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Introduction

It is our pleasure to welcome you in Rome to the 3rd
International Workshop on Dynamics in Viscous Lig-
uids. After the first such meeting in Munich (2004,
organized by Andreas Meyer and Thomas Voigtmann)
and a second incarnation in Mainz (2006, organized by
Jirgen Horbach and Wolfgang Paul), this is the third
workshop following its peculiar “no invited talks” rule.

This workshop series brings together the leading ex-
perts on theoretical and experimental advances in the
field of viscous liquid dynamics — from glass-forming
liquids, viscous metallic or oxide melts, and polymers
to dense colloidal suspensions and other soft-matter
model systems.

Our aim is that the oral presentations at the work-
shop reflect the latest developments in the field, and
stimulate fruitful debate. At the same time, the work-
shop shall also provide a platform especially for young
researchers working in this field. Hence, the work-
shop’s programme is completely determined by a pro-
gramme committee that bases its decision on the one-
page abstracts submitted by all contributing partici-
pants. These are the abstracts collected in this book-
let. We, the organizers, wish to thank the committee
for spending its time and for a very stimulating meet-
ing with many in-depth discussions. Having received
close to 150 submissions, all of which carefully read
and judged by the committee members, a tough selec-
tion of only 50 talks (i.e. roughly one third) had to be
made. We think that the final program outlined here
proves the excellent job done by the committee.

The workshop takes place in the fascinating venues
of the Accedemia dei Lincei — the oldest scientific
academy in the world, dating back to the time of
Galileo Galilei, who was among the first members. We

are grateful to the Accademia and to the Centro In-
terdisciplinare Beniamo Segre and in particular its Di-
rector Prof. Tito Orlandi for their generous support;
we would also like to thank the staff of the Accademia,
especially Mariella Masciangelo, Daniela Volpato, and
Daniele Evangelista for their help. This means that
we are able to host the workshop in the headquartes
of a prestigious academy, in midst of one of Rome’s
liveliest quarters, Trastevere, with the historic center
and the Vatican state being nearby. We will also have
the chance to visit next door’s Villa Farnesina with
its renowned renaissance frescoes (located inside the
Accademia dei Lincei).

We cordially thank the German-Dutch collaborative
research center “SFB Transregio TR6 — Physics of Col-
loidal Suspensions under External Fields” for provid-
ing substantial financial support funded through the
German Science Foundation (Deutsche Forschungs-
gemeinschaft, DFG); in particular we thank the
spokesperson, Prof. Hartmut Lowen, for offering his
support from very early on. Special thanks go to
Brigitte Schumann, secretary of the SFB TR6 for
taking care of numerous administrative matters and
for her generous committment which involved coming
all the way from Diisseldorf to Rome. Our warmest
thanks also go for her invaluable help in local support
to Raffaella Mazzarelli.

We hope that this workshop will, as its two prede-
cessors, prove to be a stimulating, entertaining, and
productive meeting for all of us. We wish you all a
pleasant stay in Rome,

Giorgio Parisi
Thomas Voigtmann
Emanuela Zaccarelli
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Useful Addresses

The workshop location right next to Villa Farnesina is just north of Trastevere, where you can find numerous
shops and restaurants. The map indicates just a few (selected from the Gambero Rosso and other guides), from
up-market (**) to more basic.
The conference dinner takes place in the restaurant “Al Pompiere” [26].

Restaurants

1

10

11

12

13

14

15

16

17

18

19

20

21

Antico Arco**, piazzale Aurelio 7
mediterranean based on Roman tradition

Asinocotto**, via dei Vascellari 48
mediterranean /international

Enoteca Ferrara™*, piazza Trilussa 41
international with Roman touch

Paris™*, piazza San Calisto 7a
traditional Roman

Il Sanlorenzo**, via dei Chiavari 4
sea-food /slow-food cuisine

Sora Lella**, via di Ponte Quattro Capi 16
Roman trattoria

Cecco Er Carettiere*, via Benedetta 10/11
traditional Trastevere location

A’ Ciaramira®, via Natale del Grande 41
fish & seafood

Dar Cordaro*, piazzale Portuense 4
traditional Roman trattoria
Crudo*, via degli Specchi 6

(raw) fish

Il Drappo*, vicolo del Malpasso 9
Sardinian

Glass Hostaria*, vicolo del Cinque 58
regional, seafood, stylish place

Da Giggetto*, Via del Portico d’Ottavia 21
well-known place in the Roman ghetto

Le Mani in Pasta*, via dei Genovesi 37
Ttalian pasta, small authentic restaurant

Osteria della Gensola*, piazza della Gensola 15
regional Italian, fish

Rivadestra®, via della Penitenza 7
north-Italian and Napolitan influences

L’Antica Trattoria da Gildo, via della Scala 31/a
traditional Roman

Bir & fud, via Benedetta 23
beer and food, pizza, fried specialities

Cave Canem, piazza San Calisto 11
regional, simple style

La Fraschetta, via San Francesco a Ripa 134
Ttalian, pizza

Ivo a Trastevere, via San Francesco a Ripa 158
pizza and Roman

22 Osteria Rugantino, via della Lungaretta 54

standard Roman restaurant

23 Sette Ocche in Altalena, via dei Salumi 36

Italian food, pizza

24 Sora Margherita, piazza delle Cinque Scole 30

simple Roman-jewish trattoria

25 Trattoria degli Amici, piazza di Sant’Egidio 5

simple trattoria

26 Al Pompiere*, Via di Santa Maria de’ Calderari

38

conference dinner

27 Jaipur, via San Francesco a Ripa 56

Indian

28 Thien Kim, via Giulia 201

Vietnamese

Wine & Cocktail Bars

A Ma che siete venuti a fa’, via Benedetta 25

large selection of beer & liquor, no food

B Freni e Frizioni, via del Politeama 4/6

cocktail bar

C La Mescita/Enoteca Ferrara, piazza Trilussa 41

wine bar

D Enoteca Trastevere, via della Lungaretta 86

wine bar, some smaller food dishes

Take-Away

I Planet Kebab, via Natale Del Grande 17
one of the best kebab places in the area

IT Sisini, via San Francesco a Ripa 137

pizza take-away

IIT Alberto Pica, via della Seggiola 12

large selection of ice creams

Culture & Night Life

a Big Mama, vicolo di San Francesco a Ripa 18

music/jazz club

b Lettere Cafe, via San Francesco a Ripa 100

coffee, food, and books; life music/poetry
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2 Programme

Wed 30/03 Thu 31/03 Fri 01/04 Sat 02/04
08:00-08:45 Registration
08:45-09:00 Opening
W. Kob M. Laurati P. Keim A. S. Keys
C. Dasgupta J. Horbach C. Dalle-Ferrier G. Tarjus
09:00-10:20
M. Mosayebi J.M. Brader S. Lang H. Tanaka
C. Cammarota M. Siebenbiirger D. Coslovich E. Sanz
10:20-10:50 coffee
G. Szamel F. Weysser S. Buzzaccaro C. A. Angell
K. Miyazaki Ch. J. Harrer B. Ruzicka F. Mallamace
10:50-12:10
R. Schilling P. Chaudhuri J. R. Gomez-Solano
F. Zamponi R. Besseling C. P. Royall
Guided Tour
12:00-13:00
12:10-14:00 lunch
J. C. Dyre
A. Meyer Poster Poster
14:00-15:20 13:45-15:20 13:45-15:20
P. Gallo
J. Wuttke
15:20-15:50 coffee
K. Kroy A. Heuer L. Berthier
N. Gnan P. Verrocchio M. Sperl
15:50-17:10
M. Medina-Noyola M. Tarzia H. Jacquin
D. Villamaina S. Franz P. Charbonneau
break
F. Sausset G. Monaco
17:30-18:10
F. Cardinaux A. Arbe
19:00— Conference Dinner

11
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Wednesday, March 30

08:00 Registration

08:45 Welcome Note
G. Parisi, E. Zaccarelli, and Th. Voigtmann

Session 1, Chair: Hartmut Lowen

09:00 W. Kob, Université Montpellier 2
Static and Dynamic Length Scales in Glass-Forming Liquids

09:20 C. Dasgupta, Indian Institute of Science, Bangalore
Growing length scales and their relation to growing time scales in glass-forming liquids

09:40 M. Mosayebi, ETH Ziirich
A static correlation length diverging at the glass transition

10:00 C. Cammarota, CEA, Saclay
A phase-separation perspective on dynamic heterogeneities in glass-forming liquids

10:20 Coffee break
Session 2, Chair: Wolfgang Gotze

10:50 G. Szamel, Colorado State University
Dynamic glass transition: mode-coupling theory, replica approach and emergence of rigidity

11:10 K. Miyazaki, University of Tsukuba
Is the Mode-Coupling Theory a Mean Field Description of the Glass Transition?

11:30 R. Schilling, Universitdt Mainz
Mean-field limit of mode-coupling theory

11:50 F. Zamponi, CNRS, Paris
Quantum glass transition and superfluidity of hard spheres

12:10 Lunch
Session 3, Chair: Kia Ngai

14:00 J. C. Dyre, Roskilde University
Isomorphs in liquid phase diagrams and their consequences for viscous dynamics

14:20 A. Meyer, Deutsches Zentrum fiir Luft- und Raumfahrt, Koln
Relation of properties of mass transport with melt structure in multicomponent viscous metals

14:40 P. Gallo, Universita Roma Tre
Slow dynamics and fragile-to-strong transition in confined water and in aqueous solutions.

