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SMALL IS DIFFERENT
Emergent  Phenomena at the 

Nanoscale
(the non-scaleable regime) 

Computers as Tools of Discovery 
Proc. Nat. Acad. Sci. 102, 6671 (2005)

SMALL IS DIFFERENT
Computational Microscopies

of
Emergent Nanoscale Physical &

Chemical Phenomena
(the non-scaleable regime)

Computers as Tools of Discovery 
Proc. Nat. Acad. Sci. 102, 6671 (2005)
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THE INTERSECTION OF
TWO MAJOR EMERGENT MOVEMENTS

* SCIENCE AND TECHNOLOGY AT THE
NANOSCALE – SMALL IS DIFFERENT

* COMPUTATIONAL MICROSCOPIES –
COMPUTERS AS TOOLS FOR DISCOVERY
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Resolved 
critical stress
20 x bulk Au

Au nanowire

Also:
conductance
quantization
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EACH 

ATOM

COUNTS

NON-SCALEABILITY

Golden Stories
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Xing, Parks
Yoon, Landman
Phys. Rev. B
Nov 15 (’06)

Electron diffraction +
First principles (DFT)
Structural search &
optimization

Xing, Parks,
Yoon, 
Landman
PRB Nov 15
(’06)



7

Au nanocapsules (nanotube-like)

PhysChemPhys 2007(January) Yoon, Landman, Moseler, Hakkinen
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Nanocluster magnets
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Complexity & Size 

EMERGENCE
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U.L.  et al.,
Science 824, 454  
(1990)
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atomic-size metallic wires and contacts
evolution of contacts while withdrawing an STM tip

Numerical experiment (Landman et al. 
Science 1990)

Ohnishi, Kondo
Takayanagi
Nature 395, 780  (1998)

Ohnishi, Kondo
Takayanagi
Nature 395, 780  (1998)

EM micrograph

SELF ASSEMBLY

SELF ORGANIZATION

SELF SELECTION OF 
SIZE, SHAPE & FORM

NATURE’S WAY
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COMPUTATIONS AS TOOLS 
IN EXPLORATION OF 

EMERGENT PHENOMENA

Enable the discovery of  emergent 
complex behavior or patterns, with 
minimal coarse graining and/or 
simplifying model assumptions
(“brute force”)

Complexity & Size 



17

The Science of 
Today Is the 
Technology of
Tomorrow
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The fundamental laws necessary for the 
mathematical treatment of a large part of 
physics and the whole of chemistry are thus 
completely known, and the difficulty lies only in 
the fact that application of these laws leads to 
equations that are too complex to be solved.

P.M. Dirac (1929) 
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The Scientist is not the person 
who always gives the

right answers,
he is

one who asks the 

right questions
Claude Levi-Strauss (1908- )
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EACH 

ATOM

COUNTS

NON-SCALEABILITY

EACH 

ATOM

COSTS

NON-SCALEABILITY
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QM/MM scheme

Quantum water

A.Bongiorno, R.N. Barnett, Y. Li, S.B. Suh, 

D. Ricci,C.L. Celveland, U.Landman

COMBINING QUANTUM (QM) &
CLASSICAL TREATMENTS

QUANTUM: SDFT/GGA (PBE)SDFT/GGA (PBE)
SelfSelf--interaction correction (SIC)  interaction correction (SIC)  
Soft pseudopotentialsSoft pseudopotentials
PlanePlane--wave basis (62 Ry)wave basis (62 Ry)
Barnett & Landman, PRB Barnett & Landman, PRB 4848, 2081 (1993), 2081 (1993)

CLASSICALCLASSICAL: TIP3P: TIP3P (Jorgensen)(Jorgensen)

Classical
water

Barnett, Cleveland,
Bongiorno, Landman
Abraham, Schuster

Science 294, 567 (‘01)

JACS 128, 10798 (’06) 

JACS (‘07)

Transport & 
Reaction,
Mutagenesis,
DNA damage
& repair
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Anthraquinone Covalently Linked to a 5´-Terminus of DNA

AQ 5'- C T T T T T C C T T T C C T T A A T T T -3'
3'- G A A A A A G G A A A G G A A T T A A A -5'

Gp

Gd

Gasper and Schuster, J. Am. Chem. Soc. (1997) 119, 12762

1. Reaction at distant proximal GG step (long range).
2. 5´-Reaction selectivity.
3. Reaction at distal GG step (GG a shallow trap).
4. Transport through an (A/T)5 sequence. Confirmed by 

Giese et al., Nature (2001) 412, 318.
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5’-TAC GTG  GCT TTT         CGG TCA CTG   CAT TAG TTA AAG  GAA TGT   GCG CTG ACC AAG  GAA CCA  AAG-3’
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Electron Transfer Reactions: Acceptor-Bridge-
Donor (ABD) Systems.

Transport Models
1. Coherent single-step tunneling processes with charge 

localized on initial and final states (Acceptor and Donor). 
DNA acts as a molecular wire.

2. Incoherent random-walk multi-step hopping between initial 
and final states, where hops between sequential guanines 
(hole resting sites) are mediated by superexchange across 
intervening A/T sequences (bridges).

