
Solving Nanotube PuzzlesSolving Nanotube Puzzles
on a Supercomputeron a Supercomputer

David TomDavid Tomááneknek
Michigan State UniversityMichigan State University

tomanek@msu.edu
http://www.pa.msu.edu/~tomanek



Savas Berber, University of Tsukuba, Japan
Morinobu Endo, Shinshu University
Niels de Jonge, Oak Ridge National Lab.
Maya Doytcheva, Philips Research
Mikio Iizuka, RIST Tokyo
Arkady Krasheninnikov, Helsinki University of Technology
Young-Kyun Kwon, U.C. Berkeley
Yoshiyuki Miyamoto, N.E.C. Tsukuba, Japan
Hisashi Nakamura, RIST Tokyo
Eiji Osawa, NanoCarbon Research Institute, Japan
Noejung Park, RIST Tokyo and Samsung, Korea
Angel Rubio, University of Pais Vasco, Spain
Syogo Tejima, RIST Tokyo
Mauricio Terrones, IPICyT, Mexico
Mina Yoon, Oak Ridge National Laboratory

Acknowledgements

Financial Support:  
NSF-NSEC JAMSTEC-ESC (Japan)
NSF-NIRT RIST (Japan)



Outline
Introduction
− What to expect from computer modeling
− Computational tools
Curious Morphologies: Function Follows Form
− High thermal conductivity of nanotubes
− Thermal contraction of nanotubes
− Magnetism in carbon foam
Structural Transformations in Fullerenes and Nanotubes
− Fusion of fullerenes in peapods
− Fusion of nanotubes
− Field-induced disintegration of nanotube electron emitters
− Resilience of sputtered nanotubes
Behavior of Defective Nanotubes
− Defect tolerance of nanotubes
− Detection of Stone-Wales defects
− Deoxidation of defective nanotubes
Summary and Conclusions

Review:
David Tománek, Carbon-based nanotechnology on a supercomputer, Topical Review in
J. Phys.: Condens. Matter 17, R413-R459 (2005).



What to expect from computer modeling

Fullerene 
encapsulation

Peapod packing

C60 “buckyball”

Bucky shuttle

Zooming in beyond observation

Carbon foam

Computer Computer 
SimulationsSimulations



Computational tools
Electronic structure calculations based on the ab initio
Density Functional formalism
Time evolution of electronic wave functions: 
Time-Dependent Density Functional formalism
Atomic motion: Molecular dynamics simulations with 
electrons in the ground and excited state
Forces from total energy expressions:
Etot = Etot({Ri}) = Etot{ρ(r)} 

ab initio Density Functional formalism
Etot = Σi Ecoh (i) = Σi [Ebs (i) + Erep (i) ]

parametrized LCAO formalism (CRT)
Massively parallel computer architectures and suitable 
algorithms distribute load over processors for speed-up



The Nanocarbon Laboratory:
Earth Simulator, Tokyo
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Curious Morphologies:
Function Follows Form
High Thermal Conductivity of Nanotubes

♦Nanotubes may help solve the heat problem:
Efficient conductors of electrons and heat

♦Record Heat Conductivity:
* Diamond 
(isotopically pure): 3320 W/m/K

* Nanotubes:   6,600 W/m/K   (theory, SWNT)
>3,000 W/m/K   (experiment, MWNT)

(room temperature values)
(combination of large phonon mean free path, 
speed of sound, hard optical phonon modes)

Savas Berber, Young-Kyun 
Kwon, and David Tománek, 
Phys. Rev. Lett. 84, 4613 
(2000)



♦Nanotubes contract rather than expand
♦Physical origin: length contraction due to a gain in

configurational and vibrational entropy 
♦Challenge: Large unit cells with >100,000 atoms required
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Savas Berber, 
Young-Kyun Kwon, 
and David Tománek, 
Phys. Rev. Lett. 92, 
015901 (2004).

See also Comment: 
and Reply:
Phys. Rev. Lett. 94, 
209702 (2005).

