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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

Small is Different

The non-scalable regime
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SMALL IS DIFFERENT
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Xing, Parks
Yoon, Landman
Phys. Rev. B
Nov 15 (' 06)
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Au nanocapsules (nanotube-like)

PhysChemPhys 2007(January) Yoon, Landman, Moseler, Hakkinen
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Low-temperature Average Magnetic
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Most Recent Experiments (unpublished)
School of Physics, GA Tech
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Nano-Scale Matter

* Nature: Novel Phenomena
* reduced length and time scales
* gmergent phenomeana H -
* not n?erelypscaling down!! CompIeX|ty & SI_Ze

* Experiment and Theory: New Strategies and Methodologies
+ ultra-high saptio-temporal resolution
* atomic-scale manipulations
* simulations (quantum ab-initio and classical)

+ Science-driven Movel Technologies

+ New design concepts; new opportunities

EMERGENCE
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Emergent Phenomena

Phenomena which are not the properties of
the individual elementary components
BUT of the assembly of such components

=> Often accompanied by
(Spontaneous Symmetry Breaking)
Phenomena which are not evident (and are
not part of) the formulation of the problem

Example:

H= Z H(i)+ > Va, )+ Vi j.k)

1.k

Emergent Phenomena

The movement from low-level rules
to higher-level sophistication

When agents residing on one scale
start producing behavior that lies
on a higher scale

Higher-level, large-scale, pattern
arising out of local interactions
between individual components

Ants — Colonies ; Urbanites — Cities
Atoms — Crystals ; Electrons — Wigner Crystallites
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tomic-size metallic wires and contacts
evolution of contacts while withdrawing an STM tip

Numerical experiment (Landman et al. - )
Science 1990) micrograp

ool

Ohnishi, Kondo
Takayanagi \
Nature 395, 78¢5

e

SELF ASSEMBLY

SELF ORGANIZATION

SELF SELECTION OF

SIZE, SHAPE & FORM

15



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”)

Nano-Scale Matter

* Nature: Novel Phenomena

* reduced length and time scales
* gmergent phenomena Compl eXIty & SI 7e
+ not merely scaling down!! -
* Experiment and Theory: New Strategies and Methodologies
+ ultra-high saptio-temporal resolution
+ atomic-scale manipulations
+ simulations (quantum ab-initio and classical)

+ Science-driven NMovel Technologies

= Mew design concepts; new opportunities
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Nano-Scale Matter

Principles

» Self-assembly (“irrational” synthesis)

» Self-selection
abundance, size (magic numbers), shapel!!

* Fluctuations

+« Spontaneous Symmetry Breaking

17
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NEWS AND VIEWS

Statistical mechanics by numbers

Molecular dynamics is proving a useful technique well away from the applications for which it was
originally devised. A guiding principle is to make a virute of simplicity.

MoLecurLar dynamics is clearly well on

the way to being a universal tool, as if it |

were the differential calculus. So much is

plain from the range of problems now |

being tackled, and sometimes at least par-
tially solved, by the application of this
technique. Gone, it seems, are the days
when people’s ambitions in the field were
restricted to the calculation of the proper-
ties of smallish molecules, with only dis-
tant hopes of being able to tackle the
problems of, say, protein molecules.
Now, molecular dynamics is being used to
tackle problems which are quite general.
A recent issue of Physical Review Let-
ters (25 July), for example, contains
accounts of applications of the technique
to the solution of the Navier-Stokes equa-
tion on the one hand and the surface meli-
ing of aluminium crystals on the other.
The statement that all this has been
made possible by the arrival of computer
power in very substantial amounts is easy,
almost banal, but it is only half the truth

| %} s of tasks now De lakcr

dreds of particles should be calculable is
not as great an impediment as that of
arranging that the method of calculation is
not a recipe for accumulating and then
multiplying error from one step to the
next. But there is evidently no reason why
the same techniques should not in prin-
ciple at least be applied to systems other
than simple molecular systems. Indeed, in
some respects, three-dimensional systems
such as liquids may be more tractable than
molecules, if only because the need to
specify the force-law governing the inter-
action between each pair of particles may
be enormously simplified for a homogen-
ous system, for example, there is at most
one force-law to worry about.

