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When, where, how, and what about it? 

1.
 

Can quantum coherence exist in many-body systems, either 
spontaneously acquired or externally induced and preserved?

2.
 

How does that happen, how do we measure, manipulate, and 
utilize the macroscopic coherence? 

Spontaneous Macroscopic Order 
in Quantum Phases

Induced Coherence and
‘Macro-sized’ Quantum Control

•
 

Superfluidity in liquid He4

•
 

Superconductivity, BCS 
state of cooper pairs

•
 

High Tc
 

superconductivity
•

 
Atomic BEC
… …

Fundamental Physics &
Technology Innovation

Many-body Physics, Emergence (vs. Reductionism)
“More is different”

 

P. Anderson
“A Different Universe’

 

R. Laughlin

•
 

Quantum memories
•

 
Quantum processors
… …

Quantum Information &
Quantum Technology
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Macroscopic Quantum Coherence in 

Matter-Light Systems 

•
 

What are polaritons?
What’s special about them? 

•
 

What quantum phases may they 
possess? How to realized them? 

•
 

What have we found?
 What I am looking for? 

•
 

What potential applications?

Spontaneous Macroscopic Order of Microcavity Polaritons

•
 

Why quantum information?
•

 
Why quantum memory?

•
 

Why/which ensembles and 
solid state systems?

Scalable Quantum Memories and Processors -- Electron Spin Ensembles

Cavity
QED

Light

Matter

MatterLight
•

 
How to establish 
coherent

interface?

Many-body 
Physics



5

Spontaneous Macroscopic Order of 
Microcavity Polaritons

polariton condensation

Cavity
QED

Light

Matter

•
 

Introduction to Bose-Einstein Condensation (BEC)
•

 
Introduction to Microcavity Polariton

•
 

Experiments on Polariton BEC and beyond
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Introduction to Bose-Einstein 
Condensation

 S.N. Bose, Zeitschrift für Physik 26:178-181 (1924).

 
A. Einstein, Sitz. Ber. Preuss. Akad. Wiss. (Berlin) 1, 3 (1925)

Satyendra Nath Bose (1894-1974) Albert Einstein (1879-1955)



A uniform infinite system of non-interacting particles of mass m, 
total number N, the occupation numbers are:

Simplified Definition of BEC

If d >2, Tc exists where:

at T<Tc , μ pinned at 0,

 

N0

 

=N –

 

N’(T, μ=0),

 

N0

 

/V

 

finite

Bosons Fermions a classical gas

for BOSONS, and ONLY for BOSONS:

e.g.  d=3, 3/2123/2 )/(2612.2 VNmTk CB
−−= hπ

nk =
1

eβ(εk−μ)+1
nk ∝ e−βεknk =

1

eβ(εk−μ)−1

nk, εk ≥ 0→ μ ≤ 0

β = (kBT)
−1

ν(ε)(d) ∼ Ldmd/2εd/2−1μ

 
given by: Pk nk = N =

R
dεν(ε) 1

eβ(ε−μ)±1,

μ= 0,
R
dεν(ε) 1

eβcε−1 = Nc

T

N0

 

/N1

0

TC

μ

T
0

εk = h̄2k2/2m,
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ρ1(r, r
0) =< Ψ+(r0)Ψ(r) >=

Nk0

V
eik0(r−r

0) + 1
V

P
k 6=k0

< a+k ak > e
ik(r−r0)

1.
 

Macroscopic population in a single state 

2.
 

The condensed state becomes a ‘classical state’
 

(coherent state)

Hamiltonian of free boson gas:

Essential Features of BEC

In BEC: finite
V
N

V
aa

→=
>< +

00001],[lim 00

,
⎯→⎯= ∞→

+

∞→

V

VN VV
a

V
a

φieNa 0~
0

+,~ 00

φieNa −

3. BEC has off-diagonal long range order Macroscopic coherence
Order Parameter

for BEC:

1st Reduced density matrix

>Ω>Ω − |~| 00

φieNa

H =
P
k
( h̄

2k2

2m − μ)a
†
kak

finite in BEC 
Ψ(r) =

1
√
V

X
k

ake
ikr =

ak0√
V
+

1
√
V

X
k 6=k0

ake
ikr ∼

√
n0e

iφ

non-condensed part 0    
when

Condensate Fraction
|r − r0|→∞
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Where ‘Quantum’
 