Thermal contraction of nanotubes



Magnetism in carbon foam
•A. V. Rode, E. G. Gamaly, A. G. Christy, S. T. Hyde, R. G. 
Elliman, B. Luther-Davies, A. I. Veinger, J. Giapintzakis, J. 
Androulakis, Noejung Park, Mina Yoon, Savas Berber, 
Jisoon Ihm, Eiji Osawa, and David Tománek
•Synthesis by Laser Ablation of Amorphous Carbon

Ferromagnetic behavior
(all known carbons are 
diamagnetic!)

Scanning Electron Microscopy Image and 
possible structure of Nanostructured
Carbon Foam



Seite 10 / Süddeutsche Zeitung Nr. 70 Mittwoch, 24. März 2004 

Das fünfte Element
Leicht, luftig, locker: Physiker entwickeln einen magnetischen, halbleitenden Nanoschaum aus

Kohlenstoff

WISSEN

Fifth form of carbon?
Fifth element?



♦Spin polarized electrons are delocalized across
entire structure

Why should 
carbon foam be 
magnetic?
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Noejung Park, Mina Yoon, Savas Berber, Jisoon Ihm, Eiji Osawa, 
and David Tománek, Phys. Rev. Lett. 91, 237204 (2003).

♦Physical origin: 
Sterically protected carbon radicals are stabilized in
surfaces with a negative Gaussian curvature 
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Structural Transformations in 
Fullerenes and Nanotubes
Fusion of fullerenes in peapods

[S. Bandow, M. Takizawa, K. Hirahara, 
M. Yudasaka, and S. Iijima, 
Chem. Phys. Lett. 337, 48 (2001)]T=1,100ºC



Stone-Wales rearrangement pathway for 
fusion of fullerenes
[Hiroshi Ueno, Shuichi Osawa, Eiji Osawa, and Kazuo Takeuchi,
Fullerene Science And Technology 6, 319-338 (1998) ]

Stone-Wales
transformation

Sequence of bond 
rotations: 
Solve 180x180x180 
Rubik’s Cube puzzle

Do we understand the energetics?



2C60 C120

Multi-step process

Do we understand the 
Stone-Wales process?

Search in 360-dimensional 
configuration space using string 
method: 
Stone-Wales 
is a multi-step process

•Activation barriers 
do not exceed ≈ 5eV

↑ ↑

∆E



Minimum energy path for the 2C60 → C120 fusion

Conclusions:
-Fusion is exothermic. 
Energy gain ΔE≈1Ry.

-Essential initial step: 
(2+2) cycloaddition

Seungwu Han, Mina Yoon, Savas Berber, Noah 
Park, Eiji Osawa, Jisoon Ihm, and David 
Tománek, Microscopic Mechanism of Fullerene 
Fusion, Phys. Rev. B 70, 113402 (2004).

Sequence of
Stone-Wales
transformations

∆E

↑
2C60 C120

↑




Fusion of nanotubes

M. Yoon, S. Han, G. Kim, S. Lee, S. Berber, E. Osawa, J. Ihm, 
M. Terrones, F. Banhart, J.-C. Charlier, N. Grobert, H. Terrones, 
P. M. Ajayan, D. Tománek, Phys. Rev. Lett. 92, 075504 (2004). 

Zipper

The zipper mechanism



Minimum energy path for the (5,5)+(5,5)→(10,10) fusion

Sequence of
Stone-Wales
transformations

Conclusion: Fusion is exothermic




Geometry of fusing Nanopants
front view         top view

Type B:
1 octagon,
4 heptagons
in junction 
area

Type A:
6 heptagons 
in junction 
area

⇓

⇓
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Will atomic vacancies trigger failure under
high temperatures?
illumination?

Defect tolerance of nanotubes
Behavior of Defective Nanotubes

Nanotube

Nanotube Field Effect Transistor

Defects limit performance, lifetime of devices
Are CNT devices as sensitive to defects as Si-LSI circuits?

atomic vacancy



Equilibrium structure near a monovacancy
in sp2 carbon

Strain
too large

Barely stable



Stability of defective tubes at high temperatures

♦Nanotube remains intact until 4,000 K
♦Self-healing behavior:
Formation of new bond helps recover

structural stiffness
conductance

♦Danger of pre-melting near vacancies?

T= 0 K

vacancy

T= 4,000 K




C1

C2

C3

Stability increase due to 
reconstruction 
(bond formation across vacancy)

Does reconstruction affect 
favorably transport in defective 
tubes?

