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Background �– Shot Noise in 
Mesoscopic Systems

n
nn

n B
nB TT

Tk
eVeVTTkeS 1

2
coth20 2

2

2

From Marcus Buttiker�’s lecture:

eV << kBT:                                  Johnson-Nyquist noise

eV >> kBT:                                  Shot noise

TGkS B402

FeIS 202

T
TT

F
1

n
nT

eG
2

2

Fano factor:



Crossover from Johnson-Nyquist to 
Shot Noise

Birk et al., Phys. Rev. Lett. 75, 1610 (1995). 

Tunnel junction: all Tn�‘s are small
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eV << kBT: Johnson-Nyquist noise

eV >> kBT: Shot noise



Shot Noise in a
Quantum Point Contact

FeIS 202

Fano factor: TF 1
for single channel conductor

Reznikov et al., PRL 75, 3340 (1995)



Shot Noise in a
Diffusive Wire

FeIS 202

Fano factor: 
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Dorokhov, Sol. St. Comm. 51, 381 (1984);
Imry, Europhys. Lett. 1, 249 (1986)
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Follows from distribution of transmission eigenvalues in diffusive wire:

where
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1 l is mean free path, L is length of wire



Shot Noise in a
Diffusive Wire

FeIS 202 Fano factor: 
3
11

T
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F

Steinbach et al., PRL 76, 3806 (1996)

In presence of strong inelastic e-e scattering, 
F increases to 3/4.  With strong e-phonon 
scattering, F decreases to 0.  



Measurement of Q* in the 
Fractional Quantum Hall Effect
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De-Picciotto et al., Nature 389, 162 (1997)
Saminadayar et al., PRL 79, 2526 (1997)
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Doubling of Shot Noise in a
Diffusive S/N junction

FqIS 202

Jehl et al., PRL 83, 3398 (1999)

eq 2



Doubling of Shot Noise in a
Diffusive S/N junction

FqIS 202 Fano factor: 
3
11

T
TT

F

A. A. Kozhevnikov et al., PRL 84, 3398 (2000)

eq 2



Quantum Noise:    
Emission vs. Absorption of Photons

DeBlock et al., Science 301 (2003)
Billangeon et al., PRL 96, 136804 (2006)
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Outline
�• Part 1: Diffusive Metal Wires

�– The distribution function, f(E), in nonequilibrium situations
�– How to measure f(E) using tunnel spectroscopy
�– First measurements of f(E) in diffusive metal wires
�– Magnetic impurities: theory (Kaminsky & Glazman)
�– Magnetic impurities: experiments

�• Part 2: Carbon Nanotubes
�– Introduction to carbon nanotubes
�– f(E) in ballistic vs. diffusive wires
�– Experimental issues with nanotubes
�– First measurements of f(E) in single-wall tubes
�– Future prospects
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Electron transport in the diffusive regime

1.  Elastic scattering (film boundaries, impurities)

diffusive states

2.  Inelastic scattering (phonons, other electrons, spins)

loss of phase coherence

energy exchange between electrons
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Background: Shot noise in diffusive metal wires
Steinbach, Martinis and Devoret, PRL 76, 3806 (1996)

Classical Noise Theory: 

Nagaev 1992,1995

Kozub & Rudin, 1995
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What does f(x,E) look like?



Distribution function -- textbook case
(no shot noise)

Assumes complete thermalization -- D >> electron-phonon 

Never true in mesoscopic metal samples at low T!

D=L2/D



Distribution function for D << electron-phonon

f(x,E) shaped by energy exchange

f(E)
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E0-eU
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x

1

E-eU 0

f(E)

E

x

D << interaction D >> interactionD=L2/D

free electrons �“hot�” electrons



The shot noise is almost the same for these 
very different distribution functions!

f(E)
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D << interaction D >> interaction

free electrons �“hot�” electrons
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How to measure f(x,E) directly?