3. Polaron- like hopping process where local energy- lowering 
dynamical structural distortion gives a self- trapped state with 
a finite spatial extent.  Thermal hopping transports the polaron
from one location to another.
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ION-GATED CHARGE TRANSPORT

Classical Molecular Dynamics 
Simulation of Duplex

[d(5'-A G1A2G3G4 AG-3')/
d(3'-T C1T2 C3 T4 TC-5')]

•Solvating water molecules not shown

•Trajectories are 1.4 nanoseconds

Na+ (1)  

Na+ (2) 

Na+ (3)



28

COUNTER-ION GATED HOLE TRANSPORT

Na+

Na+

Na+ to N7 of G1

vIP = 5.46 eV

Na+ to N7 of G3

vIP = 5.69 eV

vIP =  5.22 eV

All Na+ near PO4
-

-Na+

-Na+

Na+

Na+
Na+

Na+

Na+

Na+

+Na+

Phonon-Assisted Polaron-Like Hopping.

A Mechanism for Charge Transport in Duplex 
DNA.

Slinky - Compression (distortion) moves through the spring 
when coils are added or lost from the compression



29

Oxidative damage to DNA
Counter ion-assisted reaction with water

Robert N. Barnett, Angelo Bongiorno, 
Charles L. Cleveland, Abraham Joy, 

Uzi Landman, Gary B. Schuster

JACS, 128, 10798 (2006)

Oxidative damage to DNA
Sequence dependence of the reaction 

with water
Angelo Bongiorno, Robert N. Barnett,
Charles L. Cleveland, Abraham Joy, 

Uzi Landman, Gary B. Schuster

(JACS, 2007)
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schematic water reaction with 
DNA radical cation

Nature
(2005)
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transition 
complex
water wire

Proton 
transport
mechanism 

Initial state

Final state -
anchor H3O+

at PO4
-
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Electron Molecule 
Wigner Crystallite  

Highly Confined Classical and Quantum Liquids: 
Nanojets, Nanotribology, and Quantum Dots
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Nanohydrodynamics

Atomistic Simulations as 
Experiments

FIXING THE CONTINUUM
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Nanojets &
Nanobridge
s
In vacuum
MD &
Stochastic 
hydro-
dynamics

Moseler &
Landman
Science
289, 1165
(2000)

Breakup profile
Universality
Crossover –
Gaseous 
environment

MD &
Modified Stochastic 
hydrodynamics

Kang & Landman, 
Phys. Rev. Lett. 98, 
064504 (2007)

J. Gao, 
W.D. Luedtke
D. Gourdon, 
M Ruth,
J. Israelachvili,
U.Landman
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atomic-size metallic wires and contacts
evolution of contacts while withdrawing an STM tip

Numerical experiment

Ohnishi, Kondo and Takayanagi
Nature 395, 780  (1998)
Ohnishi, Kondo and Takayanagi
Nature 395, 780  (1998)

EM micrograph
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Supported Au nano-clusters on metal-oxide 
(MO) substrates : heterogeneous catalysis

Surprising :
(a) active at  low T < 300 K (b) humidity is beneficial
(c) activity for particles as small as Au8

Catalytic activity depends on : 
(a) Au charge state (b) cluster/surface interface
(c) cluster morphology (d) state of MO substrate

Sanchez et al. J. Phys. Chem A 103, 9573 (1999) ; Yoon et. al. Science (2005)

Heiz & Landman, NANOCATALYSIS
(Springer, Berlin, 2006)

U.Heiz, W.-D. 
Schneider,
U. Landman et. al
J. Phys. Chem. A (1999)

NANOCATALYSIS
HEIZ & LANDMAN
(SPRINGER, 2006)
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EXOTIC STATES OF MATTER

BOSONS AND FERMIONS 
CONFINED

IN TRAPS AND QUANTUM DOTS
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Devices

Vertical QD (Delft)

Lateral QD (Ottawa)

Lateral QD Molecule (Delft)
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UHF examples, QD and QDM

Electron
Densities

N=6e N=12e

Wigner crystals
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Excitations of 2e correlated electrons 
in a lateral quantum dot with negligible 

zeeman splitting

C. Ellenberger, T. Ihn, K. Enslin, C. 
Yannouleas, Uzi Landman, D. Driscoll, A.C. 
Gossard, 
Phys. Rev. Lett. 96, 126806 (2006).
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Crystalline phases of bosons in 
rotating traps: Tonks-Girardeau gas 

on a ring

Igor Romanovsky
Constantine Yannouleas

Uzi Landman
Georgia Institute of Technology

Phys. Rev. Lett. 93, 230405 (2004)
Phys. Rev. Lett. 97, 090401 (2006)
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Science paper, Weiss

Summary.
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Gross-Pitaevskii 
single particle density

UBHF
single particle density

Projected
single particle density

Projected 
conditional probability

Gross-Pitaevskii 
single particle density

Projected
single particle density

UBHF
single particle density

ring trap    harmonic trap (r0=3)

Hidden crystalline structure of ground state is revealed via stepwise 
variation of angular momentum of ground state (in steps of N or N-1) 

Projected 
conditional probability
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Eight bosons in rotating trap.

The Scientist is not the person 
who always gives the

right answers,
he is

one who asks the 

right questions
Claude Levi-Strauss (1908- )
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THE

END