15:00 J. Wuttke, Forschungszentrum Jiilich
Supercooled water dynamics near the resolution limit of neutron backscattering

15:20 Coffee break
Session 4, Chair: Andrea Puglisi

15:50 K. Kroy, Universitat Leipzig
Hot Brownian Motion: When Big Beads Beat Bittie Beads

16:10 N. Gnan, Universita di Roma “La Sapienza”
Predicting The Effective Temperature of a Glass

16:30 M. Medina-Noyola, Universidad Auténoma de San Luis Potosi
Incomplete Equilibration of Dense Hard-Sphere Fluids

16:50 D. Villamaina, Universita di Roma “La Sapienza”
Ratchet effect in an aging glass
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Thursday, March 31

09:00

09:20

09:40

10:00

10:20

10:50

11:10

11:30

11:50

12:10

13:45

15:20

15:50

16:10

16:30

16:50

17:10

17:30

17:50

Session 5, Chair: Frank Scheffold

M. Laurati, Universitat Diisseldorf
Dynamics of Supercooled Colloidal Dispersions under Flow: A Study of Transient Regimes

J. Horbach, Deutsches Zentrum fiir Luft- und Raumfahrt, Kéln
The relazation of stresses in a glassforming soft-sphere mixture after the switch-off of shear

J.M. Brader, University of Fribourg
Nonlinear response of dense colloidal suspensions under oscillatory shear

M. Siebenbiirger, Helmholtz-Zentrum fiir Materialien und Energie Berlin
Startup experiments of concentrated suspensions

Coffee break
Session 6, Chair: Stefan Egelhaaf

F. Weysser, Universitat Konstanz
A mizture of binary hard discs at the glass transition under shear

Ch. J. Harrer, Universitat Konstanz
Active and Nonlinear Microrheology

P. Chaudhuri, Université Claude Bernard Lyon 1
Flow of soft jammed materials — linking global flow to local properties

R. Besseling, University of Edinburgh
Shear banding and flow-concentration coupling in colloidal glasses

Lunch

Poster Session A

Coffee break

Session 7, Chair: Srikanth Sastry

A. Heuer, Universitat Miinster
Facilitation effects in supercooled liquids as a key ingredient for the dynamics

P. Verrocchio, Universita di Trento
Cooperatively rearranging regions and their interfaces close to the glass transition

M. Tarzia, Université Pierre et Marie Curie, Paris
First steps towards a renormalization group approach for glasses

S. Franz, CNRS and Université Paris-Sud
Field Theory of Fluctuations in Glasses

Break
Session 8, Chair: Juan Colmenero

F. Sausset, Université Paris Sud
Characterizing order in amorphous systems

F. Cardinaux, University of Fribourg
Heterogeneous dynamics in dense monodisperse emulsions
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Friday, April 1

09:00

09:20

09:40

10:00

10:20

10:50

11:10

11:30

11:50

12:10

13:45

15:20

15:50

16:10

16:30

16:50

17:10

17:30

17:50

19:00

Session 9, Chair: Thomas Voigtmann

P. Keim, University of Konstanz
Dynamics and local order in a 2D colloidal glass former

C. Dalle-Ferrier, Universitit Diisseldorf
Glass-like dynamics of colloids in modulated potentials

S. Lang, Universitat Erlangen-Niirnberg
Glass transition in confined geometry: A mode-coupling theory

D. Coslovich, Université Montpellier 11
Slow dynamics in cluster crystals and cluster glasses

Coffe break
Session 10, Chair: Emanuela Zaccarelli

S. Buzzaccaro, Politecnico di Milano
Highly nonlinear dynamics in a slowly sedimenting colloidal gel

B. Ruzicka, Universita di Roma “La Sapienza”
Phase Separation and Equilibrium gels in a colloidal clay

J. R. Gomez-Solano, CNRS, Lyon
Nonequilibrium fluctuations of a Brownian particle in a quenched gelatin droplet

C. P. Royall, University of Bristol
Faceted polyhedral colloidal ‘rocks’: low-dimensional slow networks

Lunch

Poster Session B

Coffee break

Session 11, Chair: Giulio Biroli

L. Berthier, Université Montpellier 2
Siz ‘critical’ packing fractions for disordered hard sphere systems

M. Sperl, Deutsches Zentrum fiir Luft- und Raumfahrt, Kéln
Glass Transition in Driven Granular Matter

H. Jacquin, Université Paris Diderot — Paris 7
Microscopic many-body theory of the jamming transition

P. Charbonneau, Duke University
Structural Correlations in Jammed and Glass-Forming Hard Sphere Fluids

Break
Session 12, Chair: Ulrich Buchenau

G. Monaco, European Synchrotron Radiation Facility, Grenoble
Macroscopic, mesoscopic and microscopic regimes for the dynamical properties of disordered systems

A. Arbe, Centro de Fisica de Materiales, San Sebastidn
Nanophase Separation and Anomalous Dynamics in Comb-like Polymers

Conference Dinner (Ristorante Al Pompiere, via di Santa Maria de’ Calderari 38)
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Saturday, April 2

09:00

09:20

09:40

10:00

10:20

10:50

11:10

11:30
12:00

Session 13, Chair: Francesco Sciortino

A. S. Keys, University of California Berkeley
Computer simulation study of structure and dynamics of elementary excitations in model glass
forming liquids

G. Tarjus, Université Pierre et Marie Curie, Paris
The role of attractive forces in visquous liquids and its consequence for theories of the glass
transition

H. Tanaka, University of Tokyo
Structural signature of slow dynamics in supercooled liquids: Critical-like glassy structural ordering

E. Sanz, University of Edinburgh
Crystallization Mechanism of Hard Sphere Glasses

Coffee break
Session 14, Chair: Giorgio Parisi

C. A. Angell, Arizona State University
An evaluation of the “ideal glassformer” concept, using van der Waals ellipsoids in the Gay-Berne
model

F. Mallamace, Universita di Messina
The dynamic crossover temperature is as important as the glass transition temperature: Fvidence
from liquid transport coefficients

Closing Remarks, G. Parisi

Guided Tour to Villa Farnesina
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List of Poster Contributions

Al

A2

A3

A4

A5

A6

AT

A8

A9

Al0

All

Al2

A1l13

Al4

Al5

Al6

Al17

A18

A19

A20

C. A. Angell, Arizona State University
Decoupling of viscosity from diffusive mobility in a molecular liquid, caused by isothermal introduction of
2nm structural inhomogeneities

A. Furukawa, University of Tokyo
Mesoscopic natures of the anomalous viscous transport and viscoelasticity in supercooled liquids

H. E. Castillo, Ohio University
Dynamical heterogeneity in structural glasses and correlated fluctuations of the time variables

L. Yelash, Universitat Mainz
Atomistic molecular dynamics simulations of polybutadiene at graphite: Slowing down in confined melt
vs. bulk

J. S. Hansen, Roskilde University
Viscous properties of water

H. Morhenn, Technische Universitat Miinchen
Short time dynamics of a medium length polyethylene melt

M. Bernabei, Donostia International Physics Center
From caging to Rouse dynamics in polymer melts with intramolecular barriers: a critical test of the Mode
Coupling Theory.

M. Hofmann, University Bayreuth
Glassy and polymer dynamics in confining geometry as revealed by NMR

M. Z. Slimani, Donostia International Physics Center
Heterogeneities of segmental dynamics in lamellar phases of diblock copolymers

J. K Basu, Indian Institute of Science, Bangalore
Unusual dynamics of polymer grafted nanoparticles

A. Grzybowski, Silesian University
Specific volume and activation volume scalings in viscous systems

K. Kaminski, University of Silesia
Identification of the molecular origin of secondary relazation process which is commonly observed in the
whole family of the saccharides.

M. Romanini, Universitat Politecnica de Catalunya
Removal of hydrogen-bond-induced clusters in m-fluoroaniline by mizing with aromatic compounds:
emergence of genuine Johari-Goldstein relazation

P. Wlodarczyk, University of Silesia
Identification the origins of non-JG secondary modes. Conformational interconversion as JG secondary
mode.