(local electron energy distribution function)



Aside 1: Current through a tunnel junction
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Conductance of an N-X junction at T=0
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Spectroscopy of ns of a superconductor: 
I. Giaever, PRL 5, 147 (1960)
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How to measure f(E):
tunnel spectroscopy using an N-S junction 
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N out of equilibrium:
spectroscopy of f(E)
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Measurement of f(E) in diffusive wires
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Experimental Setup
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tunnel junction

L=5 to 40 µm
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D
LDiffusion time: 1 to 60 ns
D

dI V
dV

numerical
deconvolution f E
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L=1.5 m
D=0.36 nsf(E)
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Effect of the diffusion time D on f(E)
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U=0.2 mV

longer interaction time more rounding

H. Pothier et al., PRL 79, 3490 (1997)
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Compare strength of interactions

effect of material ? 
effect of purity ?



Compare Dependence on U
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U=0.1, 0.2, 0.3 & 0.4 mV

Observe scaling law in Au 4N & Cu 5N but not in Ag 6N
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Calculation of f(x,E)

in o2 ut

2f(E) f(E)
t x

I x,E, f I x,E, fD

Boltzmann equation in the diffusive regime (Nagaev, Phys. Lett. A, 1992):

x

x-dx

x+dx
E-

E

x 0 x Lf (E) f (E) Fermi function

diffusion in real space

transfers of population 
in the energy space

Boundary conditions :



Calculation of f(x,E)
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e-e interactions :

fn3D
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(Altshuler, Aronov, 
Khmelnitskii, 1982)

Boltzmann equation in the diffusive regime (Nagaev, Phys. Lett. A, 1992):



Theory of screened Coulomb interaction 
in the diffusive regime
Altshuler, Aronov, Khmelnitskii, 1982

ingredients:
polarisability
overlap

Prediction for 1D wire :
3 / 2( )K
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e2     SFD



Experiment vs. Theory

-1 0

=0.425 ns-1meV-1/2

thy=0.1 ns-1meV-1/2

0.2

Ag 6N
0.5 mV
0.4 mV
0.3 mV
0.2 mV
0.1 mV

 

 

f(E)

E/eU

-1 0

=0.6 ns-1

Cu 5N

0.1 mV

0.2 mV

0.3 mV

0.4 mV

0.5 mV

  

 

 E/eU

f(E)

=3.2 ns-1meV-1/2

thy=0.1 ns-1meV-1/2

Cu 5N

0.1 mV

0.2 mV

0.3 mV

0.5 mV0.4 mV

 

 

 

 

K( )= -3/2

K( )= -2

Ag 6N: 
experiment agrees with theory

Cu 5N, Au 4N, Ag 5N: 
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Energy exchange mediated by magnetic impurities
Kaminski and Glazman, PRL 86, 2400 (2001) 
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* *
Reinforced by Kondo effect



Energy exchange mediated by magnetic impurities
vanishes when g BB >> eU

f(E)
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Virtual state

gµB

How to measure f(E) in large B, with superconducting probe?



initial state: 

final state: 

Aside 2: Inelastic tunneling
(also called “Dynamical Coulomb Blockade”)

eV

P(E)=probability to give energy E 
to environment



P(E) depends on environmental impedance
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Measure f(E) at B 0 using Zero-Bias Anomaly 
(Dynamical Coulomb Blockade)
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A controlled experiment

Ag 
(99.9999%)

0.9 ppm Mn2+

implantation

Comparative
experiments
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implanted

Effect of 1 ppm Mn on interactions ?

Left as is

25 nm

106 Ag1Mn
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Full U,B dependence
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Comparison with theory
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Conclusions
Two methods to investigate interactions in wires
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Moral of the story: even at concentrations as low as 1 ppm,
magnetic impurities have a large influence on dephasing and energy exchange in 
metals at low-temperature. 



Outline

�• Part 1: Diffusive Metal Wires
�– The distribution function, f(E), in nonequilibrium situations
�– How to measure f(E) using tunnel spectroscopy
�– First measurements of f(E) in diffusive metal wires
�– Magnetic impurities: theory (Kaminsky & Glazman)
�– Magnetic impurities: experiments

�• Part 2: Carbon Nanotubes
�– Introduction to carbon nanotubes
�– f(E) in ballistic vs. diffusive wires
�– Experimental issues with nanotubes
�– First measurements of f(E) in single-wall tubes
�– Future prospects



Carbon Nanotubes

Discovered in 1991 by 
Iijima (NEC, Japan)

Stronger than steel, 
lightweight, flexible like 
straws

diameter < 1nm, 
length > 1mm



n-m=3j metallic

Electrical Properties

graphite sheet band structure

*
at 
EF

metallic semiconducting



Metallic nanotubes as 1D conductors

�• 2 channels Gideal = 4e2/h
�• Long mean-free paths
�• 1D band structure Luttinger liquid physics?



