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Mesoscopic

e Between microscopic (quantum mechanics
of few atoms) and Macrosopic

e Quantum Interference
e Quantum Coherence



o Semiconductor
Metallic Rings— Rings—Timp, Chang,
R.A. Webb, PRL 1985 pR| 1987
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Quantum Dot

 Single Electron Transistor—an electrometer
sensitive to addition of a single electron, or
to electric flux from 104 e

e Quantum levels inside the O-dimensional
system
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e Size Quantization

e Quantum Coherence, Mesoscopics

e Phase Space In Reduced Dimensions
 Manybody effects

= NOVEL PHYSICAL PROPERTIES







For X, Yy, z, each—3D
confinement:




e E.g. Laser speckle pattern—Iaser pointer
on CD

* Holograms
e Aharonov-Bohm Effect

e Quantum Interference (Important for
guantum computation)
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Quantized Conductance in Quantum
point contacts

Aharonov Bohm Effect in mesoscopic
rings

0-d: Quantum Dots

Metallic nanowires and 1d
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Scheer ef al., Nature 394, 154 (1998).
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Evidence for Samraton of Channel Transmission from Conductance Fluctuations

in Atomic-Size Point Contacts
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FIG. 3. (a) Standard deviation of the voltage dependence of

the conductance wersmns conductance for 3500 curves.




Wave Interference
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http://en.wikipedia.org/wiki/Image:Two_sources_interference.gif
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Systems

Semiconductor—2DEG, 1DEG, Quantum
Dots

Metallic—Nanowires and rings, Quantum
Dots,

Molecular and atomic systems

New Materials: e.g. Carbon nanotubes,
graphene sheets
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The Hall Effect

Lorentz Force

Coordinate
F=-gvXxB System
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Classical Drude Conductivity
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Reciprocity—Buttiker, Landauer
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» Usual GaAs 2deg + Au gates.
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VOLUME 57, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OCTOBER 1986

Four-Terminal Phase-Coherent Conductance

M. Biittiker
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598




Fermi-Dirac: Fermi Level
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as a function of differences of voltages, Vi=pu /e, .
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I find the following expressions for the conductances
of Eq. (3):

ap= (e n)[(1=R\;)S

— (T + T ( Ty + T3) /S, (4a)
a13= (e W) (T3 T34 — T14T32)/ S, (4b)
ay = (e W) ( Ty Tys— T3 Ty )/S. (4c)
o= (efh)[(1-Ryn)S

— (T + Ty3) (T + T30 1/8 (4d)
where
S=Ti+ T4+ Tyn+Ty

— T;rl + T4| -+ sz + Tq],. {5}

Ry3= V=Vl =ay /(e —apa ).



The Hall Effect

Lorentz Force

Coordinate
F=-gvXxB System
B
7

=
S,
—ln

Figure 1



Classical Drude Conductivity
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2DEG-Quantized Hall Effect
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KONDO EFFECT AND SPIN -
ENTANGLEMENT IN
DOUBLE QUANTUM DOTS

ALBERT M. CHANG
Department of Physics
Duke University, Durham, NC 27708



Double Quantum Dot Molecule




The size is 180 nm. Designed for "the Kondo effect in artificial
molecules’.

Bigger picture of the above device showing outer fan-out.
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Gold Nanoparticles

T=01K Coulomb blockade
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Single Atom Transistor
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Quantum Dots
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Fabrication Techniques

Advanced Electron Beam Lithography
Self-Assembly/chemical growth
Template

Nanolmprint

Exfoliation--Graphene



Quantum Dots! (Robust
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(a) Anneal Contact
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Self-Assembly
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Graphene Sheet AKGeim; P. Kim




Armchair--Metallic

Z1gzag--
Semiconducting




Comparison of Mechanical Properties

Material (TPa) Tensile Strength (GPa) Elongation at Break (%0)
SWNT ~1 (from 1 to 5) 13-53F 16
Armchair SWNT 0.947 126.27 23.1
Zigzag SWNT 0.947 94.57 15.6-17.5
Chiral SWNT 0.92
MWNT 0.8-0.9¢ 150
~0.2 ~0.65-1 15-50
~0.15 =EL05 =

KevlarT 0.25 29.6



Single and Bi-layer Graphene
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E.g. Gold nanoparticles,
ZnS claded CdSe NP

Size-Sorted Colloidal Nanocrystals
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AFM of (110) InAs QDs

(110) | (100)

S. Lyons, Princeton University



Template
Superconducting Al Nanowire
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FIG. 2: SEM image of an 8 nm wide wire 20 pm long.

F. Altomare, A.M. Chang et al., APL (2005)



A. Bezryadin, C.N Lau, and M Tinkham,
Nature 404, 971 (2000).
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Combination—e.g. Molecular
Devices

Tetrahydrofuran (THF)
Natelson (Rice);

Image: J.W. Ciszek









FIG. 2: SEM image of an 8 nm wide wire 20 pym long.
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Superconducting ultra-narrow

Fabio Altomarel2, Albert M. Chang!?,
Michael R. Melloch?,
Yuguong Yang#*, Charles W. Tu#




I:llié:'u\;‘:
[ Jacans
EFrma
..ﬁl]l—'ﬂ

namowirg




1In, Ga As 1llPMMA 1 Wire
E InP W Ti/Au - [C] Mask

cond-mat/0412210



INP ridge - ‘/Metal pad

(001) ©®




AR e’ R

R 7zhlL

3

2

|

1 4 we o

+ +
3L 3’




AR/R (107)

d

InP

! Data |
8 nm .d““‘-
 12nm
4} o -
gpa e
cgﬁFhﬁyi é‘
2F E4- a - i
: ‘.(" T2 iﬂ: - iourm
0 A 20 um
0 fe-see i
. , B(T)
0 1 2
B(T)
W =38 nm w =12 nm
L<|>: 99 Nnm L<|>: 81 nm

cond-mat/0412210



Al nanowires
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