T. Scopigno, Universita di Roma “La Sapienza”
Visualizing Coherent Acoustic Phonons in Disordered Materials

B. Jakobsen, Roskilde University
Temperature-independent decoupling between the characteristic time scales of five independent linear
response functions

D. Gundermann, Roskilde University
FExperimental connection between density scaling and the Prigogine-Defay ratio of a glass-forming liquid

K. Niss, Roskilde University
Dynamic thermal expansivity of a molecular liquid near the glass transition

L. Bghling, Roskilde University
Investigation of infinite frequency shear and bulk moduli on strongly correlating liquids

N. P. Bailey, Roskilde University
Perturbation theory approach to determining the effective inverse power-law exponent for strongly
correlating liquids.
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A38

A39

A40
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T. S. Ingebrigtsen, Roskilde University
NVU dynamics: Replacing Newton’s 2nd law with Newton’s 1st law

T. B. Schrgder, Roskilde University
Theory of isomorphs: applications to generalized Lennard-Jones liquids

U. Buchenau, Forschungszentrum Jiilich
Relation between the shear fluctuation spectrum and the dielectric fluctuation spectrum in highly viscous
liquids

J. Papini, Roskilde University
Cooling by Heating - new phenomenon establishes subtile thermomechanical coupling

M. A. Ramos, Universidad Auténoma de Madrid
Thermodynamic and kinetic properties of glass-forming monoalcohols

G. Diezemann, Universitidt Mainz
The Kowvacs effect: New insights from the Gaussian trap model

C. Rehwald, Universitat Miinster
Identification of coupling processes in supercooled liquids

L. Leuzzi, Universita di Roma “La Sapienza”
Dynamic and thermodynamic properties underlying secondary processes in a mean-field exactly solvable
model glass

T. Rizzo, Universita di Roma “La Sapienza”
On the Decay FExponents of Mode Coupling Theory

M. Pica Ciamarra, Universitd di Napoli Federico II
Geometrical approach to the glass transition

M. Schmiedeberg, Universitat Diisseldorf
Mapping the slowdown of the dynamics of soft spheres onto hard sphere behavior

R. Zargar, University of Amsterdam
Direct measurement of the free energy of hard sphere glasses

I. Elyukhina, South Ural State University
Analysis of oscillating-cup technique for measurement of density and non-Newtonian properties

V.I. Lad’yanov, Ural Branch of Russian Academy of Sciences
On the viscosity and the crystallization processes of the Co-(Fe, Cr)-Si-B amorphizing melts

L.V. Kamaeva, Ural Branch of Russian Academy of Sciences
The use of the temperature and concentration dependences of viscosity for the study of structure of
Me(Fe,Ni,Co)-P melts

S. G. Menshikova, Udmurt State University
On viscosity and relaxation processes of the glass-forming AL-TM-REM melts

S. Wei, Universitat des Saarlandes
Chemical disordering of crystals and its relation to liquid-liquid transitions in strong liquids

Z. Evenson, Universitiat des Saarlandes
Equilibrium viscosity, enthalpy recovery and free volume relazation in a Zry; Ti;1NijgCuigBegs bulk
metallic glass

S. Jabbari-Farouji, CNRS and Université Paris-Sud
Isotropic-nematic transition of charged disks

S. Sharifi, University of Sistan and Baluchestan
Nanoscale structural characterization and relaxation of the oil-in-water nanoemulsion with
Hydrophobically End-Capped Poly (ethylene ozide)

S. Sharifi, University of Sistan and Baluchestan
The effect of depletion interaction on relaxation and structure of nanoemulsion
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A43

A44

A45

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

B11

B12

B13

B14

B17

B18

B19

B20

B21

E. Del Gado, ETH Zurich

Non-linear response of dipolar colloidal gels to external fields

R. Messina, Universitat Diisseldorf
Ultra-fast quenching of binary colloidal suspensions in external magnetic fields

P. E. Ramirez-Gonzélez, Universidad Auténoma de San Luis Potosi
Theoretical study of aging and instantaneous quenchings in attractive Yukawa systems

A. Heuer, Universitat Miinster
Non-linear response in glass-forming systems: Computer simulations

D. Winter, Universitat Mainz
Non-linear single-particle-response of glassforming systems to external fields

N. Koumakis, [ESL Heraklion
Yielding of colloidal glasses and gels

O. Herbst, Deutsches Zentrum fiir Luft- und Raumfahrt, Kéln
Brownian dynamics simulation of extensional shear flow in dense colloidal hard-sphere systems at the
glass transition

S. Papenkort, Universitat Konstanz and Zukunftskolleg der Universitat Konstanz
Lattice-Boltzmann Simulation of Non-Newtonian Liquids

T. Divoux, Université de Lyon
Transient fluidization processes leads to quantitative predictions for the Herschel— Bulkley model in
Simple Yield Stress Fluids

M. Hussainov, University of Tartu
Technique for Experimental Studying of Elongational Behavior of High Reactivity Viscoelastic Liquids:
Application to Alkoxide-Based Sol-Gel Precursors.

J. Chattoraj, Université Paris Est — Laboratoire Navier
Awvalanche size in sheared amorphous solids at low temperature

C. Barentin, Université de Lyon
Confined diffusion of probes in a colloidal suspension

C. L. Klix, University of Konstanz
Elastic Properties of Glasses

A. Lederer, Universitat Mainz
Suppression of multiple scattering effects in colloidal model systems

V. Nosenko, Max-Planck-Institut fiir extraterrestrische Physik Garching
Shear Melting and Shear Flows in a 2D Complex (Dusty) Plasma

A. Bronsch, Freiberg University of Mining and Technology
Particle influence on the viscosity measurements of molten slags

A. Jacob, TU Bergakademie Freiberg
Determination of physical chemical properties of molten slags using molecular dynamics simulation

D. Truzzolillo, IESL Heraklion
Star-linear polymer mixtures: a subtle balance between depletion and osmotic shrinkage

F. Scheffold, University of Fribourg
Dynamics and elasticity of highly compressed microgel phases

P. Bacova, University of the Basque Country (UPV/EHU)
Dynamics of branch points in star polymers by computer simulations

R. Juarez-Maldonado, Universidad Auténoma de Zacatecas
Effects of polydispersity on dynamic arrest properties of model colloidal systems

N. Gnan, Universita di Roma “La Sapienza”
Colloidal Effective Interactions: the Role of Attraction in the Solvent
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B41

B42
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F. Sciortino, Universita di Roma “La Sapienza”
How do Self-Assembling Polymers and Gels Age Compared to Glasses?

M. Isobe, Nagoya Institute of Technology
Study of Transient Nuclei near Freezing

V.A. Martinez, University of Edinburgh
Dynamical Signature at the Freezing Transition

B. Seoane, Universidad Complutense de Madrid
Effective potential study of hard-spheres crystallization

C. Valeriani, University of Edinburgh
The Crystallization of Hard-Sphere Glasses

H. J. Schope, Universitiat Mainz
Crystallization and vitrification of a hard sphere like colloidal model system

M. Camargo, Universitiat Diisseldorf
FEquilibrium dynamics of binary cluster crystals

S. Sastry, Centre for Advanced Scientific Research Bengaluru
Free Volume Distributions in Hard Sphere Fluid and Jammed Configurations

A. Puglisi, CNR-ISC Rome, Italy
Spontaneous rotation and slow “breathing” in a vertically vibrated dense granular monolayer

G. Gradenigo, Universita di Roma “La Sapienza”
Growing time and length scales in the dissipative dynamics of a granular fluid

I. Buttinoni, Stuttgart University
A New Species of Active Brownian Particles

H. H. Wensink, Universitat Diisseldorf
Zero Reynolds number turbulent flow in active liquid crystals

P. Papadopoulos, University of Leipzig
Interplay of macroscopic and microscopic viscoelastic properties in spider silk

C. Maggi, Universita di Roma “La Sapienza”
Effective Interactions between Colloids Suspended in a Bacterial Bath

C. Scholz, Universitit Stuttgart
Flow and Transport Properties of Microstructured Porous Media

F. Hofling, Max-Planck-Institut fiir Metallforschung Stuttgart
Lorentz-like power-law decay of velocity anti-correlations in a supercooled liquid

M. Spanner, Universitit Erlangen-Niirnberg
Aspects of subdiffusive transport in the Lorentz Model

J. Kurzidim, Technische Universitdt Wien
Dynamic arrest of colloids in porous environments: disentangling crowding and confinement

S. Schnyder, Deutsches Zentrum fiir Luft- und Raumfahrt, Koéln
Influence of Matriz Dynamics on Anomalous Diffusion in Strongly Heterogeneous Binary Mixtures

W. Schirmacher, Universitdt Mainz
Anomalous diffusion and long-time tails in quenched-disordered systems

A. Sarracino, Universita di Roma “La Sapienza”
On anomalous diffusion and fluctuation-dissipation relations
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Viscous Liquids 2011

3 Abstracts

3.1 Talks
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Static and Dynamic Length Scales in Glass-Forming Liquids
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More than forty years ago Adam and Gibbs put for-
ward the idea that the relaxation dynamics of glass-
forming liquids is closely related to the existence of
“cooperatively relaxing regions” (CRR), i.e. that par-
ticles can move only if they do so in a collective man-
ner [1]. Within this theory it is found that the size
of the CRRs increases with decreasing temperature,
thus giving a first example of a dynamical length scale
that growths upon cooling. However, even today we
do not have a clear picture on the nature of these
mobile/immobile domains, if they really are the rel-
evant entities for the relaxation of the system. Al-
though a few years ago new theoretical results showed
that certain types of susceptibilities can give some ap-
proximate information on the size of the relaxing do-
main [2], the interpretation of the experimental data
has turned out to be highly nontrivial [3].

Inspired by the Adam-Gibbs theory, the so-called
“random first order theory” (RFOT) proposes that
glass-forming systems should have an increasing static
length scale [4]. This scale is supposed to be related
to the size of the local minima in the free energy
landscape of the system and is given by an interplay
between the number of states that are locally avail-
able (i.e. the local entropy) and the surface tension
of the interface between these domains/mosaic tiles.
Although the existence of these tiles is from a theo-
retical point of view attractive, there is so far only
little direct evidence that these domains really exist.
A notable exception is the study of Biroli et al. who,
using computer simulation of spherically confined sys-
tems, have recently presented results that seem to be
compatible with the presence of mosaic tiles [5]. Sup-
port for the existence of growing dynamical and static
length scales comes also from analytical results that
predict that a dynamic length should diverge at the
mode-coupling temperature 7., whereas the static one

T=4.5; 0<x<1.0; At= 150M steps

1)

0 5 10 15 20 25 30 35

FIG. 1. Superposition of snapshots of the system at T' =
4.5. The frozen walls are between 0 < z < 1.4. Only
the particles with 0 < x < 1.0 are shown. Consecutive
snapshots are spaced by 2.55 - 107 time units.

at the Kauzmann temperature Tk [6]. However, these
results have been obtained for mean-filed like mod-
els and therefore their relevance for finite dimensional
systems is not known.