Nanotube conductance regimes

Tunneling contacts
Low G

Ohmic contacts
High G 

Fabry-Perot 
interference

Liang et al., Nature 2001



f(E) in ballistic vs. diffusive wires
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Motivation for f(E) measurement

�• Nanotubes are (nearly) ideal 1D conductors
�• Are e-e interactions strong (Luttinger liquid) or 

weak (long mean-free path)?
�• Desired: direct measurement of interactions 

between quasiparticles
�• Test ballistic vs. diffusive behavior of f(E)



Nanotube growth 
requires: carbon source, 
high temperatures, 
catalyst

Chemical Vapor Deposition 
Nanotube Growth:

methane
hydrogen

argon



Tube Devices:

1 mm

10 m

Fe catalyst



-CVD tube growth 
-Cr/Au end contacts (low resistance) 
- Atomic Layer Deposition of AlOx
- Pb/In top probes

Device fabrication

Room temperature resistances:

SC 
tunnel 
probe

thin tunnel 
barriernanotube

contactcontact

SiO2

Si

nanotube

Cr/Au

Cr/Au

Pb/In

Rtube = 20-100 k Rtunnel = 1-5 M

cf: Rideal = 6.5 k

L = 1~2 m



Measurement Scheme

Nonequilibrium dc 
bias across tube

Current 
preamplifier

dc + small ac bias 
across tunnel probe



Sample characterization

End-to-end conductance vs. gate voltage:

G e2/h, broad peaks strong coupling between nanotube and contacts



Characterization of Tunnel Probe 
(equilibrium)
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Sample B, T = 53 mK

Non-equilibrium tunneling spectroscopy
(kBT << eU)



Sample B, T = 53 mK

Non-equilibrium tunneling spectroscopy
(kBT << eU)



Sample B, T = 53 mK (kBT << eU)

Non-equilibrium tunneling spectroscopy

numerical 
deconvolution
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Sample A, T = 53 mK (kBT << eU)

Non-equilibrium tunneling spectroscopy

numerical 
deconvolution
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Sample B, T = 53 mK (kBT << eU)

electrons maintain energy over ~ 1 micron
inelastic scattering can be weak (two-steps in f(E))

Non-equilibrium tunneling spectroscopy

numerical 
deconvolution



f(E) tuned with gate voltage
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No smearing at low temperatures
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Parameters that may matter �…

�• Disorder

�• Dwell time: = L/(vF*t) ~ 50�–400 ps for Rend ~ 100 K �– 1M
�• 1D 0D crossover: Thouless energy vF/L ~ 0.26 meV

(compare to kT ~ .03mV, U ~ 1mV)

Somewhat consistent with theoretical predictions �…

* no energy relaxation in Luttinger Liquid  [Khodas et al, PRB (2007); Gutman et al, 
PRL (2008)]
*  energy relaxation only if there�’s disorder [Bagrets et al, arXiv:0809.3166v1 (2008)]
*  energy relaxation channel opens as T increases [Levchenko, Matveev] 

Data consistent with limited energy relaxation at low T 
Why gate dependence, more smearing (or disorder) at higher T?

In Progress:
�• Cleaner tubes
�• Length dependence of f(E)





In Progress:
�• Cleaner tubes
�• Length dependence of f(E)
�• Multiple tunnel probes
�• SC, FM contacts

Superconducting Tunneling Spectroscopy 
opens new avenues to studying electron 
behavior in 1D!

Summary
�• First measurements of  f(E) in CNTs
�• Fermi distr. at low T, sometimes smeared at high T
�• Low T: consistent with LL
�• Gate and Temp dependence: not consistent w/ LL?
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