The problem of melting is a good place
at which to start. P. Stolze and J. K. Norsoy
from the Technical Univessity of Den-
mark at Lyngby and U. Landman from the
Georgia I[nstitute of Technology (Phys.
Rev. Lett. 61 440; 1988) begin by remark-
ing on the conflict of evidence and infer-
ence on the ques { whethe ¢ meling

©® 1988 Nature Publishing Group

The calulation of the dynamical proper-
ties of liquids (by M. E. Colvin, A, J. C,
Ladd and B. J. Alder of the Lawrence
Livermore National Laboratory, Phys.
Rev. Len, 61 381; 1988) may be even more
portentious. What this group had done is
to simulate the flow of a fluid by “stripping
standard hard-disk molecular dynamics to
its barest essentials”. In other words, the
world in which elements of a fluid (not
necessarily atoms) are dealt with as if they
were billiard balls (or disks in two dimen-
sions) colliding by Newton's laws is
replaced by that in which directional
homegeneity is done away with by means
of the supposition that the elements of the
fluid are rigid hexagons (in two dimen-
sions), each with the same orientation.

One advantage of this representation of
a fluid in motion is that it is relatively easy
to enumecrate the kinds of collisions
allowed; in this model, ten classes of colli-
sions suffice. Each collision turns a pair of
particles, whose velocities are specified,

John Maddox
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Computational Microscopy

Simulations of materials properties and processes
Computational experiments

Interpret (analysis of observations)

Unify (sets of observations)

Predict

19



The Scientist Is not the person
who always gives the

right answers,
he iIs

one who asks the

Claude Levi-Strauss (1908- )
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Nano-Scale Matter

Principles
= Self-assembly (“irrational” synthesis)

» Self-selection
abundance, size (magic numbers), shapel!!

* Fluctuations

* Spontaneous Symmetry Breaking

21
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NON-SCALEABILITY

ATOM

COUNTS

NON-SCALEABILITY
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QM/MM scheme

A.Bongiorno, R.N. Barnett, Y. Li, S.B. Suh,
D. Ricci,C.L. Celveland, U.Landman

Classical

COMBINING QUANTUM (QM) & water

CLASSICAL TREATMENTS

QUANTUM: SDFT/GGA (PBE)
Self-interaction correction (SIC)
Soft pseudopotentials
Plane-wave basis (62 Ry)
Barnett & Landman, PRB 48, 2081 (1993)

CLASSICAL: TIP3P (Jorgensen)

Transport &
Reaction,
Mutagenesis,
DNA damage
& repair

Barnett, Cleveland,
Bongiorno, Landman
Abraham, Schuster

Science 294, 567 ¢ou)

JAacs 128, 10798 (oe)
JACS (‘07)
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Anthraquinone Covalently Linked to a5 -Terminus of DNA
Gasper and Schuster, J. Am. Chem. Soc. (1997) 119, 12762

AOS'-CTTTTTCCTTTCCTTAATTT-S‘-
A13- G A A A A A GGAAAGGAATTAAATNR

. 27A T;I ! (

; sk R e Cp
1. Reaction at distant proxima GG step (long range).
2. 5°-Reaction selectivity. " ;Gd
3. Reaction at distal GG step (GG a shallow trap).
4. Transport through an (A/T)s sequence. Confirmed by

Giese et al., Nature (2001) 412, 318.

Damage at a Distance and
the Distance Dependence of Damage

o} AQ

DNA(1) 3'-ATG CACCGA AAA GCC AGT GAC GTA ATC AAT TTC CTT ACA CGC GAC TGG TTC CTT GGT TTCAQ-5'
DNA(2) 5-TACGTG GCT TTT CGG TCA CTG CAT TAG TTA AAG GAA TGT GCG CTG ACC AAG GAA CCA AAG-3'

2p Gy Gy Gy Gyo
TR Co oor Slope =-0.02A1
-G, 0.5 F
-1.0
,_\-1A5 -
= G46 E-Z.O -
-2.5 |
-3.0 |
Gss a5

T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200
Distance (&)
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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 randomwalk multi-step hopping between initial
and final states, where hops between sequential guanines
(holeresting sites) are mediated by superexchange across
intervening A/T sequences (bridges).

3. Polaronlike hopping process where local energy-lowering
dynamical structural distortion gives a self-trapped state with
afinite spatial extent. Thermal hopping transports the polaron
from one location to another.