Grows ‘Macroscopic’
 --

 
Parameters of atomic and semiconductor BEC systems

systems atomic gas exciton polariton
realized in 

1995
proposed in 

1962
proposed in 

1968

effective mass 
m*/me

103 10-1 10-5

Bohr radius aB

 

(A) 10-3 102 102

particle spacing
nc

-1/d  (nm) 102 103 103

critical temperature 
Tc

1nK~1mK 1mK~1K 1K~300K

thermalization time
lifetime

1ms/1s
~10-3

10ps/1ns 
= 10-2 ~ 1

(1~10 ps)
(1~10ps) 

= 10-1 ~ 101
dynamic

extremely 
light m*

(mixing with 
photons)

extremely 
high Tc

1−∝ mT C
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What is a 
Microcavity Polariton?

1.
 

Why such small mass? 
2.

 
Why such short lifetime?

strong coupling of semiconductor 
exciton and microcavity photon
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What is Exciton: bound-state of an electron and a hole

Semiconductor crystal ground state |vac >: filled valence band, empty conduction band

Lowest energy elementary excitation from |vac >:
an exicton an electron and hole pair bound by attractive Coulomb interaction

+
-

exciton

aB =
h̄2

e2
²
mr
∼ 100Å

Eb =
e4

2h̄2
mr
²2
∼ 10meV

m∗h/m
∗
e < 10

Exciton creation operator

mode index envelope function of relative motion 
(analogous to Hydrogen atom)

holeelectron

e
†
ν,K = |ν,Kihvac| =

X
k

fν(k,K)c
†
kb
†
K−k
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Exciton creation operator

mode index envelope function of relative motion 
(analogous to Hydrogen atom)

holeelectron

Semiconductor crystal ground state |vac >: filled valence band, empty conduction band

+
-

exciton

Lowest energy elementary excitation from |vac >:
an exciton an electron and hole pair bound by attractive Coulomb interaction

e

Eg1Eg2 h

z

QW exciton

composite boson at low densities

h[eν,0, e†ν,0]i = 1−O(na∗d
B
)

at high densities: electron-hole plasma
•

 

laser (high T, large decoherence)
•

 

BCS (low T, low decoherence)

|vk

 

|2

1

0 k

increasing 
density

fν(k)

Θ(k − kF )

exciton gas electron-hole plasma

∼ nadB

e
†
ν,K = |ν,Kihvac| =

X
k

fν(k,K)c
†
kb
†
K−k

What is Exciton: bound-state of an electron and a hole
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linear superposition of a 
microcavity-photon and a  

QW-exciton with the same k||

polariton operator

Hamiltonian of coupled cavity photon-QW exciton

Pk = ukek+ νkak

H =
P
k
Epol(k)P

†
kPk,

Epol(k) =
1
2[Eph(k)+Eex(k)±

q
4g20 + (Eph − Eex)2] ∆Epol = 2g0, when Eph = Eex

H =
X
k

[Eph(k)a
†
kak+Eex(k)e

†
kek+g0(a

†
kek+ake

†
k)]

What is Polariton: strong coupling of exciton & photon

polariton is the elementary excitation of a semiconductor microcavity, 
when the energy exchange rate between the coupled photon and exciton is 

faster than their decay and decoherence rates

MQWs,

 

confined 
quasi-2D excitons

high reflectance mirrors (DBRs)

Tapered cavity 
tunable confined 
photon field

z

|vac>

Eex Eph

|vac>

EUP

|vac>

ELP
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Properties of Polaritons

E

k//

lower polariton
half photon half exciton at k=0

Rabi 
splitting 2g0

bottom of LP branch: ‘ground state’

dispersion 
curves

Epol(k) =
1
2[Eph(k)+Eex(k)±

q
4g20 + (Eph − Eex)2]

meff (k≈0) ~2mph

 

~10-4 mexc

 

~10-8 mH

τ0

 

(k≈0) ~ 2τph ~10-2τexc

QW exciton 
(mexc ~ 10-1

 

me

 

, τexc ~ 1 ns)

upper polariton

microcavity photon 
(mph ~ 10-5

 

me , τph ~ 10 ps) 
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Experimental Access of Polaritons

one-to-one correspondence 
between each LP at certain k||

 
and each external photon 
emitted at certain angle θ 
with the same k||

 

and ELP

 

(k||

 

