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Single-Walled Carbon Nanotube, SWNT

Multi-Walled Carbon Nanotubes
MWNT

Double-Walled Carbon Nanotubes
DWNT
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\Wrapping (10,10) SWNT (armchair) | Wrapping (10,5) SWNT (chiral)
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n - m = 3q (q: integer): metallic
n - m # 3q (q: integer): semiconductor
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2-D Energy dispersion relation for graphite

X

(symmetric) >

% r
> n* (conduction)

Brillouin Zone

Reciprocal Lattice Vector

From: R. Saito et al., Physical Review B (2000

‘ Electric DOS of Carbon Nanotube
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Alcohol CCVD on Catalysts Supported with Zeolite
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S. Maruyama et al., Chem. Phys. Lett. 360 (2002) 229.

Molecular Dynamics Simulation for Mechanism
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Y. Shibuta & S. Maruyama, Chem. Phys. Lett. 382 (2003) 381.

Photoluminescence Spectroscopy of SWNTs
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Strong sonication
[ Super centrifuge 380,000g x 1h
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Comparison of ACCVD and HiPco
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CVD Temperature Dependence

Carbon source : Ethanol, CVD time : 10min

g

i

H

2

B
£
:
1
:.
&

Exctation wavelength (nm)

Emission wavelength (nm)

Emission wavelength (nvm)

o Resasco’s
o Vg o G oL@ J
75 8 S. M. Bachilo et al., s 8
£ Peo" ¢ JACS, & De" *
H & " . 125 (2003) 11186. B & @ +
£ s £ 9 s £ s
© 92 2 . s 92 52 °© 92 402 +
bl dr i 2l i I B
q o . PR 9 P +
P T T — o8 g D I
Tube iamete (o) Tube dameer (o) Tube dameter ()

650°C 750°C 850°C
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Room Temperature Blinking in PL from Individual Nanotube
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Some nanotubes: PL intensity fluctuation Time (sec)

K. Matsuda, Y. Kanemitsu, K. Irie, T. Saiki, T. Someya,
Y. Miyauchi and S. Maruyama, Appl. Phys. Lett., 86 (2005) 123116
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Y. Miyauchi and S. Maruyama, Phys. Rev. B, 74 (2006) 35415

Comparison of pure D// and DL PL Maps (1.15-1.3 eV)
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‘ Vertically Aligned SWNTs on Quartz Substrate

Diameter (vm) 7®

Tntensity (arb. units)

500

T
'$4700-28 1.0KV. 4.5mm x3.00k SE(M) 05/10/27 10.0um
. Murakami, S. Chiashi, Y. Miyauchi, M. Hu, M. Ogura, T. Okubo, S. Maruyama, Chem. Phys. Lett. 385 (2004) 298|




Detachment of VA-SWNT films with hot water

(a) As-grown on quartz

Submerge l

S e e
Distiled water
(heated)

(b) Re-attached on Si

Y. Murakami and S. Maruyama, Chem. Phys. Lett. 422(2006) 575.

TEM Image from Top of Carpet

Hidetsugu Shiozawa
Erik Einarsson, Shigeo Maruyama

thermal conductivity

[ Temperature dependence of suspended SWNTs J

3001 X
*" Ry
__ 2000 &
T 3 =3
X 2500 o E cete
£ 20 v g
= SE~ L J *
1500 RS
1000 A R |
300 400 500 600 700 800 1o 180 200 280 300 350 400
T(Ky TiK}
E. Pop et al, Nano Lett., 6 (2006) 96 C. Yu et al, Nano Lett., 5 (2005) 1842

Berber, S., Kwon, Y.-K., Tomanek, D., Experimental challenges
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FIG. 2. Temperature dependence of the thermal conductivity TIK] v " R
A for a (10, 10) carbon nanotube for temperatures below 400 K. 0 R .
Temperature (K) Kim, etal, PRL 87 215502(2001).
Experimental measurements of SWNT Total Energy Ej: ‘ Tersoff-Brenner Potential l
E, =3 > )= B}

i)

From D. W. Brenner: Phys. Rev. B, 42, 9458(1990)
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MD Simulation Technique
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Temperature Control by Phantom Technique
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Temperature Distribution along a Nanotube
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Diverging Thermal Conductivity of 1D lattice

FPU (Fermi-Pasta-Ulam) model

S. Lepri, R. Livi and A. Politi,
On the anomalous thermal conductivity of one-dimensional lattices,
Europhys. Lett, 43 (3), 271-276 (1998)

Long wave length Fourier modes

Aoc [P
Diatomic Toda Lattice

Hatano T, Heat conduction in the diatomic Toda lattice revisited,

Phys. Rev. E, 59, R1-R4

Due to long time tail in Green-Kubo Integrands

Aoc [0

Zhang, Fei, Isbister, Dennis J., Evans, Denis J.,
Nonequilibrium molecular dynamics simulations of
heat flow in one-dimensional lattices.

Phys. Rev. E, (2000), 61(4-A), 3541-3546.

Evance NEMD makes solitons
With high heat flux
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Length dependence of finite-length SWNT
thermal conductivity (2)

Linearized Boltxmann-Peierls
phonon transport egn.

} 10° T T

“Divergence disappears if
considering second order (or
higher) 3-phonon scattering
processes”

Mingo and Broido, Nano Letters
5(7) 1221 (2005)




Dispersion relations
(10,10) SWNT
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Dispersion Relations (low frequency bands)
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Influence of Boundary Condition
(Thermal boundary resistance, TBR)
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Optimizing boundary conditions
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Effect of relaxation time on TBR (1)

A T ] [y

Spectral mismatch

Effect of relaxation time on TBR (2)

/ Temperature control \ L

of phonon branches

Shiomi and Maruyama (2006)
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Summaries I

« Thermal conductivity was measurement by minimizing the influence of
tube-ends boundary resistances for comparisons with theories and
experiments.

*Thermal conductivity was measured up to 3.2 # m and the maximum
value was about 800 W/mK, about 1/4 of the experimentally observed
value.

« Length dependence of SWNT was identified.
¢ Short nanotubes: diffusive-ballistic transport of a range of phonon branches
O Long nanotubes: Ballistic transport of the key phonons

« Diameter independence of the thermal conductivity in (L<200 nm)
suggests active contribution from 2D phonons in the regime

Non-Fourier heat conduction in SWNT I
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Shiomi and Maruyama, PRB, 73 (2006) 205420

Heat conduction of
SWNT isotope-
superlattices

0.65 % §

A/,

10 15 20
Az (nm)

Highlighting
molecular dynamics
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Shiomi and Maruyama, PRB 74 (2006) 155401

Professor Richard E. Smalley at Rice University (1943-2005)

1943: Born in Akron, Ohio on June 6
1976: PhD from Princeton,
Assistant Professor at Rice
Laser Vaporization Cluster Beam
1984: Discovery of C60
1996: Nobel Prize in Chemistry with Kroto and Curl
1996: Bulk Production of SWNTs
Then HiPco Process
2000: Testified for National Nanotechnology Initiative
2000: Found Carbon Nanotechnology Inc.
Application of Nanotechnology to Energy Problem
2005: Died at 62 on October 28, 2005 \
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