1404 .40
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|ON-GATED CHARGE TRANSPORT

Classical Molecular Dynamics
Simulation of Duplex

[d(5'-A G,A,G,G,AG-3)/
d(3-T C,T,C,T,TC-5)]

«Solvating water molecules not shown

*Trajectories are 1.4 nanoseconds

27



COUNTER-ION GATED HOLE TRANSPORT

Na*

vIP = 522 eV
All Nat near PO,

Na*to N7 of G, Na*to N7 of G,

VvIP =5.46 eV VvIP =5.69 eV

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

28



Oxidative damage to DNA

Counter ion-assisted reaction with water

Robert N. Barnett, Angelo Bongior no,
CharlesL. 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. Bar nett,

CharlesL. Cleveland, Abraham Joy,
Uzi Landman, Gary B. Schuster

(JACS, 2007)
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schematic water reaction with

DNA radical cation

+
"0 s fﬁ NH;™ 0
X o o +H0
Nowf HN 1 N, 2 g
. >]:§,- TR ?- ¢ N HN
— N—L
® SouhN AR

dR o HN

Guanine radical cation

Error-prone replication of
oxidatively damaged DNA by
a high-fidelity DNA polymerase

Garald W. Hsa', Matthias Ober , Thomas Carell ' & Lorena 5. Besae'

¥ Dhwker Unrversnty Miralion! Cemter, Durbass, Nortk

2TV USA
senl of Chemizry ami B
Murrdck, Hutermandrsmasse 513, [

T, Luislwig Mcimifians Dnfversiny

Aerohic respirafion generates reactive oxygen species that

<an damage guanine residoes and lead to the produdion of
H-oxopuanine (Soxeds), the major mutagenic axidative hshon in

the genomse'. Oxidative damage is implicated in ageing’ and
cancer, and its prevalence presents o constant challenge to DINA
polymcrases that ensure accurate transmission of genomic infor-
mation, When these polymerases encounter BoxoG, they fre-
quently catalyse misincorporation of adenine in preference io
scourate incorporation of ovtoesing”. This resulis in the propa-
gation of G w T tramsversions, which are commonly observad
snmatic motations asocinted with human cancers*”. Here, we
present sequential snapshots of a high-fdelity DNA poly merase
during both accurate and nmhlgqm’r replication of Soxol, N
Comparison of these crysial structures reveals that BoxoG atu re
induces an inversion of the mismatch recognition mechanisms

that normeally proofread DMA, such that the SBoxoleadenine
mismiatch mimics a copnate base pair whensas the Boxolrcylo- (2005)
sime base pair belaves as a0 mismatch These studies reveal a
fundamenial mechanism of ervor-prone replication and show

o B, and DA lesions in general, can form mismatches

that evade polymemse error-detection mechanisms, potentially
leading Lo the stable incorporation of lethal mutations.
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transition
complex
water wire

Proton
transport
mechanism

Initial state

_. " Final state -
anchor H;O*
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Highly Confined Classical and Quantum Liquids:
Nanojets, Nanotribology, and Quantum Dots

Electron Molecule
Wigner Crystallite




Nanohydrodynamics

Atomistic Simulations as
Experiments




Nanojets & *

Nanobridge Breakup profile
S Universality
In vacuum Crossover -
MD & Gaseous
Stochastic environment
hydro-
dynamics (b) . MD &

1300 ps * _ . Modified Stochastic
Moseler & ® o hydrodynamics

1330 ps ‘10
Landman = o Kang & Landman

: R - - A ]

Science - e —dP Phyg. Rev. Lett. 98,
289, 1165 e camg@ 064504 (2007)
[(9ONNNN

J. Gao,

W.D. Luedtke
D. Gourdon,
M Ruth,

J. Israelachvili
U.Landman

THE JOUENAL OF

mmems  PHYSICAL
CHEMISTRY

»-- L TN . - 5
a Wirt® " yo &

CHDENTEDR IATTER, MATERIALY, SONRLOLS, INTERFACES, & BOPETSICHL CHENMETRY
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Numerical experiment

ze metallic wires and contacts
of contacts while withdrawing an STM tip

EM micrograph

Ofishii, Kondo and Takayanagi
Nature 395, 780 (1998)
-
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Supported Au nano-clusters on metal-oxide
(MO) substrates : heter ogeneous catalysis

(@ activeat low T <300 K (b) humidity is beneficial
(c) activity for particles as small as Au,

Catalytic activity dependson :
(@ 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. a. Science (2005)
Heiz & Landman, NANOCATALYSIS

(Springer, Berlin, 2006)

U.Heiz, W.-D. i e
Schneider, When gold is not noble : i; e .*~'1
U. Landman et. al Nanoscale gold catalysis
o - ::'t"n"
CO+%0,—— s 0O, " -
NANOCATALYSIS e
HEIZ & LANDMAN [ ';fd';::,i iy
T i
(SPRINGER, 2006) f.| ¢ AN By e
R Fratact _—. -
: I E::ft_;c ji.,_... .....
| ) E - ™
, L e
8 e
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EXOTIC STATES OF MATTER

BOSONS AND FERMIONS
CONFINED
IN TRAPS AND QUANTUM DOTS

B2) Spin qubits

Initial ideas: Loss & DiVincenzo (1998)