)

The out-coupled photon 
carries direct information 
of the internal LP
e.g. dispersion, statistics, 
population I(k|| )=N(k|| )/τLP

 

,

 
k-distribution…

Epol(k) =
1
2[Eph(k)+Eex(k)±

q
4g20 + (Eph − Eex)2]

E

k//

z
k||kz

θ

lower polariton
half photon half exciton at k=0

meff (k≈0) ~2mph

 

~10-4 mexc

 

~10-8 mH

τ0

 

(k≈0) ~ 2τph ~10-2τexc

QW exciton 
(mexc ~ 10-1

 

me

 

, τexc ~ 1 ns)

upper polariton

microcavity photon 
(mph ~ 10-5

 

me , τph ~ 10 ps) 
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Very high critical temperature (>4K)

Polaritons mass ~10-4 mexc~10-8 mH

Can directly measure quantum statistics

convenient experimental access by 
one-to-one mapping between out-
coupled photon and internal POL

Extended coherence in the combined 
excitation when excitons dressed by the 
microcavity vacuum field

Use multiple, narrow QWs

Pronounced stimulated scattering
into states at k~0 due to small DOS

Polariton for BEC

BEC critical temperature 

BEC originates from 
quantum statistics

Exciton suffer localization 
and inhomogeneous 
broadening due to disorders 
in solids

Avoid exciton saturation

Spontaneous coherence 
needs efficient cooling

1−∝ mTC

QWQW0   , NnnNg LPexc ∝∝
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1. Macroscopic population in the ground state
–

 
quantum degeneracy threshold

2. Thermodynamic properties
–

 
momentum distribution

3. Coherence properties
–

 
second order coherence function

–
 

first order coherence function

How to study polariton condensation
 in experiment?
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Sample and Setup

angle-resolved photoluminescence setup

λ/2 AlAs
cavity

DBR
(17 pairs)

DBR
(21 pairs)

3x4 
GaAs
QWs

AlAs
GaAlAs

substrate

a λ/2 microcavity cavity 
with 12 GaAs/AlAs

 

QWs

k||

kz

θ

2g0  = 15meV
kB T = 0.3meV

streak
camera

CCD

cryostat

sample

PL signal

goniometer rail
for pump optics

ps-pulse laser
pump from θ

goniometer rail
for collection optics

fiber-coupled 
collection lens

monocromator

output

input

startstop

Time Interval
Counter

H-BT setup for 
g(2)(τ) measurement
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20

sample
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Experimental Scheme

laser pump creates 
LPs at large kp

kx

ky

emission
phonon

kx

E

LP

QW exciton

cavity
photon

UP

measure along kx

 

by
scanning the emission angle θ

pumping

very fast
momentum relaxation 

to all |kp

 

| states

energy relaxation by 
phonon scattering

photon leakage
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emission
phonon

kx

E

LP

QW exciton

cavity
photon

UP

pumping

LP-LP 
scattering

k|| (μm -1)

tim
e 

(p
s)

-2 -1 0 1 2

0

1 0

2 0

3 0

4 0

5 0

k=0 ground state

Experimental Scheme

pump arrival
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Time Resolved Measurements

streak camera images of k||= 0 LP

0 20 40 60
Time (ps)

N
LP

(t,
k~

0)
 

   
 (a

.u
.) 

   Δ = 6.7 meV
P = 4Pth

tim
e 

(p
s)

50

100

150

200

250

0.5 Pth

energy (eV)

Pth 2.5 Pth

1.5873 1.59181.5873 1.5918

0

τR ~ inf , τ0 is inferred from linewidth
P(t) is a Gaussian pump centered at t=0

2-mode rate equation model:

k||

hot LP 
reservoir NR

LP ground state N0
τ0

τrel

∂NR
∂t

= P (t)− NR
τR

− NR
τrel

∂N0
∂t

= −N0
τ0

+
NR
τrel

pump arrival
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Polariton Quantum Degeneracy Threshold

 

LP lasing

pump

k||

E

11109 1010 10

10-1

100

101

102

103

 polariton, Elp=1.6166 eV
 cavity mode, Ecav=1.6477 eV

injected carrier den

po
la

rit
on

s 
pe

r m
od

e 
at

 k
||~ 

0

no electronic inversion

sity (cm-2)

threshold of 
stimulated scattering

& degeneracy

H. Deng, et. al., Proc. Natl. Acad. Sci. 100, 15318 (2003)
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Spin Dynamics and Spontaneous Polarization

