
Sec. 9.3.3 Fermi Gas and Density of States
Kinetic Energy E = mv2/2 = p2/2mMomentum p = mvClassical description:

px =  kxQuantum description: h
All conduction electrons are equally spread out in the k space (reciprocal space)
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Single Electron Tunneling
Capacitance of a dielectric  disk      : C = 8ε0εr r
Capacitance of a dielectric  sphere  : C = 4ε0εr r

For a GaAs sphere, C = 1.47 × 10-18 r  farad for radius r in nm

p. 801

C≈7aF for εr=10
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Nano-particles:
1. Contains many electrons:

normal metal nano-particles
superconductor nano-particles
magnetic nano-particles 

2. Contains few electrons

Subjects:
1. Device structures: 

for particles: nano-pore, electrodes with small gap
for 2DEG devices: lateral and pillar types

2. Physics:
in many electron system:

Level statistics
Parity effect
Lande g factor (spin-orbit interaction)
superconductivity
Magnetic moment

in few electron system:
Shell filling; artificial atom



Spectroscopy, Interactions, and 
Level Splittings in Au Nanoparticles
PRL, 83, 1644 (99)

Tunneling via Individual Electronic 
States in Ferromagnetic Nanoparticles
PRL, 83, 4148 (99)

Electron transport in Metallic grains 
(short note by D. Davidovic et al.)

Gate-Voltage Studies of Discrete 
Electronic States in Aluminum Nanoparticles
PRL, 78, 4087 (97)



Allowed and forbidden transitions in artificial 
hydrogen and helium atoms
Nature 419, 278 (02)

Shell Filling and Spin Effects in a Few Electron Quantum Dot
PRL, 77, 3613 (96)

source draindot Metal gate

2DEG

GaAs

Microwave spectroscopy
of a quantum-dot molecule
Nature, 395, 873 (98)



Relevant energy scales (1)

Charging energy: 
CΣ=CSj+CDj+CgEC=e2/2CΣ

CSj≈0.045 aF/nm2 × Ajunction 100 nm2 → 8 meV=93K
For an embedded nano particle: EC ≈ 0.8eV nm2/r2

Mean level spacing: 
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r = 5nm, Al particle: kF=17.5nm-1, δ = 1.3meV, N = 11858
r = 5nm, Au particle: kF=12.1nm-1, δ = 1.9meV, N = 3920 



Relevant energy scales (2)
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Thousless energy ≈

Delft and Ralph, Phys. Rep. 345, 61 (01), Eq. 5

Fermi sea EF

trelaxδ
δ > EThousless : well resolvable discrete levels

Small Thouless energy usually implies a longer relaxation time

relaxth  ≥δ for well resolvable discrete levels

tunnelth  ≥δ for well resolvable discrete levelsTunneling time: ttunnel

The same argument applies for Coulomb blockade:
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For system in equilibrium: trelax << ttunnel

Nonequilibrium high electrons : hot electrons trelax >> ttunnel



source drain
eVg > 0
eVb < 2Ec
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Nanomechanical oscillations in a single-C60 transistor Nature 407, 57 (2000)
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Shell Filling and Spin Effects in a Few Electron Quantum Dot
S. Tarucha, PRL, 77, 3613 (96)
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Eigenenergy:
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Transport through a quantum dotTransport through a quantum dot

Quantum dot is characterized by a finite energy level spacing ∆E
♠ each level contains two electrons of opposite spin
♠ the number of electrons in the dot is controllable, it is thus called an artificial atom
♠ entering of one electron causes island potential to increase by e/C or e/C + ∆E

depending on the parity (even or odd) of the excess number of electrons

Filling electrons to an artificial atom
n = 0                          1                       2         3                      4                      5

Discrete 
energy 
levels in 
a dot

David H. Cobden, PRL, 81, 681 (98)

even to oddodd to even

Adrian Bachtold, Nature, 397, 673 (99)



Electronic Spins in nanoElectronic Spins in nano--particles:  particles:  ZeemanZeeman EffectEffect
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von Delft et al. 
PRL, 77, 3189 (96)



D.C. Ralph, C.T. Black, M. Tinkham, Phys. Rev. Lett. 78 (1997) 4087.

Magnetic field dependence of the resolved electronic
transitions for the device of Fig. 2 at (a) Vg ø 110 mV and (b)
Vg ø 180 mV. The dashed lines show the average energy of
the tunneling threshold at large H, corresponding to the 
(Vgdependent) Coulomb barrier. ∆ ø 0.3 meV.

Magnetic field dependence of the energy spectrum in
sample 1. Right schematic is a guide to the eye.

PRL, 83, 1644 (99)

g=0.28odd

Thickness Au film = 1nm

Small g due to strong spin-orbit interation



Effects of spin-orbit interactions on tunneling via discrete energy levels in metal nanoparticles
PRB, 60, 6137 (99)

3nm Al-grain with ~4% Au impurities
→ Suppression of the g-factor

HgE B
eff
jj µδ = µB=57.8838µeV/T

= Bohr magneton

Effective g factors
1.84, 1.68 and 1.76



Tunneling via Individual Electronic States in Ferromagnetic Nanoparticles 
PRL 83,4148 (99)

Particle size ~ 1-4 nm
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Spectroscopy of the Superconducting Gap in Individual Nanometer-Scale Aluminum Particles

PRL, 76, 688 (96)Particle size =2.5~4.5 nm