The system we study is a binary mixture of elastic
soft spheres. The liquid is equilibrated using periodic
boundary conditions in all three directions. Subse-
quently we freeze all the particles that are within a
slice that is perpendicular to the z—axis. Particles
outside this slice are considered to be fluid like parti-
cles and they now move in a space that is confined by
two rough walls. Thus this setup allows us to study
the point-to-set correlation with high accuracy.

In Fig. 1 we show a superposition of snapshots of
the system. Thus this graph allows us to obtain an
idea on the structure of the density field of the par-
ticles which is generated by the rough wall. In this
talk we will discuss how the structural and dynamical
properties of the system depend on z. We find that
there is a growing static length scale that is related to
the increasing importance of multi-point correlation
functions. Furthermore we find that also the length
scale characterizing the dynamic properties increases
at high and intermediate temperatures. Surprisingly
we find that this scale starts to decrease again around
the mode-coupling temperature of the system. Our
results give evidence for the existence of two relax-
ation mechanisms, the relevance of each changes with
temperature. Thus this result seems to be in qual-
itative agreement with the prediction of RFOT [7].
Finally we show how these results affect also the re-
laxation dynamics of system as studied in computer
simulations of small systems with periodic boundary
conditions in all three dimensions.
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Growing length scales and their relation to growing time scales in glass-forming
liquids
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The notion of a growing length scale of “cooperatively
rearranging regions” is often invoked to explain the
enormous increase in the viscosity and relaxation time
of a liquid upon supercooling. Recent studies of dy-
namic heterogeneity (spatial heterogeneity in the lo-
cal dynamics) provide fresh impetus in this direction.
Using molecular dynamics simulations and finite-size
scaling for a realistic glass-forming liquid, we estab-
lish [1] that the growth of dynamic heterogeneity with
decreasing temperature is indeed governed by a grow-
ing dynamic length scale. We also perform an ex-
tensive computational study [2] of a four-point, time-
dependent structure factor, defined from spatial corre-
lations of mobility, for the same liquid for system sizes
extending up to 351232 particles. Our estimates for
the dynamic correlation length and susceptibility are
consistent with the results from our previous finite size
scaling analysis [1]. We find [3] scaling exponents that
are inconsistent with predictions from inhomogeneous
mode coupling theory [4] and a recent simulation con-
firmation [5] of these predictions.

Our study [1] of the dependence of the simultaneously
growing time scale of the long-time a-relaxation on
system size does not exhibit the same scaling behav-
ior as the dynamic heterogeneity: this time scale is
instead determined, for all studied system sizes and
temperatures, by the configurational entropy, in ac-
cordance with the Adam-Gibbs relation. The validity
of the “random first-order transition” theory [6], that
provides a rationalization of the Adam-Gibbs relation,
is investigated by exploring [7] the relation between
the a-relaxation time and the configurational entropy
in two and four dimensions. Our preliminary results
indicate that the Adam-Gibbs relation is surprisingly
“universal” in the sense that it is obeyed in all dimen-
sions.

We also investigate [8] the dependence of the time
scale of the short-time p-relaxation on tempera-
ture and system size. At low temperatures, the (-
relaxation time, defined [5] as the time at which the
logarithmic derivative of the mean-square displace-
ment with respect to time reaches its minimum value,
exhibits a strong dependence on the system size. A
finite-size scaling analysis of this dependence on the
system size reveals the existence of a length scale
that grows as the temperature is reduced. Surpris-
ingly, the temperature dependence of this length scale

is found to be identical to that of the length scale
that governs the growth of dynamic heterogeneity at
the a-relaxation time scale. This result shows that
the dynamics of glass-forming liquids is governed by a
growing length scale even in the short-time “caging”
regime, and suggests a close connection between the
short-time dynamics and dynamic heterogeneity at
time scales of the order of the a-relaxation time.

In the “energy landscape” description of glassy dy-
namics, the short-time behavior is expected to be
closely related to the properties of the potential energy
minima (“inherent structures”) explored by the sys-
tem. To investigate this relation, we use the eigenval-
ues and eigenvectors of the Hessian matrix evaluated
at the inherent structures in a harmonic analysis [9] to
calculate the dynamic behavior at short times. Pre-
liminary results indicate the presence of a characteris-
tic time scale in the short-time dynamics that tracks
the frequency of the “Boson peak” in the density of
normal modes. The dependence of this time scale on
temperature and system size suggests the presence of
a characteristic length scale. Detailed results for this
length scale and its relation to the length scale of dy-
namic heterogeneity at the a-relaxation time scale will
be available in the near future.

A part of the work described here was carried out by
P. Bhuyan, S. Sengupta and S. Banerjee.
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A static correlation length diverging at the glass transition
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FIG. 1. Static correlation length £p as function of temper-
ature for different system sizes. Results are for a binary
Lennard-Jones mixture, which is an established model for
fragile glass formers [6]. Figure taken from [5].

Is there a static, structural origin of the dramatic slow-
ing down of dynamics in supercooled liquids? A few
recent findings [1] give novel indications of a growing
static correlation length, as several theories had in-
deed assumed. Here we give evidence of a clear struc-
tural signature of the glass transition from computer
simulations, in terms of a static correlation length
which shows characteristic finite-size scaling known
from critical phenomena.

Following a nonequilibrium thermodynamic theory of
glasses [2], here we use small, static deformations to
perturb the inherent structures — that are local min-
ima of the underlying potential energy landscape — of
supercooled liquids approaching the glass transition.
By comparing inherent structures before and after ap-
plying the deformation, we can extract a non-affine
displacement field [3]. We define a static correlation
length from the size of correlated regions in the non-
affine displacement field by successive coarse graining
[4]. Figure 1 shows the correlation length £ as a func-
tion of temperature. In the high temperature liquid
phase we observe a low value of {p of the order of the
particles diameter . In the supercooled regime, how-
ever, the static correlation length £p increases con-
siderably, indicating the onset of the glassy dynamics
and the approach towards the glass transition [5].

We also observe in Fig. 1 a systematic system-size de-
pendence of £5(T) in the supercooled regime. Such
a significant increase of g with system size is remi-
niscence of critical phenomena where the correlation
length ¢ associated with the order parameter charac-
terizing the transition diverges at the critical temper-
ature T, as & ~ (T —T,)~". If the increase of £5 upon
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FIG. 2. Data collapse after proper scaling of the axes,
according to finite-size scaling hypothesis. The estimated
values of critical exponents are p ~ 0.9 + 0.1, and v =~
0.65 + 0.1, if we identify the critical temperature 7. with
the Kauzmann temperature. Figure taken from [5].

lowering the temperature is indeed due to a diverging
static correlation length ¢ underlying the glass transi-
tion, then £ should diverge as well, and in the infinite
system &g(T) ~ (T — T.)~”. In Fig. 2 the data col-
lapse is shown after performing the finite-size scaling
analysis. Our numerical results are consistent with
random first order theory [1], predicting a divergence
with a critical exponent v = 2/3 at the Kauzmann
temperature, where the extrapolated configurational
entropy vanishes.

Our study has been performed at constant density,
where our estimate of the critical temperature T, ex-
tracted from £p is apparently below the lowest tem-
perature at which we have been able to equilibrate
the system. However, the true critical point would
not necessarily be located at the density chosen here
and only a systematic investigation in the (7', P)-plane
will shed further light on its existence, nature, and lo-
cation.

* Corresponding author: mosayebi@mat.ethz.ch

[1] V. Lubchenko, P. G. Wolynes, Annu. Rev. Phys. Chem.
58, 235 (2007).

[2] H. C. Ottinger, Phys. Rev. E 74, 095501 (2006).

[3] E. Del Gado, P. Ilg, M. Kroger, H. C. Ottinger, Phys.
Rev. Lett. 101, 095501 (2008).

[4] F. Leonforte, A. Tanguy, J. P. Wittmer, J.-L. Barrat,
Phys. Rev. Lett. 97, 055501 (2006).

[5] M. Mosayebi, E. Del Gado, P. Tlg, H. C. Ottinger, Phys.
Rev. Lett. 104, 205704 (2010).

[6] W.Kob, H. C. Andersen, Phys. Rev. E 51, 4626 (1995).



Viscous Liquids 2011

25

A phase-separation perspective on dynamic heterogeneities in glass-forming liquids
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FIG. 1. Fluctuations of the overlap field for the con-
strained dynamics with @ = 0.25. 7, = 40000 MC steps.

The conspicuous lack of a growing correlation length,
contrasting with the very steep increase of the re-
laxation time, has been a puzzle in the physics of
structural glasses for quite a long time. The first
breakthrough has been the discovery of dynamic het-
erogeneities and the detection of a growing dynami-
cal correlation length &; [1]. Dynamic heterogeneities
show up as regions with very different mobility of the
particles during a time lag comparable to the « re-
laxation time, 7,. Pure thermodynamics is involved
in the definition of a completely different correlation
length, &, discovered more recently: the Point to Set
length [2]. This length is naturally determined in the
Random First Order Theory by the balance between
the amorphous surface tension cost and the configura-
tional entropy gain of any rearrangement [3]. An im-
portant issue is the unification of the dynamic and the
thermodynamic frameworks, so as the understanding
of the interplay between the two correlation lengths.

