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Electronic structure

Electronic transport in low dimensional systems

p = 0,1,2,3 is the 
system dimension

2 2

1( ) 2 2
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mg E dE k dk dEπ
π π

= =

For example: 2D system  l<<L;  L = macroscopic extent

For each sub-band defined by  n



Quantum well (2D)

Confinement in x direction and free electrons in the y,z directions

Peak in the barrier transmission 
when the electron energy matches 
one of the well discrete energy level 

Kx = nπ/l



x

Conduction band edge (eV)
1.4 1.7

Current peak when the electron 
energy matches one of the well 
discrete energy level 



Appl. Phys. Lett., 24, 593 (1974)

In the simple model of square barriers the current peaks 
appear at about V = 2E

E1 E2



Temperature 
smearing

Phys. Rev. Lett. 60, 535 (1988)

The principal peak is due to the 
vertical confinement

The low temperature 
multi-peak structure 
reflect the lateral 
confinement

5 nm

100-200 nm

4 nm



Quantum wire (1D)

Conductance independent on the length L

2( )

2 1( )
2 2

Ev E
m

mg E dE dk dE
mEπ π

=

= =

N.B.: Ohmic contact 
(in this case absence 
of potential barrier)

μ2 – μ1 = eV



Quantized conductance through individual rows 
of suspended gold atoms

Nature 395, 781 (1998)



Quantized conductance of a single and a double strand of gold atoms. a) 
Conductance change of a contact while withdrawing the tip. Conductance is 
shown in units of G0 = 2e2=h. b) Electron microscope images of gold bridges 
obtained simultaneously with the conductance measurements in a). Left, bridge at 
step A; right, bridge at step B. c) Intensity profiles of the left and right bridges 
shown in b). The shaded area is the intensity from the bridge after subtraction of 
the background noise. d) Models of the left and right bridges. The bridge at step 
A has two rows of atoms; the bridge at step B has only one row of atoms. 

A B

The conductance of a mono-
atomic wire is 2e2/h and that of 
a bi-atomic wire is twice as 
large

The conductance is quantized



Quasi 1D channel in 2D electron system

d=250nm; L=1000 nm

Temperature effect

Phys. Rev. Lett. 60, 848 (1988)



Coulomb blockade in quantum dots (0D)

e- e+

a) A metal island embedded between electrodes which are electrically 
connected. Transferring an electron onto the island (b) or taking off the electron 
from the island (c) charges the capacitor formed by the island and the electrodes

Classical charging energy for a capacitor E=q2/2C =e2N2/2C for N 
electrons  (C is the island capacitance)
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2
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eN E N E N N
C

eN E N E N N
C

eN N
C

μ

μ

μ μ

+ = + − = +

= − − = −

+ − = Additional energy to spend for 
adding one electron

Tunnel resistance >>h/e2 -> dot fully decoupled from the electrode

Rev. Mod. Phys. 74, 1283 (2002)



Two terminal arrangement

Since a current flow through the island requires the electron number to 
fluctuate at least by one electron, the energy barrier due to the charging 
energy inhibits transport for 

E= eVDS< e2/C   (Coulomb blockade)



Single electron transistor

With increasing gate-source voltage eVGS electrons are accumulated on 
the island. Whenever the charge state fluctuates by e-, current IDS flows 
for small applied voltage VDS through the island, leading to a 
periodically modulated IDS – VGS characteristic.

Actually both VGS and VGS can be used to control the current 

IDS / VGS



Competing channel in single electron tunneling 
through quantum dot

Fictitious total energy spectra of N and N+1 electrons confined in a quantum dot

E(N+1,0)-E(N,0) = EC = e2/C
Energy levels due to the confinement Δε

The measured 
spectrum depends on 
the dot size



(a) Differential conductance, ∂I/∂Vsd, plotted in a color scale in the plane of
(Vg, Vsd) for N = 0–12 at B = 0. The white regions (i.e. the Coulomb diamonds) 
correspond to ∂I/∂Vsd ≈ 0, red indicates a positive ∂I/∂Vsd, while blue indicates 
some regions of negative ∂I/∂Vsd. (b) Schematic stability diagram. In the 
diamonds at non-zero bias voltages transport can take place via single-electron 
resonant tunneling (SET), double-electron resonant tunneling (DET), etc. 

Coulomb diamonds

2

( 1) ( )N N e
C

Eμ μ+ = + Δ−

N=0

N=1

N=2

N=3

eVDS

VDS = 0 -> Coulomb blockade
VDS > 0 -> Coulomb blockade + 
resonant tunneling

N=0

N=1

N=2

N=3

eVDS

Coulomb blockade Coulomb blockade + resonant tunneling





Room-temperature transistor based on a single 
carbon nanotube

Sander J. Tans, Alwin R. M. Verschueren & Cees Dekker

Nature, 393,49 (1998)

The nanotube transistor (‘TUBEFET’). Main: room-temperature I −V traces 
measured in vacuum for a nanotube device at a series of gate voltages. Left inset: 
AFM image showing the nanotube lying across platinum electrodes. The gate 
voltage is applied to the n+ doped Si underneath the 300-nm-thick SiO2 layer. 
Right inset: Small-signal conductance G vs. Vg



Coulomb diamonds
Actually both source-gate and source-drain voltages affect the 

conductance

For a fixed gate voltage Vg, the source-drain voltage V can be used to 
open or close the conducting channel

e2/C = 1-10 meV

To observe the Coulomb blockade kT< e2/C 

Multi structure spectrum due to charging and confinement energy levels



Coulomb blockade in a magnetic field

Appl. Phys. A 69, 297 (1999)

Zeeman splitting: 1/2gμB-(-1/2gμB)=gμB

gμ = 0.11 meV/T For B = 7.5 T 
gμ B= 0.8 meV

T<< gμ B/k = 9 K

T = 100 mK

Two peaks in the conductance separated by gμB



Kondo effect

But, imagine ….

Many such events combine to produce the Kondo 
effect, which leads to the appearance of an extra 
resonance very close to the Fermi level

0 0( )( )exp
2

F F
B K

E E U E EUk T
U

π − + −Γ ⎡ ⎤= −⎢ ⎥Γ⎣ ⎦

Kondo temperature

EF

Γ is the width of the energy level affected by the tunneling 
process; U = e2/C

Physics World, 33 January 2001



The conductance depends on the electron number

Kondo resonance makes it easier for states belonging to the two 
opposite electrodes to mix. This mixing  increases the conductance 
(i.e. decreases the resistance).

Nature 408, 342 (2000)

Temperature and magnetic field 
dependence of the zero-bias 
Kondo resonance measured in 
differential conductance. 
Increasing temperature 
suppresses the resonance, 
whereas increasing magnetic 
field causes it to split into a pair 
of resonances at finite bias.

Nature 391, 156 (1998)

eVDS = gμB

2gμB
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