1 10

0  

10 

100

n 
(k

||~
0)

Pump Power (mW)
1  10 100

Pump Power (mW)

co-cir
cross-cir
total

left-cir
right-cir
total

1  10 100
0  

0.2

0.4

0.6

0.8

1  

C
irc

ul
ar

 D
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re
e

 o
f P

ol
ar

is
at
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n

Pump Power (mW)

ciru lar pump
linear pump

H. Deng, G. Weihs, et. al., Proc. Natl. Acad. Sci. 100, 15318 (2003)
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Bose-Einstein Momentum Distribution

0

0.2

0.4

0.6

0.8

1

1.2

1.4

k|| (μm-1)

n 
(k

||) 
(a

.u
.)

0 0.5 1 1.5 2 2.5 3 3.5 4

exp. 
data

BE

MB

P/Pth =1.5

H. Deng, G. Weihs, et. al., Proc. Natl. Acad. Sci. 100, 15318 (2003)

A degenerate 
Bose gas

of polaritons!

kx

E

pumpingnBE =
1

e

εk−μ
kBT −1

nMB = e
− εk
kBT angle-resolved 

detection

H. Deng et al., Phys. Rev. Lett. 97, 146402 (2006).
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Spatial Distribution

homogeneous spatial mode 
anomalous shrinkage of spatial size

0.8Pth
Pth 1.2Pthbroad Gaussian

steep central peak

photon laser

LP condensation

1.5Pth

polariton photon

Compare with a photon laser

p

lens I
sample

H. Deng, et. al., Proc. Natl. Acad. Sci. 100, 15318 (2003)
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Spatial Coherence by Double-Slit Interference

1 0 0 2 0 0 3 0 0 4 0 0
0

0 .2

0 .4

0 .6
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)
y 

(p
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)
y 

(p
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1 0 0 2 0 0 3 0 0 4 0 0

2 0 0
4 0 0

0 0 .2 0 .4 0 .6 0 .8 1

P/Pth

 

=0.5 P/Pth

 

=6.7
g(1)(r)~0:56g(1)(r)~0.1

u2 v2

D

lens IIlens I

Double Slit xCCD Camera

H. Deng, et al., Phy. Rev. Lett. 99, 126403 (2007)
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Second Order Coherence Function

)(
)()(:)()(:

)(ˆ)(ˆ

)(ˆ)(ˆ)(ˆ)(ˆ
)( )2(

21

21
22

)()(

)()()()(

)2( jTg
nn

jinin
n

tntn

tEtE

tEtEtEtE
g i =

+
≈

+
=

++
=

+−

++−− τττ
τ

single-mode 
coherent state

experimental artifact    
due to slow dynamics and 

limited time resolution

thermal state

( )( ) 102 ≈g

( )( ) 202 ≈g

H. Deng, et. al., Science 298, 199 (2002)

startstop

Time Interval
Counter

pth

single 
photon 
counter

5 10 15 20
1.0

1.2

1.4

1.6

1.8

2.0

0 20 40 60 80

0.5

1.0

1.5

2.0

0 20 40 60 80
0.0

0.5

1.0

1.5

2.0 

 

g(2
) (0

)

Pump Rate P/Pth

 

P/Pth = 1

time (ns)  

P/Pth = 15

time (ns)
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Room temperature polariton condensation
using material with large binding energy, 
e.g. ZnSe, GaN, organics …

Practicalities:

In-plane confinement potential 
–

 

single-mode coherent light source
–

 

better defined system size to facilitate 
theoretical understanding -2 -1 0  1  2  

1 .6 0 5

1 .6 0 7

1 .6 0 9

En
er

gy
  (

eV
)

p h o to n  

L P  

48
0

50
0

52
0

w
av

el
en

gt
h 

(n
m

)

0
 m

m
 

0.
11

 m
m

 

0.
22

 m
m

 

Multitudes of Open Questions and Opportunities

Electrical injection 

Device applications: huge nonlinearity and very fast response time
–

 

ultra-low threshold source of coherent light
–

 

resonant parametric appliifer
–

 

spintronics devices
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Multitudes of Open Questions and Opportunities

Fundamentals:

Excitation spectra –

 

Goldstone mode, roton

 

mode? 