Although the static-dynamic connection is clear in
mean field systems and in some more realistic sys-
tems [4], we are quite far from a unifying picture in
real glass-formers. We face this problem studying dy-
namic heterogeneities in a glass-forming liquid with
constrained global overlap. This approach shows that
the surface tension, which is a crucial ingredient of
the thermodynamic framework, also plays a key role
in the formation of dynamic heterogeneities.

Dynamic heterogeneities usually show a time-
dependent size £(t) with a maximum £(7,) = ;. Be-
yond 7, the system loses the memory of its initial con-
figuration, i.e. the mobility becomes large everywhere,
and there is no signal showing spatial heterogeneity in
the dynamics. The large time behaviour of a dynam-
ics in which the system cannot entirely lose memory
of its initial configuration would be completely differ-
ent. We have implemented this dynamics by imposing
a lower bound Q on the overlap Q(t). This quantity

measures the similarity between an equilibrium initial
configuration taken as a reference configuration, and
the configuration at ¢. In the unconstrained dynamics
Q(t > 74) is 0. The constrained dynamics shows the
same behaviour of the uncostrained one at short time
t, including the growth of the dynamic heterogeneities.
Yet, at large t things necessarily change as we reject
all the particle movements which do not fulfill the con-
straint Q(t) > Q. Two alternative hypoteses are pos-
sible for the large time behaviour of the constrained
system. Heterogeneities, just grown during the unper-
turbed short time regime, may shrink back towards a
large time configuration in which particles with low
and high mobility are spread across all the system. A
second possibility is that heterogeneities merge letting
&(t) grow beyond &, and driving the system towards
a phase separated highly correlated state. The first
scenario would be incompatible with the existence of
a surface tension cost of any rearrangements. On the
contrary, the second picture is the expected one in
presence of a non-zero surface tension. In this case a
merging of the rearranged regions would be preferable
since the system pays a smaller global interface cost.

Inspection of the constrained dynamics at large t

gives evidence for phase separation of the system into

high and low mobility regions, the picture naturally

expected in presence of a non-zero surface tension.

The enlarging of the dynamic heterogeneities is less

marked when the temperature is higher. This is con-

sistent with the idea that the surface tension decays

at high temperature [5]. Moreover we find that the

decrease of the global energy is compatible with the

coarsening process in systems undergoing phase sepa-

ration [6]. Finally fluctuations of the order parameter

around the value Q reveal the outline of an effective

thermodynamic potential [7] which shows evidence of

the Maxwell construction, i.e. the landmark of phase

separation.
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Dynamic glass transition: mode-coupling theory, replica approach and emergence
of rigidity
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We first clarify the relation between the ergodicity
breaking transition predicted by mode-coupling the-
ory and the so-called dynamic transition predicted
by the static replica approach [1]. Following Franz
and Parisi [2], we consider a system of particles in
a metastable state characterized by non-trivial corre-
lations with a quenched configuration. The assump-
tion that in a metastable state particle currents vanish
is shown to lead to an expression for the replica off-
diagonal direct correlation function in terms of a non-
trivial part of the replica off-diagonal static four-point
correlation function. A factorization approximation
for this four-point function results in an approximate
closure for the replica off-diagonal direct correlation
function. The replica off-diagonal Ornstein-Zernicke
equation combined with this closure coincides with
the equation for the non-ergodicity parameter derived
using the mode-coupling theory.

Second, we identify Goldstone modes of the amor-
phous solid that appears at the dynamic transition
and derive a formal expression for its shear modulus.
This expression is complementary to the formula used
by Yoshino and Mezard [3]. To calculate the modu-
lus we combine our formal expression with the above
described version of the replica approach which is con-
sistent with the mode-coupling theory.

We gratefully acknowledge the support of NSF Grant
CHE 0909676.

* Corresponding author: grzegorz.szamel@colostate.edu

[1] G. Szamel, Europhys. Lett. 91, 56004 (2010).

[2] S. Franz and G. Parisi, Phys. Rev. Lett. 79, 2486
(1997).

[3] H. Yoshino and M. Mezard, Phys. Rev. Lett. 105,
015504 (2010).



Viscous Liquids 2011

27

Is the Mode-Coupling Theory a Mean Field Description of the Glass Transition?
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Mode-Coupling Theory (MCT) is conjectured to be a
mean field description of dynamics of supercooled lig-
uids. It is said to be the “mean-field” in two senses;
(i) MCT is a “Landau theory” of the glass transition
in a sense that it can make a robust and universal
prediction on critical dynamics near the nonergodic
transition points Ty,e: [1], such as dynamic scaling at
the beta regime, although it is “polluted” by heteroge-
neous fluctuations in finite dimensional systems. (ii)
MCT is said to be a dynamic counterpart of the replica
theory for liquids, a mean field thermodynamic theory
of the glass transition [2]. The liquid replica theory
predicts a dynamic transition temperature Ty followed
by the thermodynamic glass transition at a lower tem-
perature Tx. Inspired by the facts that these two
transition points exist for some mean-field models of
the spin glasses and their dynamics are described by
equations which are mathematically equivalent with
MCT, Ty of the replica theory is often identified with
MCT’s the nonergodic transition point T),.. How-
ever, the Ty-T,,.+ equivalence has never been proved
or disproved, partially because many uncontrolled ap-
proximations of liquid theories employed to calculate
these temperatures blur the generic equivalence or dif-
ference of the two theories.

In this presentation, we discuss the glassy dynam-
ics of one-component hard-sphere fluids in spatial di-
mensions higher than 3 in order to clarify the sta-
tus of MCT as the mean field theory [3, 4]. Our
results are two-hold; (i) If MCT is really a mean-
filed theory, one expects that the time/temperature
range over which the MCT-like critical properties are
observed is wider in higher dimensions. A MD sim-
ulation for hard sphere system in four dimension is
performed. We demonstrate that the violation of the
Stokes-Einstein relation is suppressed and thus dy-
namic heterogeneities are reduced in 4d. Furthermore,
comparison of MCT with simulation results for the
density correlation functions Fj(k,t) shows that the
density range where MCT works is wider and fitting
works better than lower-dimensional systems. As a
byproduct, we also find that the nucleation rate is
suppressed even for the monodisperse system and the
4d hard sphere fluid is one of the cleanest glass form-
ers.

(ii) Systems in higher dimensions are ideal systems to
compare the replica theory and MCT because many
approximations which were employed in lower dimen-
sions are lifted because the static correlations become
insensitive to approximations as dimensions increases
and can be computed analytically at infinite d limit.
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FIG. 1. @met (Filled circles) and ¢4 (solid line) as a func-
tion of d.

We compute the nonergodic transition density @t
and its replica-theory counterpart 4 (instead of tem-
peratures) for hard sphere fluids as well as the non-
ergodic parameter Fy(k,t = oo) for arbitrary dimen-
sions d > 3. We find that, for d = 3 and 4, MCT’s
predictions agree better with simulation results than
the replica theory. But MCT falters in higher dimen-
sions. In the d — oo limit, ¢, behaves as d2/2d7
whereas the replica theory predicts ¢g4 ~ d/2% (see
Fig.1) [2, 5]. We argue that the discrepancy is due to
the failure of MCT. MCT predicts pathological nega-
tive values in the real space representation of F(k, 00)
(the van Hove function) which is generically a non-
negative quantity. These results raise more questions
than answers on the mean-field picture of the struc-
tural glass transition and call for reconsideration or
revision of MCT.
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FIG. 1. k-dependence of the critical collective (solid line)
and self (dotted line) nonergodicity parameters on the

scale k = ko/+/d for d = 200, 400, 600 and 800 (from
left to right).

In the last two and a half decades the understand-
ing of the structural glass transition has made signif-
icant progress due to mode-coupling theory (MCT)
[1] and replica theory [2]. Whereas replica theory is
a microscopic approach to a static glass transition at
e.g. a packing fraction ¢g, MCT provides an equa-
tion of motion for the intermediate scattering function
S(k,t), or its self part S)(k,t) of a liquid. It predicts
a dynamic glass transition from an ergodic to a non-
ergodic phase. Since MCT involves the factorization
of the memory kernel (a four-point correlator) into
a product of two-point correlators, it has been inter-
preted as a mean-field theory (MFT) [3]. For systems
in thermal equilibrium MFT becomes exact, e.g. in
the limit of spatial dimensions d — oo or for infinite
range interactions. This has motivated us to inves-
tigate MCT for a liquid of hard hyperspheres with
diameter ¢ for d — oo.

First, we have calculated numerically the critical
collective and self nonergodicity parameters (NEP)
fe(k;d) and fc(s)(k; d), respectively, up to d = 800 [4].
The result is shown in Figure 1.

Figure 1 clearly shows the non-Gaussian k-
dependence.  Three different k-scales exist. In
the limit d — oo both NEP differ on a scale k ~ d%/2,
become identical for k ~ d where they converge
to one, and they vary from one to zero on a scale
ko~ d3/2.

Based on these results we have been able to prove
analytically that the critical packing fraction is given
by ¢.(d) ~ d?2~% [4]. Figure 2 demonstrates that
the numerical result approaches this d-dependence for
d > 100. These results have also been found by an
independent numerical approach [5].