Reconstructed geometry



Quantum conductance of a (10,10) nanotube 
with a single vacancy

Perfect tube

Defective tube

Choi, Ihm, 
Louie, Cohen, 
PRL (2000)

Missing 
network of π
electrons

Dangling 
bonds: σ
electrons

Good news for applications: Self-healing
by reconstruction may remove one of the sharp dips



hν

e-

e-

e-

excited state

ground state

transport

Challenges:

♦Perform Molecular Dynamics simulations on the 
adiabatic surface of an electronically excited state

♦Solve the time-dependent Schrödinger equation for 
electrons during ionic motion

Stability of defective tubes during electronic excitations
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Reaction coordinate

Non-adiabatic decay (finite lifetime)

To follow the correct adiabatic surface 
of an excited state is quite difficult

♦First-Principles Simulation tool for Electron-Ion Dynamics

♦Details: Sugino & Miyamoto PRB 59, 2579 (1999); PRB 66, 89901 (2002).

♦Results: Yoshiyuki Miyamoto, Savas Berber, Mina Yoon, Angel Rubio, 
David Tománek, Can Photo Excitations Heal Defects in Carbon Nanotubes? 
Chem. Phys. Lett. 392, 209–213 (2004).

First-principles Molecular Dynamics simulation on the 
adiabatic surface of an electronically excited state



Optical excitation (ΔE=0.9 eV)

(3,3)

electron

HO

2nd LU

hole



Ψn (t+Δt)=exp(-i/h HΔt ) Ψn(t)

Time evolution of the electronic states

♦Very long-lived excitation

♦Correct PES is followed in case of level alternation

0 fs 70 fs



0 fs 190 fs new
bond

♦Self-healing due to new bond formation

vacancy

Structural changes under illumination



Detection of Stone-Wales defects

σ-π
hybridized 
state (hole)

π* state 
(electron)

6 eV

►Can Stone-Wales defects be removed 
by photo-excitations?

Stone-Wales
transformation



T=17 fs
(1962 cm-1)

Å

Excitation with ultraviolet

Excitation with infrared

Stone-Wales defects can not be removed, but can be identified using photo-excitations

(3,3) 
carbon 
nanotube

(3,3) BN 
nanotube



Y. Miyamoto, A. Rubio, S. Berber, M. Yoon, and D. Tománek, 
Phys. Rev. BR 69, 121413 (2004).

STM characterization of Stone-Wales defects

(3,3) carbon 
nanotube

(3,3) BN 
nanotube

V=-1.5 V V=+1.5 V

(10,10)
CNT

(3,3)
BNNT



H
O

By chemical treatment with H?By heat treatment?
⇒No: Larger damage 
to nanotube

Deoxidation of defective nanotubes
How to deoxidize?



O

O-related 
electronic 
levels

O2p

O2s

Electronic excitations!
Alternative to thermal and chemical treatment

Yoshiyuki Miyamoto, Noboru Jinbo, Hisashi Nakamura, Angel Rubio, and David Tománek, 
Photodesorption of oxygen from carbon nanotubes, Phys. Rev. B 70, 233408 (2004).



O2s

O2p

CNT 
V.B.

C.B.

hopelessO2s → O2p excitation (33 eV)



30 fs

60 fs
126 fs

H2

Auger decay following the O1s → 2p excitation (~520 eV)

CNT 
V.B.

O1s

O2s

O2p

C.B.

♦Deoxidation by photo-surgery



Summary and Conclusions
Carbon nanotubes are Nature’s best thermal conductors.
Carbon nanotubes contract thermally.
Nanostructured carbon may become magnetic.
Fusion of fullerenes inside a nanotube starts with a cycloaddition
and continues exclusively with Stone-Wales transformations.
Fusion of nanotubes occurs efficiently via a zipper mechanism.
Nanotube field electron emitters decay by thermally assisted 
Coulomb explosion at the tip.
Carbon nanotubes are unusually stable when sputtered.
Heat and photo-excitations may induce self-healing behavior in 
defective nanotubes.
Photo-excitations may be used to detect specific defects by their 
vibrational signature.
Photo-excitations can be used to selectively remove oxygen
impurities.



The End
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