[ 1-gubit control:
+ magnetic (ESH)
+ glectric (modulate effectnve g-factor)

+ 2-qubit coupling:
exchange interaction between 2 dots

» Read-out through charge

Expts: TU Delft , Harvard
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1 Yertical quantum dot structure

akle gabn
The gquariur-fot straciune shaded ot Dt
ard BT in Japan & lelssaied n e shaps of
nrcered pillar e o ren aed clin are dog
seervrconductor ryees |Ful cosaluct ehecteaity,
A aow g At from B guanbam cok b
furead bagrrisr 100 nm dhick, Whesn n negaiive
AR 1 o B the Iret aide gote
At 1 S i resced the delreatsr of
thes ot froem asbout B0 e 0 2een. cmming
RIS DD A TNl (00 ONB AL A [

Vertical QD (Delft)

Plunger
Gate

FIG. 1. SEM image of the gate geometry forming the quantum
dol. This geomelry enables a precisely known number of electrons
(N=0.1.2,....,50) to be trapped (Rel. 13) and produces a quasipa-
rabolic confinement potential. Sweeping the plunger-gate vollage
tunes both the shape and the chemical potential of the guantum dot.

Lateral QD (Ottawa)

Lateral QD Molecule (Delft)

2e spin qubit in a double dot Harvard U.

Two electron spin qubit
(1,1) S N7, .

C. Marcus team,

Nature, june 2005,

charge readout
with QPG

39



Electron
Densities

e -\—\_:"_\_‘_ k-

[
¥ (rem] E-1

Gucatum - Jof
Molecules

Wigner Crystals

DECEMBER 1. iwdd FEYSICAL REVIEW FOLUME 48

On the Interaction of Elsctrons in Metals

K. Wezwmn, Princaiss raiwrsby
Macebvad Cctaber 15, 193}

The snergy o mberaction betwesn fres slectrons in ma fact thas the slectrens mepell cech other and bry to by
leptron g b considersd. The intersctios energy of uw:mummmwdmm
i = that of tha will bm | throegh Ehe

-]
rhairgss plis rhe sachasgs anegrale. anal Ches nere -ﬂ'-uu wave lusction, hllummlthu
thin = by mn

wave
nernrhan ol 1 s winh anj el wpins B MMMKHWLMIMW
n mdk § 2 fomiod by means of the B Ehmory

DT s die e i B & power sries o .

“If the electrons had no kinetic energy,
they settle in configurations which
correspond to the absolute minima of
the potential energy. These are close-
packed lattice configurations, with
energies very near to that of the body-
centered lattice ... "
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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).

plunger gate voltage (V)

bias voltage (meV)
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plunger gate voltage (mV)

-400

-500

N=1

_'_600 ..U r 2 T __A__ =

magnetic field (T)

6

Energy (meV)
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J (meV)

Crystalline phases of bosonsin
rotating traps. Tonks-Girardeau gas
onaring

Phys. Rev. Leit. 93, 230405 (2004)
Phys. Rev. Lett. 97, 090401 (2006)

|gor Romanovsky
Constantine Y annouleas

-, Uzi Landman
%ﬂ? Georgia Institute of Technology
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We report the observation of a one -dimensional {10 Tonks-Girardeau {TG)
gas of basony maving fresly i 10, Although TG gas bowom ane skrongly
Imberacting, they behave very much like noninteracting fermions. W enter
et TG regima with cold rubiSum-B7 sloms by tapping thems with a
comhbination of twa light traps, Iy changing the trap imtensities, s hence
thee atomic inieraction sirergth, the atoms can be made o act either like
a Base- Einitain condanuats o bke a TG gas. We measure e 1otal 10 anes gy
and the length of the gas. With no free parameters and over a wide range
of coupling strengths, cur data fit the exact selution for the ground state

af & 10 Boas gay,

REPORTS
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G T T TN
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(PRL 93, 230405 (2004)).

Summary.

harmonic trap
?=50 ? =0 L,=0

ring trap (ry=3)
?=50 ? =0.2?, L,=16

UBHF

Gross-Pitasvskii single particle density

single particle density

Projected
conditional probability

Projected
single particle density

UBHF
single particle density

Gross-Pitaevskii
single particle density

Projected
conditional probability

Projected
single particle density

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




Eight bosons in rotating trap.
(a) (b)
+4 +4
- 0 +4 = ’ = g v = u
+4 +4
i 0 -4 0
o ~4 =3 0 +4 -4

The Scientist I1s not the person
who always gives the

right answers,
he iIs

one who asks the

Claude Levi-Strauss (1908- )
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