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NAB

o Onboard computing systems for future
autonomous intelligent vehicles

- powerful, compact, low _,..,al)
power
consumption, radiation
hard

High performance computing
(Tera- and Peta-flops)

- processing satellite data

- integrated space vehicle engineering

- climate modeling

• Revolutionary computing technologies

• Smart, compact sensors, ultrasmall probes

Advanced miniaturization of all systems

• Microspacecraft

• "Thinking" spacecraft
Micro-, nano-rovers for planetary exploration
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http://www.ipt.arc.nasa.gov at Ames Research Center

Simulation Techniques q

Large-scale Classical Molecular Dynamics Simulations on a Shared

Memory Architecture Computer

• Tersoff-Brenner reactive many-body potential for hydrocarbons
with long range LJ(6-12) Van der Walls interactions

• Parallel implementation on a shared memory Origin2000

• Quantum Molecular Dynamics Simulations

• Tight-binding MD in a non-orthogonal atomic basis.

• Previous parametrization: silicon and carbon (M. Menon and K.

R Subbaswami, Phys. Rev. B 1993-94).

• Extended to heteroatomic systems including C, B, N, H
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Experimental Nanotechnology at Ames Research Center

CVD Carbon Nanotube SEM Images

http://www.ipt.arc.nasa.gov at Ames Research Center

Nanomechanics of Nanomaterials: Characterization

• Nanotubes are extremely strong, highly elastic nanofibers.

High value of Young's modulus (1.2 -1.3 T Pa for SWNTs)

~ Elastic limit up to 10-15% strain

• Dynamic response under axial compression, bending and torsion.

I_h_dB

• Redistribution of strain

• Sharp buckling leading to bond rupture

• SWNT is stiffer than MWNT
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Application: Nanotubes in Composites
NAB

• Experiment: Buckling and collapse of nanotubcs embedded

in polymer composites.

Buckle, bend and
loops of thick
tubes.

(,)

Local collapse or
fracture of thin
tubes.

Stiffness and Plasticity of Compressed
C Nanotubes NAJ_
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Shows the same collapse as observed in experiment.
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Plastic Collapse by Design

• With a singleB peJntdcfcct

• Tube plastically collapses at the location of the defect.

• New types of hetero-junctions can be created.

• Quantum dot effect in one-dimensional system.

• Application: Molecular electronics.

Heteroatomic CxByNz Nanotubes

• Band gap engineering over a larger range is possible

• BN ~ 5 eV
• BC2N ~ 2 eV
• C ~0-1eV
• BC3 ~ 0.5 eV

0.34 eV/atom 0.38 eVPatom O..TTeV/'atom

reconstruction due w
polar BN bond

IM_B
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BN Nanotubes - Structural Characteristics

• BN bond buckling effect to minimize the energy

• _ I_dl_k_ d_ct

/\/\/\J

BN Nanotubes: Nanomechanics and Plasticity

• Comparison of Young's modulus and elastic l_it
with carbon nanotubes
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D. Srivastava, M. Menon and K. Cho, submitted (2000)
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Anisotropic Plasticity of Compressed BN Nanotube /
N_dB

• Plastic collapse at 14.75% strain - damage is limited to

only one side of the material.

Initial Structure

Collapsed Structure

D. Srivastava, M. Menon and K. Cho, submitted (2000)

Nanotube Electronics: Scheme

---_ Carbon -based Electronics ]

-- molecularwires

h_en_jtmctions - switeh'_
war_snng
ttmndingdevices

-- C nanotubesdopedwithB aridN
BNnanc_bes (msulaUr--5eVgap)
b_roj_or_
super_Uices

Combination of the above two ~ to tailor
the probable dcvice char_ctcrblies

int_'ccmne_ - Ca_ljtmctiens
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Nanotube Electronics

• F ",. /' ',,
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Band Structure of Different Nanotubes
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Nanotube Heterojunctions: 2-point

2- point Nanotube Heterojunctions

Molecular Electronic Switches

BentJunctions

ChicoeLal. Phys.l_v, Le_, 96
Chl'lier¢t.aLPhys.ReY.B,

_) -01) 02_)-0_,o)

StraightJunctions

5emiconduc t o: -_4e tal

5em_me tal-Me_l

Lmbme eLg. Chem.Phyt.Le_., 96
SaimeL.1. Phys.Rev.B,96

We sU_ll,dtheeffectorcappieq_limemhesandrelaxin$the
juctio,- withaquntum GTB MD meu_od.

Nanotube Heterojunctions: 3-point
i_

3-terminal "T-tunnel" Junctionsof_notubes
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Molecular Networks with Nanotubes
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Nanotube Electronics with Doping

• hml gap e_merh_ rcer a isrger range -b,,ui/I_
Imssble:

BN -$JeV

BC/N -_JcV

C -O-le¥

BC3 - OJ eY

- a varicff ofjancOosu, qmnmm deu and
luperlnctices sheuld be pessLbJe

* Jbeaid be mere robnm

• Example: CompesJem_cO,)navAmmu_mbe0._7c_

rmou_'uedon due _o
pebx _'_ bend

I_IAB
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Nanotube Electronics with Doping

B depil_ of Carbon Ntmocubc

Itmdmu _ (SC_ Swerimke (SC_)

O,WO -0._3 4J16 eV_mm

plm_ _,lllon _ doped lind uudoped _slou I_
d__su_le,

BN_ Juuc_us

inu_rsce Eaeqff • 2*BNIC- BN - (:
lnterfu¢¢ Eaeqff • 02LXeV/CB bond

Stable imterfaces dlemld be i_ssible :

Nanotube/Molecules Hybrid Electronics
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Nano Electromechanical Effects (NEMS)
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Mechanical deformation alters the electronic deformation

of nanotubes. Effect is chirality dependent.

Mechano-Chemical Effects: Kinky Chemistry

• Predict/ons of enhanced chemicBI reacdvl_ in regions

of local ¢onfor mstlonal stratas: Kfmky Cbemfstry

K'trlk on Q bent t_u_.e 40 .5 • _ 1o

At_n'l NIzmOef

N_

Cohesive

Energy

Binding

Energy

_ ':l ...........

K .I'S / ]

Ridge on a t..w:Lst.ed _ _ s T ,

t'UbU l'J At_ l_ml_r

Reactivity is enhanced at the location of mechanical kinks
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Kink Driven Functionalization of Nanotubes
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Torsionally twisted SWNT equflibraccd in an H bath

More Hydrogen is adsorbed at the sharp edges of a kink !

_ Mechano-Chemical Effects: Kinky Chemistry

SEM images of MWNTs dispersed on a V-ridged Fonmvar substrate

(m) Bcfor¢ Keaction

(i,) Same Hmpk a_r expeewe te 1Jartc 8¢klt _tper at loon
_mp_raCu:¢

Nanotube etching occurs

preferentially at the location
of a kink.

D. Srivastava, J. D. Schall, D. W. Brenner, K. D. Ausman, M. Feng

and R. Ruoff, J. Phys. Chem. Vol. 103, 4330 (1999).
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Molecular Machines and Laser Motor

J. Han, A Giobus and R. Jaffe

Molecular Machines and Laser Motor
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Computational Nanotechnology: Future: PSE

N_ in VirUuaWor_

Simulations Experiments
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