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Challenges and Opportunities in Nano and Bio Sciences

Ç Richard Feynman, ~ 1959  ñThereôs plenty of room at the bottomò

Ç Nanostructures with features ~10-9 m will have properties different from 

either bulk or molecules, due to many interfaces and quantum effects

Ç National Nanotechnology Initiative www.nano.gov

Prospects of major impact on industry, medicine and defense

Strategic interagency effort: NSF, DOE, NIH, DOD, NASA, etc 

Ç Nanoscale theory is difficult too!

New or improved methodology needed in several areas, including large 

computations

Ç Role of theory: explain experimentally observed phenomena

predict properties of nanomaterials

help in designing new or artificially-structured materials

Many Exciting Areas

Virtual design of functional nanophase materials, nanoelectronics, sensors

Bio-inspired processes, drug design, solar cells, fuel cells, nano-catalysis



Quantum calculations for solids and molecules

Å Schrödinger equation for electrons in solids and molecules
[-½ (Ð1

2 + Ð2
2+ é ÐN

2) +V(e1,e2,é,eN)] Y(e1,e2,é,eN) = E Y

Eïtotal energy of the system of N electrons

Pauli principle: Ymust be antisymmetric when exchanging electrons 

Y(e1,e2, é) = -Y(e2,e1, é)

Å Quantum chemistry method (Nobel Prize 1998, Pople)
Solve in the basis of Slater determinantsY= det || y(e1), y(e2), é y(eN) ||

Å Solid state physics method (Nobel Prize 1998, Kohn): density functional theory 

Hohenberg-Kohn theorem: The ground state energy Etot depends 

only on the electron density n(r) = S y* i(r)yi(r)

Leads to Kohn-Sham equations for one-electron wavefunctions yi(r) 

{-½ Ði
2 +V[n(r)]} yi(r) = eiyi(r)

Enormous simplification over the Schrödinger equation

Recent progress in DFT has led to very accurate results for ground state properties

Preferred method for solids and large molecules



CHiPSCenter for High Performance Simulation

solid C60 geometry optimization

no symmetry constraints

fcc structure, a=14.2 Å (from exp. )

C-C distance [Å]

Double Single

CP (35 Ry) 1.40 1.45

CP (26 Ry) 1.41 1.45

exp (NMR) 1.40 1.45

excellent agreement with photoemission

(Weaver et al), EXAFS (Cox et al), NMR, 

and also with subsequent neutron diffraction data 

(Li, Lannin, et al)

Early simulation of C60 solid

Zhang, Yi, 

Bernholc, PRL 91
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ü Density functional equations solved 
directly on the grid

ü Multigrid techniques remove instabilities 
by working on one length scale at a time

ü Convergence acceleration and automatic 
preconditioning on all length scales

ü Non-periodic boundary conditions are as 
easy as periodic

ü Compact ñMehrstellenò discretization

ü Allows for efficient massively parallel
implementation

See E. L. Briggs, D. J. Sullivan and J. 

Bernholc Phys. Rev. B 54, 14362 (96).

Ultrasoft pseudopotentials:

M. Hodak, S. Wang, W. Lu and J. 

Bernholc, PRB 76, 085108 (07)

Basis

Multigrids

Real-space Multi-Grid method (RMG)

36.5% peak performance with 4096 Cray XT 4 cores, 7.78 TFlops 

Speedup on Cray XT3 with

the number of processors

819 water molecules, 41 Ry

ultrasoft pseudopotentials

][])[(][ iiiNLeffi SBVVBA feff =++



Nearly O(N) quantum transport 
calculations with optimal basis

üAll operations performed on a grid with multigrid 

acceleration ïfast convergence rate.

üMain parts scale linearly with the number of atoms.

üUnoccupied orbitals are essential (small O(N3) part)

üThe optimized orbitals are dual, non-orthonormal 

Wannier functions with optimal decay properties 

w(r) ºr-3/2 e-hr  see L. He and D. Vanderbilt PRL 86 (2001)

üQuantum transport calculations with tight-binding-

like cost, O(N) scaling 

Buongiorno Nardelli, Fattebert, Bernholc, PRB (2001)

Shape of an optimized orbi-
tal: valence bond function

üNon-equilibrium Green function (Keldysh) 
implementation  Lu, Meunier, Bernholc, PRL 2005

32 atoms per processor

üThe DFT total energy is expanded in non-orthogonal, localized orbitals, 
which are centered on atoms (or bonds) and are variationally optimized 
Ý very few orbitals needed (Galli-Parrinello on a grid)
Fattebert & Bernholc, Phys. Rev. B 62, 1713 (2000)

üFully parallel, tested on > 3000 atoms

üForces, geometry optimization

O(N2)
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Introduction to quantum (ballistic) transport

Two bands cross at the Fermi level

Ý Conductance ¹T(EF) = 2 

Units of 2e2/h º(12.9 kW)-1

Fermi level

(5,5) nanotube

ÅIn general, the quantum conductance 

measures the number of electron channels 

extending through the conductor and the 

leads, each contributing 2e2/h.

ÅFor a perfect metallic nanotube and 

perfect contacts, both bands at the Fermi 

level contribute equally. 

ÅFor a disordered nanotube or for poor 

contacts, the conductance is much less.

R leadL lead conductor

--- -----
transmissionreflection

Conductance = 1 / Resistance
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Porphyrins on Si as candidates for nano devices

× Experimental demonstrations of       

self-assembled monolayers (SAMs) 

of porphyrins on Au(111) and Si(100)

substrates

× Oxidation states of porphyrins may 

be used for information storage 

(electrochemistry) (Zhiming Liu, et al., Science 

302, 1543 (2003))

× Possible applications to molecular-

based memories, molecular 

transistors, logic, etc...

See www.zettacore.com

We are also working on nanotube-, 

nanowire- and graphene-based devices

~
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Si (100) surface reconstruction

O

Si

Si

5 member rings

dangling bonds

H-passivated

chemical bonds Si-O

system has inversion symmetry
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H
2
-Por: position-dependent density of states

Si Si

E

x

Si Si

LUMO

HOMO

É Density of states of the Si-H
2
Por-Si junction showing the extended 

molecular orbitals bridging the conduction and valence bands of the 

Si leads.

É With bias voltage the energy of the Si bands and of the molecular 

levels will shift relative to each other. This gives rise to non-

linearities in the I-V characteristic of the junction. 

Si energy gap

VB

CB
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Doped EDOS and Current vs. Bias

e-

e-

É n-p junction; V is relative to the bias the gaps 

are aligned at.

É (a) Only weak Si-Si tunnelling current.

É (b) HOMO aligned with top of  the right 

valence bands and/or LUMO aligned with 

bottom of left conduction bands: strong 

current through open molecular channels.

É (c) HOMO and/or LUMO in the gap: low 

current from Si-Si tunnelling.

É (d) HOMO and/or LUMO become open 

channels: resonant tunnelling.
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F. Ribeiro, W. Lu and J. Bernholc, ACS Nano 2008

See also W. Lu, V. Meunier, and J. Bernholc, Phys. Rev. Lett. 95, 206805 (2005). 
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