectance Difference (RD)
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1ML InAs/GaAs(001)1ML InAs/GaAs(001)
Observed features 1ML InAs/GaAs(001) + GaAs CAP
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W tti L E b ddi LWetting Layer vs. Embedding Layer

Liquid “Floating” Indium
cappingIn deposition capping
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Accumulated Stress (AS) during 

BIG QUANTUM DOTS

Dots formation
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•Relaxation of incoming material on top of QD



TRANSFORMATION SCHEMETRANSFORMATION SCHEME
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Accumulated stressAccumulated stress 
Partial sumaryy

• Large fraction of In is in a liquid-like, 
stress-free state, which “floats” and 
progressively incorporates into the capping p g y p pp g
layers.

• Stress induced melting of QD tip during• Stress induced melting of QD tip during 
capping Enhancement of mobility 
nanoeruption
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Ring Shape is preserved after cappingg p p pp g

AFM profile
ρ≈ 5x109 cm-2
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Daniel Granados et al.APL. 82, 2401 (2003), APL  86, 071918 (2005)



X-STM of capped Rings

AFM profile

Dr. Paul Koenraad, Univ. Eindhoven
P. Offermans et al. Appl. Phys. Lett. 87, 1 (2005)



Parametrization of potential 
from X STM datafrom X-STM data



Structural CharacterizationStructural Characterization 
Partial sumaryy

• Ring shape is preserved after capping
• Drastic reduction in vertical size
• Knowledge of realistic distribution of• Knowledge of realistic distribution of 

Indium
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Tuning of emissiong
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•Large change in Optical properties due to vertical confinement.

•Tunability of the nanostructures properties…Perfect for device applications!!
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QUANTUM…OK 
but Rings or small Dots?but… Rings or small Dots?
Aharonov – Bohm Effect



The persistent current I(Φ) of a ring as function of magnetic flux Φ. The Aharonov-Bohm effect implies that all
physical properties of a 1D quantum ring of radius R in a magnetic field B are periodic functions of the enclosed magnetic flux
with period Φ0=h/e (the flux quantum)

At B =0 there is no persistent current in the ring At small B the ground state has zero orbital momentum (ℓ = 0)At B =0 there is no persistent current in the ring. At small B the ground state has zero orbital momentum (ℓ = 0),
and to compensate for the magnetic flux that penetrates the ring, a (diamagnetic) persistent current appears in the ring (yellow
arrow). At a magnetic field for which Φ = ½Φ0 the orbital momentum of the ground state ℓ changes from 0 to 1, together with an
abrupt change in direction of the persistent current. For a ring with radius 11.5 nm the value of ½Φ0 corresponds to a magnetic
field of B=5 T. With further increasing B the persistent current decreases linearly and is zero again at Φ = Φ0, when the ring
encloses precisely one flux quantum (green arrow). This behaviour repeats itself periodically and each time the flux equals
(ℓ+½)Φ0 , ℓ is increased by 1, a jump in the magnetic moment occurs with magnitude µB/m*.



M t T i i tMagneto-Torsion experiments
The sample (7x8 mm2) is mounted
onto a thin torsion wire (yellow).
In a magnetic field B (Blue
arrow) the inducedarrow), the induced
magnetization of the sample M
(green arrow) results in a torque
which tends to rotate the sample,
trying to align M and B. This
optically detected rotation is
counteracted by sending a
current through a feedback coilcurrent through a feedback coil
of known area, located
underneath the sample. The
current through the feedback coil
is a quantitative measure of M

•Up to 15 Teslas

•T=1.2 K





Magneto-Torsion
Design and growth of sample

g

MBE Growth at IMM
•High uniformity <10% (Critical!)

•High density 29 layers stacked QR g y y Q

•1-2e per QR Modulation doping



Theoretische Fysica
van de Vaste Stoffen

COBRA Inter-University 
Research Institute

Theoretical approach

Prof. Devreese, V. Fomin (vladimir.fomin@ua.ac.be) et al, Uni. Anwerpen
Based on the structural information from X-STM
measurements on buried self-assembled InGaAs/GaAs

i l l h l dquantum rings, we calculate the electron energy spectra and
the magnetization as a function of the applied magnetic field.

Since the lateral size of quantum rings substantially exceeds
their height, we consider the lateral motion of electrons to be
governed by the adiabatic potential related to the fast electrongoverned by the adiabatic potential related to the fast electron
motion along the growth axis.

Th l t t t l l t d b di li i thThe electron states are calculated by diagonalizing the
adiabatic Hamiltonian in the basis of in-plane wave functions.



Calculations on Energy levelsCalculations on Energy levels



Theory: Magnetization



RESULTS: QR under Magnetic Field
Magnetic moment of electrons in QR.

•Oscillation at 14 T

g

•Theory from realistic experimentally
measured X- STM data

•Excellent agreement demonstrate

Aharonov-Bohm oscillation 14T

•Excellent agreement demonstrate
persistent currents associated with
RING geometry

Magnetization

first derivative first derivativeEXPERIMENT THEORY

Magnetic moment per electron, (μ=M/N)



Micro PL set up,
A.G.Taboada @ Eindhoven, NL

15 micro eV resolution with a triple  monocromator triple

T=4.2, Bmax=11T



Micro PL from one single Quantum Ring

Additional splitting at ~4.4T

“Normal” Zeeman splitting

Power excitation=8μW 



Micro PL from one single Quantum Ring: Fitting
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Possible explicationsPossible explications

-Aharonov-Bohm effect: Capture of one quanta flux by the exciton due to the 
different radial sizes of the electron and the hole due to the ring geometry. g g y
Transition phole-to-Selectron A.O. Govorov et al, PRB  66 (2002) 081309

M ti fi ld b k th i i t t d t-Magnetic field breaks the ring into two dots. 

-Mixture of heavy-hole/ light hole due to breaks of symmetry rules by B. (Bayer 
et al ) But intensity distribution is very differentet al…) But intensity distribution is very different.
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•Quantum rings preserve shape after capping

•Key role of stress-free-state of In on growth ofKey role of stress free state of In on growth of 
self assembled nanostructures

•Tunning of properties Reduction in vertical•Tunning of properties. Reduction in vertical 
size achieved in a controlled way

•Demonstrate the AB effect•Demonstrate the AB effect…

Quantum Rings

• Conclusions
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