
the
abdus salam
international centre for theoretical physics

strada costiera, 11 - 34014 trieste italy - tel. +39 040 2240111 fax +39 040 224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it

united nations
educational, scientific

and cultural
organization

international atomic
energy agency

         SMR 1564 -  17

_______________________________________________________

SPRING COLLEGE ON SCIENCE AT THE NANOSCALE

(24 May - 11 June 2004)

_______________________________________________________

ELECTRONIC / THERMAL TRANSPORT - Part I

Philip KIM
Columbia University, Dept. of Physics, New York, U.S.A.

             These are preliminary lecture notes, intended only for distribution to participants.



Electric and Thermal Transport in Nanoscale
Materials –Part I

Philip Kim

Department of Physics
Columbia University



Outline

Charge Transport and Energy Dissipation

Mesoscopic Heat Transport Measurements

Mesoscopic Thermoelectric Effects (Wed)

Field Effect Transport in 2D Crystallites (Thr)



Charge, Energy and Entropy Transport 
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S : Thermopower (electron+phonon)

R : electric resistance (electron)

Kth : thermal conductance (electron&phonon)

Π : Peltier Coefficient
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Classical Channel

G = 1/R = σ π r2/L

Kth = κ π r2/L

Electric Conductance

Thermal Conductance

L

r



Conductance Quantization in Quantum Point Contact

M. Topinka et al, Science (2000)

2D Electron Gas
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Quantum Conductance: g0=e2/h



Quantization of Thermal Properties in 
Mesoscopic Electron Systems

Electronic thermal conductance quantization
(Molenkamp et al. PRL, 1991)

Quantum point contact

Quantum Thermal Conductance 

Wiedemann-Franz Law:
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Thermal Conductivity Quantization in Phonon System

Quantum thermal 
conductance

Phonon thermal conductance quantization
in Silicon Nitride Membrane Nanostrucure

(Schwab et al., Nature, 1999)

th
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Quantum Transport Channel

Electric Conductance

Thermal Conductance
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Synthesized 1 Dimensional Nanoscale Materials

5 µm

Carbon Nanotubes

Semiconductor Nanowires

Organic Nanowires

(Lieber et al.)



Carbon Nanotube: Electronic Structure
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Metallic and Semiconducting Nanotubes

Metallic Nanotube

n - m = 3q

Semiconducting Nanotube

n - m = 3q

θ D



Electrical Transport in Carbon Nanotube

Metallic or semiconducting:
depending on chirality&diameter

Ballistic electron transport in metallic tube:
even at room temperature

Exotic 1D electron system: Luttinger liquid?



Ballistic Electron Transport
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Charge Transport in Nanotubes

Multiwall Nanotube :

Ballistic (S. Frank et al., 1998)

Diffusive (C. Schönenberger et al., 1999, Bachtold et al., 2000)

Metallic Singlewall Nanotube :

Ballistic at low bias: (Schönenberger et al., 1999, Bachtold et al.,
2000, Z. Yao et al., 2000, Liang et al., 2001) 



Ballistic Electron Transport in Carbon Nanotube
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Band Structure of Metallic Nanotube
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σt : Pauli matrices

Suppression of long wavelength BACK scattering Ando et al., 1998



Measurement of Electrical Field Distribution
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AC EFM : probing local electric field

(Bachtold et al., 2000)

Electric Force Microscope (EFM)
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Ballistic Electron Transport
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Local Temperature Probe

Pt-Cr
Junction

1 µm

Probing local phonon temperature

Temperature reading :

Tsample

Ttip

T0 Kleg ~ 10-6 W/K

Kcontact ~ 10-7 W/K
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Scanning Thermal Probe on Nanotube: Calibration

1 µm

Topography Image Thermal Image
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Multiwall Nanotube on 100 nm SiO/Si Substrate

Seebeck coefficient of probe : 13.5 µV/K

Distance (nm)

T
he

rm
al

 si
gn

al
 (µ

V
)

30

20

10

0

4002000-200-400

80 nm

Distance (nm)

H
ei

gh
t (

nm
)

30 nm

10

5

0

4002000-200-400



Temperature Distribution of Diffusive Conductor
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Bulk Dissipation in Multiwall Nanotube

Bias voltage (mV)
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Single Walled Nanotube: Energy Dissipation at High Field

• Optical Phonon Emission: from ballistic to diffusive

linear response regime, ballistic.

Onset of optical phonon scattering
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(Z. Yao et al., 2000)

Onset of optical phonon ~ 150 meV



Low Bias and High Bias Transport in SWNT
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Ballistic to Diffusive Transport
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Measurement of Energy Flow

Thermal Conductivity

dT
dQKth =



Phonon Thermal Conductivity of Materials

Kinetic Theory

specific heatthermal conductivity sound velocity

phonon mean free path
k = C vs l1

3

Specific heat : If  T << Θ,   C ~ T d   (d:dimension) 

If  T > Θ,   C ~ constant

umst lll
111

+=Mean free path: 

lst ~  constantStatic scattering:

lum ~  e+nΘ/ TUmklapp scattering:

lum ~  e nΘ/ T

T

k

C ~ T dlst

lst ~ lum