Exact quantum state of the condensed ground state
Superfluidity and vortices

One-dimensional polaritons in quantum wires

BEC to

 

BCS crossover at high densities
Lattice potential and a polariton quantum simulator

Critical exponent of the phase transition

Properties of the 2D condensate

Other quantum phases

Other dimensions and structures

Polaritons in quantum disks, in flat band photonic crystals, …

Magnetic field responses

Lai et al, Nature, 2007

Kosterlitz-Thouless

 

transition in larger systems
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Scalable Quantum Information Processing

•
 

Why Quantum Information, What’s in it?

•
 

An example of atom-light 
quantum interface

•
 

A solid-state candidate

D0 X

D0

 

1s

+
-

-

+
-

+
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Why Quantum Information

The Moore’s Law

Fundamental 
Scientific Questions 
& New Paradigms in 
Modern Technologies
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Quantum 
Cosmology

Quantum 
Simulation
Feynman (1982)

Quantum 
Metrology

What is “Quantum Information”? 

Quantum 
Communication

Information theory
information is physical! 

channel capacity, 
super-dense coding …

Quantum cryptography
non-local & perfectly secure
Bennett & Brassard (1984) 

Ekert

 

(1991)  

Information reconciliation & 
privacy amplification: Bennet

 

(1992) 

Quantum 
teleportation

Wiesner

 

(1970) 

Quantum Computation
Computer science

Turing (1936)
Deutsch (1985)

Quantum 
algorithms

Deutsch (1992) 
Shor

 

(1994) 
Grove (1996)

Quantum 
error-correction

Shor,

 

Steane

 

(1995)

Q…

Q…
Q…

Q…
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Quantum 
Cosmology

Quantum 
Simulation
Feynman (1982)

Quantum 
Metrology

What is “Quantum Information”? 

Quantum 
Communication

Information theory
information is physical! 

channel capacity, 
super-dense coding …

Quantum cryptography
non-local & perfectly secure
Bennett & Brassard (1984) 

Ekert

 

(1991)  

Information reconciliation & 
privacy amplification: Bennet

 

(1992) 

Quantum 
teleportation

Wiesner

 

(1970) 

Quantum Computation
Computer science

Turing (1936)
Deutsch (1985)

Quantum 
algorithms

Deutsch (1992) 
Shor

 

(1994) 
Grove (1996)

Quantum 
error-correction

Shor,

 

Steane

 

(1995)

Q…

Q…
Q…

Q…“Quantum Technology”
generation, storage, manipulation, transportation, 

and application of quantum systems
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The Real World Challenge 

“Quantum Technology”
How to generate, store, manipulate, transport and use quantum systems

Quantum Computation
Qubits, and their initialization,
controlled interactions and read-out

•
 

a variety of matter qubits
nulcear

 

spins,

 

electron spins, charge 
qubits, flux qubits, phase qubits

 

…

•
 

Diverse matter systems
ions, neutral atoms, molecules, 
semiconductors, super-conductors …
single particle systems & ensemble 
systems …

Biggest QC: 12-qubit
Negrevergne et al. (2006)

Quantum Communication
Entangled states (& single photons),
and their faithful transportation

–
 

Quantum teleportation
photon: Bouwmeester

 

et al. (1997) 
atom: Riebe

 

et al., Barrett et al. (2004)

–
 

Quantum cryptography
photon: Bennett et al. (1990)

– Commercial quantum cryptography!
MagiQ

 

Technologies (New York)
id Quantique

 

(Geneva)

Record distance: 150 km
with photonic systems
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The Real World Challenge 

“Quantum Technology”
How to generate, store, manipulate, transport and use quantum systems

Quantum Computation
Qubits, and their initialization,
controlled interactions and read-out

•
 

a variety of matter qubits
nulcear

 

spins,

 

electron spins, charge 
qubits, flux qubits, phase qubits

 

…

•
 

Diverse matter systems
ions, neutral atoms, molecules, 
semiconductors, super-conductors …
single particle systems & ensemble 
systems …

Biggest QC: 12-qubit
Negrevergne et al. (2006)

Quantum Communication
Entangled states (& single photons),
and their faithful transportation

–
 

Quantum teleportation
photon: Bouwmeester

 

et al. (1997) 
atom: Riebe

 

et al., Barrett et al. (2004)

–
 

Quantum cryptography
photon: Bennett et al. (1990)

– Commercial quantum cryptography!
MagiQ

 

Technologies (New York)
id Quantique

 

(Geneva)

Record distance: 150 km
with photonic systems

Quantum Networks
(that combine matter and light systems)

for Scalable Quantum 

Communication and Computing
Bennett (1996), Cirac

 

et al. (1997)



Quantum Networks

2. Quantum Channels 
(Light)

transport/distribute QI

3. Quantum Interface
map QI between matter – light

1. Quantum Nodes
(Matter)

generate, store, 
process QI

Building blocks of a Quantum Network?
1.