Replica theory yields ¢x (d) ~ dIn(d/2) 2=¢ [6] which
is below @.(d). Because ¢k (d) has to be above ¢.(d)
both results are inconsistent.
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FIG. 2. d dependence of the critical packing fraction . (d)
on a log-log representation. Symbols denote the numerical
result and the dashed line represents the analytical result.

The authors of Ref. [5] also reported negative dips in

the long-time limit GS(),O(T; d) of the self part of the
van Hove function. We have found that these dips
are absent not only for Ggfgo(r;d) but also for the
corresponding collective quantity G. o (r;d) for d —

00. In that limit both quantities become Gaussian on
a scale rd/o = O(1).

The fact that G&g(),o (r;d) and G oo(r;d) are non-
negative for d — oo, as it should be, does not nec-
essarily imply that MCT becomes exact in the mean-
field limit d — oo. For instance, if it would turn out
that e.g. the quadratic pre-exponential factor of ¢.(d)
contradicts more general features, one would have to
conclude that MCT does not become exact for d — co.
Consequently MCT would not be a MFT, at least in
the conventional sense. It is interesting to note that
applying the MCT strategy to a lattice ¢*-model with
interaction range N yields an ergodic-nonergodic tran-
sition at a finite temperature, whereas it can be shown
that the Newtonian dynamics of this model becomes
nonergodic in the limit N — oo for all finite tem-
peratures [7]. Accordingly, MCT for the mean-field
¢*-model is not exact.
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A consistent theory of the glass transition is the so-
called Random First Order Transition (RFOT) the-
ory, which includes Mode-Coupling Theory (MCT)
and replica theory for the description of dynamics
and thermodynamics respectively. Its extension to
quantum systems has been initiated long time ago by
studying the quantum version of the p-spin glasses and
related models [1-3]. The main result of these studies
is that the high temperature RFOT-like glass transi-
tion is turned into a first order transition between the
liquid and the glass at very low temperature. How-
ever, the picture provided by these studies is not com-
plete, since all the models that have been studied are
in the glass phase at low enough T in absence of quan-
tum fluctuations. The possibility of studying the glass
transition at low T as a function of another control
parameter (e.g. the density p) adds an important in-
gredient to the discussion, which is entropy. In fact,
the models studied in [1-3] have a non-extensively de-
generate ground state, hence their entropy at 7' = 0
vanishes. Conversely, lattice glass models might have
a finite entropy even at T'= 0 (think for instance to
hard spheres) and in this case the glass transition is
completely driven by entropy.

In a recent paper, Markland et al. [4] developed a
quantum extension of MCT, and they applied their
theory to the description of quantum hard spheres.
Their most interesting result is the prediction of a re-
entrance in density of the glass transition line upon
increasing quantum fluctuations. This means that
one can glassify a liquid of hard spheres around, say,
50% packing fraction, by increasing the thermal wave-
length of the particles). This phenomenon is ex-
tremely counterintuitive: one would expect that the
quantum nature of particles would promote, through
tunnelling, the exploration of the phase space, there-
fore inhibiting the dynamical arrest.

I will present a study of the quantum version of a
mean field model of glass-former, the Biroli-Mézard
model [5], which has a glass transition at T =0 as a
function of p, driven by entropy. It is a realistic model
of interacting bosons, which can be quantized adding
an hopping term and therefore allowing for a super-
fluid phase. We investigated the phase diagram of the
model by means of the cavity method, and we showed
that the phase diagram is quite rich, displaying su-
perfluid, normal liquid, and glass phases, separated
by different phase transitions. We obtained two main
results: i) at low enough temperature the glass tran-
sition line is re-entrant as a function of quantum fluc-
tuations, as found in [4], and ) the standard RFOT
glass transition is replaced by a first order superfluid-
glass transition at zero temperature, accompanied by

Glass

Coexistence

Superfluid

A
FIG. 1. Phase diagram of quantum hard spheres in pres-
ence of exchange, deduced from Ref. [4] and this work. ¢
is the packing fraction, and A* is the thermal wavelength
of the particles. The glass transition is re-entrant. The
superfluid transition can be first or second order; in the
former case it is accompanied by phase coexistence. Note
that at very low temperature A* is large, therefore one
always has a first order transition between the superfluid
and a non-superfluid glass.

phase coexistence between the two phases, while at
the same time the glass transition completely disap-
pears.

Our results show that for models with such a complex
phase space in the classical limit, introducing quan-
tum fluctuations has a dramatically singular effect,
changing completely the nature of the transition be-
tween the liquid and the glass phases. Moreover, the
first order superfluid-glass transition is accompanied
by a jump in density, implying that there exists an
interval of densities where the two phases would coex-
ist in a finite dimensional version of the model. One
would therefore obtain a simultaneous presence of su-
perfluid and glassy ordering, which however would not
give rise to a true superglass phase since they would
be phase separated.
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Isomorphs in liquid phase diagrams and their consequences for viscous dynamics
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This paper presents a new concept in the statistical
physics of condensed matter, “isomorphs” [1]; these
are curves in a classical mechanical system’s phase
diagram with the property that several quantities
are invariant along them. It was previously shown
that van der Waals type liquids and metallic lig-
uids have strong virial/potential energy correlations
in their NVT thermal equilibrium fluctuations [2].
Such “strongly correlating” liquids have isomorphs
to a good approximation, and liquids that have iso-
morphs are strongly correlating (Appendix A of [1]).
This paper discusses the consequences of the existence
of isomorphs for viscous liquid dynamics. The overall
picture is that strongly correlating liquids have sim-
pler physics than liquids in general, i.e., van der Waals
liquids and metallic liquids are simpler than hydrogen-
bonding, covalent, or strongly ionic liquids.

To define an isomorph we first recall that for any
microscopic configuration (ry, ...,ry) of a thermody-
namic state point with density p, the reduced coor-
dinates are defined by ¥; = p'/?r;. Two state points
(1) and (2) with temperatures 77 and T and densities
p1 and py are said to be isomorphic [1] if, whenever

two of their microscopic configurations (rgl), s rg\}))
and (r§2), ,rg\?)) have identical reduced coordinates,

they have proportional configurational NVT Boltz-
mann probability factors:

o UEY o x) k T

Cro e~ VO N /haTe (1)

The constant Cj5 depends only on the state points
(1) and (2), not on the microscopic configurations.
Isomorphic curves in the state diagram are defined
as curves for which any two state points are isomor-
phic. The property of being isomorphic defines a
mathematical equivalence relation on the set of state
points and isomorphs are the corresponding equiva-
lence classes. The proportionality of Boltzmann fac-
tors implies identical statics and dynamics at isomor-
phic state points, as well as of configurational entropy
and other thermodynamic quantities [1].

The property of having isomorphs is generally approx-
imate — only inverse-power law liquids have exact iso-
morphs. Thus Eq. (1) should be read as obeyed to a
good approximation for the physically relevant config-
urations, i.e., those that do not have a priori negligi-
ble canonical probabilities [1]. An important class of
model liquids having isomorphs to a good approxima-
tion are the Lennard-Jones and similar systems [2].

As detailed in Ref. 1 the existence of isomorphs has
consequences for liquids in general. Several quanti-
ties are invariant along an isomorph, for instance the
configurational entropy S, and the relaxation time, as
well as, e.g., the radial distribution function(s) g(r).
Thus theories linking reduced-unit transport coeffi-
cients to S, like Rosenfeld’s excess entropy scaling
and/ or g(r) find a natural framework in the isomorph
concept [1]. Interestingly, the known exceptions from
various more or less empirical rules seem all to relate
to liquids that are not strongly correlating [1]. Other
observations that find a natural explanation by iso-
morphs include [1]: phenomenological melting rules,
Young and Andersen’s approximate scaling principle,
the two-order parameter maps of Debenedetti and col-
laborators. — This paper, however, focuses on insights
into viscous liquid dynamics that come from consider-
ing isomorph properties and invariants. The following
topics are dealt with [1, 3, 4] :

1. Density scaling
2. Isochronal superposition

3. Frequency-dependent  thermoviscoelastic — re-

sponse functions

4. The Prigogine-Defay ratio: Strongly correlating
liquids as approrimate single-parameter liquids

5. Cause of the relaxation time’s mon-Arrhenius
temperature dependence: The isomorph filter

6. Fictive temperature variations following a tem-
perature jump

The centre for viscous liquid dynamics “Glass and
Time” is sponsored by the Danish National Research
Foundation (DNRF).
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Diffusion and viscosity are important material param-
eters to characterize multicomponent metallic alloys.
Little is known to date about the microscopic dy-
namics determining these transport processes. For a
certain class of densely-packed metals, the dynamics
seems to be qualitatively well described by a hard-
sphere (HS) model, even though one might expect that
electronic contributions to the interactions should
manifest themselves in some form. In fact, it re-
mains to discover how chemical-ordering effects influ-
ence atomistic transport, and what is the role played
by the individual components of the alloy. More gen-
erally, the question that arises in this context is how a
given static structure of a melt relates to its transport
properties. Here, we address this structure—dynamics
relationship by a combination of innovative neutron
scattering experiments with the mode-coupling the-
ory for dense liquids.

We study a binary metallic melt system Zr-Ni as a
realistic example. The mode-coupling theory of the
glass transition (MCT) by Gotze et al. accurately de-
scribes the qualitative effects of mass transport in
dense fluids. It is approximative and has well-known
deficiencies in the low-1' regime around T;,. MCT pre-
dicts the dynamics from the statics, and can deal with
arbitrary N-component mixtures. It requires as input
the N x N symmetric matrix of partial static struc-
ture factors S(q) for a large range of wave numbers ¢
(several times the main peak position) [1].

To determine the full set of partial static structure fac-
tors in Zr-Ni, we prepared different samples (approx-
imately 1.5 g in mass), containing %°Ni, °*Ni and nat-
ural Ni, for two different compositions. To avoid reac-
tions of the chemically highly reactive melts with the
sample environment, we employed containerless pro-
cessing within a high-purity He atmosphere by elec-
tromagnetic levitation (EML) and, recently, also elec-
trostatic levitation. The static structure factor was
then determined by neutron scattering at the high-
intensity two-axis diffractometer D20 of the ILL [2].
The variation of scattering lengths owing to the differ-
ent Ni isotopes allows then to extract S(g) from three
independent measurements. For later comparison of
the dynamical behavior with the MCT calculation,
Ni-self diffusion has been measured using quasielastic
neutron scattering at the time-of-flight spectrometer
TOFTOF of the FRM II, again in combination with
EML for sample processing. At small wave vectors,
the scattering signal is dominated by the incoherent
Ni contribution. The low-q behavior of the relaxation
times of the incoherent intermediate scattering func-
tion thus allows to extract Dy; on an absolute scale,
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FIG. 1. Diffusion coefficients in binary Zr-Ni obtained
from quasielastic neutron scattering (QNS) and calculated
within MCT using partial S(q) is input. Results for a hard
sphere (HS) mixture with equal particle size disparity is
shown for comparison.

as demonstrated recently also for pure Ni [3].

Our MCT calculations predict that on the Zr rich side
Zr and Ni diffusion proceeds with almost equal rates,
and thus is more strongly coupled than one would
expect from the analogy with a binary hard-sphere
mixture (Fig. 1), where only the difference in cova-
lent radii between the two elements is accounted for,
but no chemical-ordering effects. How this is changed
as a function of composition is currently under in-
vestigation. Recent molecular dynamics simulations
using Zr-Ni model potentials indicate that subtle fea-
tures in the static structure factor at ¢ values below
the structure factor maximum, where chemical short
range ordering becomes visible, indeed are related to
the coupling of diffusive dynamics of the Zr and Ni
atoms. How this in turn relates to viscous flow is ad-
dressed by simulation and measurements of viscosity
on oscillating freely-suspended droplets.

It is a pleasure to thank Dirk Holland-Moritz, Florian
Kargl, Fan Yang and Phillip Kuhn for their collabo-
ration.
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Slow dynamics and fragile-to-strong transition in confined water and in aqueous
solutions.
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FIG. 1. Main frame: Arrhenius plot of the relaxation
time of free water in MCM-41 7 as a function of 1000/T".
At high temperature, below 300 K, the points are fitted
with the Vogel-Fulcher-Tamman formula (bold line) 7 =

VFT BTy
o erp [T_TO

is an ideal glass transition temperature located below the
experimental glass transition temperature T,. The param-
eters extracted from the fit are B = 0.25 and Ty = 200 K.
At low temperature the fit is done with the Arrhenius func-
tion (long dashed line) 7 = 7¢*exp [Ea/kpT] where E4 is
the activation energy. We find from our data an activation
energy of F4 = 34 kJ/mol. Lower inset: inverse temper-
ature derivative of the logarithm of 7. Upper inset: [
values.

} where B is the fragility parameter and Tp

In the past years several theoretical and experimen-
tal studies have led to a picture according to which
the anomalous properties of water might be due to
the presence of a liquid-liquid phase transition in the
supercooled region possibly terminating in a liquid-
liquid critical point. On the other hand water also
shows upon supercooling a behaviour typical of a
glass former approaching the Mode Coupling Theory
(MCT) crossover temperature, Te. Above T the dy-
namics of water is that typical of a fragile glass former
and below T hopping processes mutate the behaviour
of the liquid from fragile to that of a strong glass for-
mer.

I will show molecular dynamics simulations results
of deeply supercooled water confined in a cylindrical
pore of MCM-41 silica material [1, 2]. The dynamics
is divided in that of free water (water in the center
of the pore) and bound water (water close to the hy-
drophilic surface). A fragile to strong (FS) dynamic
transition at T=215 K is located for free water, see
fig.1, analogous to what found in experiments on wa-
ter in MCM-41 [3] and in simulation of the bulk [4].
The maximum found in the specific heat at the FS
transition suggests that also for our system this tran-

sition is related to the crossing of the Widom line, in-
dicating the presence a low density and high density
liquid-liquid coexistence.

I will show that an FS transition can be also found
in solvophobic solutions of Jagla water-like parti-
cles “mutatis mutandis” [6], Also this transition is
connected with the liquid-liquid critical point phe-
nomenon. Therefore in water the Widom line appears
to be the switching line for hopping.

In the last part of the presentation I will analyze the
analogies between confined water and water in two
aqueous solutions of disaccarides: maltose and tre-
halose. An MCT behaviour for free water is found in
both solutions. Similar to water in MCM41, bound
water does not follow MCT. Our analysis gives evi-
dence that the main differences between the two dis-
accharides solutions occur in the dynamic behaviour
of hydration water molecules, which have for trehalose
a better affinity with that of water close to protein sur-
face. Hence trehalose, with respect to maltose, would
be able to slow down more consistently the hydration
water dynamics and to create a dynamical environ-
ment more similar to that which is needed to mantain
functional conformation of proteins.

All these studies point out that experiments and sim-
ulations in confined water and in solutions are ex-
tremely relevant for the comprehension of low temper-
ature bulk properties, supporting the idea of a unified
scenario for supercooled water encompassing dynam-
ics and thermodynamics.

I wish to thank for the fruitful interactions the col-
leagues that have collaborated with me in the top-
ics covered by this presentation: M. Rovere and S.-
H. Chen for water in MCM-41, D. Corradini, S.V.
Buldyrev and H.E. Stanley for the solutions of wa-
ter and hard spheres and A. Magno for the aqueous
solution of water and disaccarides.
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FIG. 1. Spectra of LiCl:TH20O for a wide temperature

range, fitted by a KWW function, plus an elastic line to
account for container scattering [5].
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FIG. 2. Mean relaxation time of water on a deuterated
protein (d-CPC) and in a salty solution [5].

Slow relaxation processes can be studied with un-
precedented sensitivity at the new backscattering
spectrometer SPHERES [1], which offers a signal-to-
noise ratio of more than 1500:1.

An important topic, addressed by several user groups,
is the dynamics of supercooled water. While bulk
water inevitably crystallises, unlimited supercooling
is possible in protein hydration water [2,3], in wa-
ter confined to cracks and pores [4], and in certain
salt solutions [5]. In a large variety of systems, low-
temperature spectra can be described by an elastic
delta line plus a quasielastic component approximated
by a Kohlrausch-Williams-Watts function (Fig. 1).

Taking into account asymptotic degeneracies (elastic
versus inelastic amplitude and inelastic amplitude ver-
sus relaxation time), and approximating the stretch-
ing exponent as temperature independent, the fits re-
quire an impressively low number of free parameters.
If however the degeneracies are overlooked there is a
high risk of producing artifacts. Specifically, we have
argued [2] that a kink in log7 vs 1/T observed in
previous neutron backscattering experiments and at-
tributed to a strong-to-fragile crossover [6] is an arti-
fact from underdetermined fitting.

Comparing different systems, relaxation times are
found to follow almost the same temperature depen-
dence though absolute values differ by orders of mag-
nitude (Fig. 2). This is clearly in contradiction with
the idea that water in confined geometry is a proxy
for bulk water, allowing investigations of the latter in
the deeply supercooled state that is otherwise inacces-
sible because of crystallisation. Though the present
experiments do not cover microscopic time scales, by
extrapolating Fig. 2 it is obvious that the microscopic
dynamics of water is substantially different in protein
powder and in bulk solution. Furthermore, between
190 and 240 K, there is no kink, no cross-over, no
critical point whatsoever in Fig. 2: the Widom line
of supercooled bulk water [7] leaves no trace in the
long-time dynamics of modified or confined water.

On the other hand, the results of Fig. 2 look perfectly
consistent with a mode-coupling scenario: different
microscopic dynamic can lead to similar, universal
long-time behavior. I hope this will motivate theo-
rists to address the microscopic dynamics of super-
cooled water in confined geometries in mode-coupling
terms.
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FIG. 1. (Unpublished results.) Preliminary data for the ef-
fective temperature Tupwm ¢) as predicted by the theory of
hot Brownian motion (circles) and if the full temperature
dependent function 7(T") is replaced by a constant viscos-
ity in our scalar model (line) and in the Stokes solution
(upright triangles) and 4i) from molecular dynamics sim-
ulations of a Lennard—Jones system using three different
ways of extracting an effective temperature.
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FIG. 2. Left (quoted from Ref. [1]): A nanoparticle dif-
fusing through a laser focus. Right (quoted from Ref. [2]):
The effective diffusion coefficient Dupm(AT) of hot gold
nano-particles traversing a laser focus in water as a func-
tion of the temperature increase AT at the particle sur-
face with respect to the solvent at infinity (considerable
overheating is possible [3]). Symbols represent our exper-
imental data (open/closed for R = 40/60 nm), the solid
lines our analytical predictions. (For solvent and focus
parameters and the error bars see Ref. [2]; the notation
D indicates that the theoretical predictions account for
the inhomogeneous laser intensity in the focus.) The inset
compares exact theoretical results for Dupm(AT) accord-
ing to numerical predictions obtained with a differential
shell method (squares) to two analytical approximations
of increasing sophistication (dashed/solid), and the naive
identification of the effective parameters of hot Brownian
motion with the conditions at the particle surface (dotted).