 
Quantum nodes (Matter)

2.
 

Quantum channels (Light)
3.

 
Quantum interfaces (Matter Light)



Quantum Memory of Atomic Ensembles   

6S1/2

6P3/2

F = 4
F = 3

9 GHz

F’ = 4

~ 852 nm

an ultra high vacuum chamber 
–

 

the host of our quantum nodes

Λ-type energy levels,

Quantum Memory: a cloud of cesium atoms
confined by a magneto-optical trap (MOT)

γgs∼0



Quantum Memory –
 

Atomic Ensembles  

Quantum Information Processing 
with Atomic Ensembles

N
i |gii

N
|0pi

all atoms in g
(by optical pumping) no photon

Initialize:

6S1/2

6P3/2

F = 4
F = 3

9 GHz

F’ = 4

γgs∼0Λ-type energy levels,

optical 
pumping



Quantum Memory –
 

Atomic Ensembles  

Quantum Information Processing 
with Atomic Ensembles

6S1/2

6P3/2

F = 4
F = 3

9 GHz

F’ = 4

~ 852 nm

N
i |gii

N
|0pi

all atoms in g
(by optical pumping) no photon

Initialize:

Generate QI:

Store QI:

Single excitations in |s>
via laser manipulations

in |s>, memory time by 
coherence time of |s>

Retrieve QI: map single excitations into 
single photonic state,
& restore atomic states

Λ-type energy levels, γgs∼0



• Heralded Single photons and entanglement

• Distribution of Polarization Entanglement
for Scalable Quantum Cryptography

Probabilistic Quantum Interface by DLCZ Protocol

Deterministic Quantum Interface by Dynamic EIT

• Entanglement mapping IN and OUT of quantum memories

Reversible and coherent mapping
Entanglement transfer efficiency 20(2)%

Choi

 

et al., Nature 452, 66 (2008)

Chou et al., Science 316, 1316 (2007)

2L 2R
3m

Duan, Lukin, Cirac, Zoller, Nature, 414, 413 (2001)
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•
 

Compact, integrable, scalable
•

 
Versatile

•
 

New technologies, new physics
Can we pick out the ‘right’ systems, and the ‘right’ interactions?
Can we understand and control the interactions? 
And manipulate the system the way we want? 
How are they similar to, and different form atomic systems? 

From Atomic Gasses to Solids State Chips
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Why quantum information …
Why solid state …

Which Solid State Systems and How

•
 

Nuclear spin 
long decoherence time
slow, no convenient optical interface, limited control techniques

•
 

Single electron spins
could have long decoherence time and optical interface
fragile, difficult to isolate, difficult to make identical and scale up

•
 

Superconductor qubits
Macroscopic, integrated on-chip microwave circuitry
no optical access, extremely complicated microwave circuitry 

•
 

Donor-bound electron spin ensemble
robust, all identical, convenient optical access
material properties and control techniques less studied
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Electron Spin Ensembles

Bulk GaAs with neutral donor (Si) impurities
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•

 

Λ-type energy levels with very long decay and homogeneous dephasing

 

times
•

 

Store quantum information in one lower level 
•

 

Manipulate quantum information by light through coupling to the upper level
•

 

As an ensemble system, very robust against loss and noise
•

 

Easy to scale up and integrate
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Macroscopic Coherence in Matter-Light Systems
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Coherent
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Macroscopic Coherence in Matter-Light Systems

Light

MatterQuantum Control 
of Matter by Light

in
e Spin Ensembles Quantum Information 

Processing
Novel Devices

Quantum Physics 
Collective Phenomena

Cavity QED

Novel Mesoscopic Systems 
•

 

New Structures
•

 

New Materials 
•

 

New Types of Ensembles

Material Science
Fabrication Technology
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