While the isothermal Brownian motion of small parti-
cles in simple liquids is very well understood, little is
known about the motion of particles that are consid-
erably hotter than the ambient solvent. However, sit-
uations in which this occurs are abundant in the con-
text of modern single-molecule techniques and nano-

technological and biomedical applications, for exam-
ple, when a metal nanoparticle is trapped or tracked
by (or simply diffusing through) a laser focus or de-
liberately heated during laser surgery.

We are studying this new phenomenon of non-
equilibrium Brownian dynamics that we baptized “hot
Brownian motion” (HBM) [2] by molecular dynamics
simulations of a Lennard-Jones fluid (Fig. 1), ana-
lytically by fluctuating hydrodynamics (Fig. 2, lines),
and by experiments with gold nanoparticles diffusing
in a laser focus (Fig. 2, symbols with error bars).
One of the main aims is to establish, via judicious
coarse graining a practical effective Langevin descrip-
tion for heated nanoparticles in a simple solvent with
a temperature-dependent viscosity. To derive the ap-
propriate generalized Markovian Langevin equation
we calculate the pertinent effective temperature and
viscosity parameters Typy and ngpy that map the
problem onto that of a nanoparticle undergoing or-
dinary isothermal Brownian motion. The analyti-
cal results for the effective fluctuation-dissipation and
Stokes-Einstein relations compare favorably with re-
sults from our molecular dynamics simulations and
with measurements of laser-heated gold nano-particles
as exemplified in Figs. 1 and 2. A particularly amus-
ing finding is that, due to the non-monotonic Mie ab-
sorption coefficient of the nanoparticles, the diffusion
coefficient can have a non-monotonic size dependence,
including parameter regions where large particles dif-
fuse substantially faster than small ones.

We are currently exploring the scope of our effective
description of hot Brownian motion, and whether it
can be extended to situations involving external po-
tentials, interacting particles, shorter times (where
memory effects come into play), and situations in-
volving rotational Brownian motion, which is charac-
terized by its own effective temperature and viscosity
parameters, different from those for translational mo-
tion. Most importantly, we try to see whether the con-
cept of Typm can be extended to account for the ap-
parent “equipartition” temperature (triangles point-
ing downward in Fig. 1) given by the mean-square
velocity, which turns out to be different from Typy .-
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FIG. 1. Patterns followed by the KABLJ liquid in dif-
ferent off-equilibrium density and/or temperature jumps.
Consider for example the case of a crunch (horizontal dot-
ted line), where the system is densified at constant tem-
perature. This transformation is equivalent to a quench
(right-most vertical line) from an isomorphic state point
having the final density of the crunch. Thus the Teg (filled
circle) is identical for these transformations.

Condensed matter is frequently found in out-of-
equilibrium states. For example, in systems like super-
cooled liquids, dense colloids, spin systems, etc., the
(off-equilibrium) glassy state occurs naturally after
cooling or compression from a state of thermal equi-
librium. In these cases an effective temperature (Teog)
can be introduced for describing the non-equilibrium
properties of the glass [2].

In this work [3] we show the existence of a special class
of liquids for which the aging behavior is simpler than
other liquids. Only for these liquids, named “strongly
correlating liquids” (SCLs) [4], the effective tempera-
ture calculated from the violation of the fluctuation-
dissipation theorem (FDT) depends only on the final
density (Fig. 1). Moreover for such liquids data from a
single quench simulation provides enough information
to predict the effective temperature of any glass pro-
duced by jumping from an equilibrium state (Fig. 2).

Finally we find that the equation identifying the dy-
namic glass transition curve in the (7', p) plane defined
by the effective temperature is an isomorph, i.e. a
curve along which microscopic configurations of state
points have proportional canonical probabilities [5].

KOB-ANDERSEN BINARY LENNARD-JONES MIXTURE

%
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/[7/\ INITIAL AND FINAL p/ T
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FIG. 2. Response vs. correlation function for several
density /temperature jumps for the KABLJ system. The
crunch (©) overlaps very well with the quench (O) that
takes the system from an initial state isomorphic to the
one of the crunch to the same final state. Note also the
good superposition of the additional quench (v7) that takes
the system from a state isomorphic to the initial state of
(©) to a state isomorphic to the final one of (0). Full lines
have slopes predicted from the density scaling relation for
Terr, adjusted only by a vertical shift to fit the data.

We show that the effective temperature of an SCL
naturally follows the density scaling relation p7/Tes =
const. These predictions are validated by simulations
of the Kob-Andersen binary Lennard- Jones liquid and
shown not to apply for the non-strongly correlating
monatomic Lennard-Jones Gaussian liquid.
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FIG. 1. «-relaxation time 74(k; ®,tw) of a hard-sphere
system (a) as a function of ¢,, at fixed volume fraction ¢
and (b) as a function of ¢ at fixed t.,, according to the
NE-SCGLE theory (solid lines) and to the MD simula-
tions (symbols). The asterisks in (a) highlight the points
(e (o), T54(k; ¢)), whereas the asterisks in (b) indicate the
predicted crossover volume fraction ¢(°)(t,,) corresponding
to the various waiting times.

The self-consistent generalized Langevin equation
(SCGLE) theory of colloid dynamics and dynamic
arrest [1] has recently been extended [2] to describe
the irreversible evolution of the static structure fac-
tor and of the intermediate scattering function of a
liquid in response to changes in the macroscopic con-
trol parameters such as the temperature or density.
Here we present the application of the resulting non-
equilibrium theory (“NE-SCGLE”) to the descrip-
tion of the slow dynamics of incompletely equilibrated
glass-forming liquids.

For this, we consider the spontaneous isochoric equili-
bration of a hard-sphere fluid after it was prepared in a
non-equilibrium state with the desired volume fraction
¢ but with a prescribed non-equilibrium static struc-
ture factor Sp(k;¢), different from the equilibrium
structure factor Seq(k; @). The predicted evolution of
the a-relaxation time 7, (k; ¢, t,,) and of the long-time
self-diffusion coefficient Dy (¢, t,,) as a function of the
evolution time t,, is then calculated for an array of
volume fractions, and the results for 7, are illustrated
in Fig.1(a). These plots indicate that 7, (k; ¢, ty))
reaches its equilibrium value 789(k; ¢) only after an
equilibration waiting time t59(¢), always longer than
789 (k; @) itself, and that both characteristic times in-
crease strongly with ¢.

On the other hand, for a given waiting time the
plot of 74(k;¢,t,) as a function of ¢ exhibits two
regimes corresponding to samples that have fully equi-
librated within this waiting time (¢ < ¢(°)(t,)) and
to samples for which equilibration is not yet complete

(¢ > ¢ (ty,)) (Fig. 1(b)). The crossover volume
fraction ¢(¢) (ty) first increases rather fast with ¢,
but then saturates asymptotically to the dynamic ar-

rest volume fraction ¢(*) predicted by the equilibrium
SCGLE theory [1].

In this presentation we also show that this two-regime
scenario is also observed in the results of the cor-
responding molecular dynamics (MD) simulation ex-
periment [3] (represented by the symbols in the fig-
ure). These simulations determine, in particular,
the volume fraction dependence of the equilibrium a-
relaxation time 759(k; ¢) within the window 0 < ¢ <
) (tme®) | where t7%* is the maximum waiting time
achieved in the simulation experiment (in our case
tmar = 10°, yielding ¢(®)(t79*) ~ 0.58). The corre-
sponding results can be fitted with the full numerical
solution of the equilibrium SCGLE theory, adapted to
Newtonian liquids (Ecs. (1), (2), and (5-8) of Ref [1]
with D° = /m/16¢, and with k. = 8.4823 adjusted
to fit these equilibrium data). According to this fit
(cyan solid line in Fig. 1(b)), 759(k;¢) diverges at
#@ ~ 0.582. We discuss the possible implications of
these theoretical predictions, regarding a possible al-
ternative interpretation of the experimental results of
Brambilla et al. [4].

Finally, in this presentation we show that a similar
scenario is predicted to occur in soft-sphere systems
when the a-relaxation time 7,(k) and the long-time
self-diffusion coefficient Dy, are plotted as a function
of the pressure or of the inverse temperature [5].
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FIG. 1. (Color online) Main: Asymmetric intruder drift
for different quench temperatures; linear fits yield sublin-
ear velocities. Inset: vsyp versus Teypy/T.

In an irreversible environment, thermal fluctuations
can be rectified in order to produce a directed cur-
rent. After a few fundamental examples of histori-
cal and conceptual value, in the last twenty years a
huge amount of devices and models —usually known
as Brownian ratchets or motors— have been proposed.
The necessary condition to obtain a ratchet is the si-
multaneous breaking of space and time-reversal sym-
metries. The time-reversal symmetry breaking is cus-
tomarily obtained by coupling the system with reser-
voirs at two different temperatures: an asymmetric
intruder in such a multi-temperature environment dis-
plays an average drift.

The present work, inspired from the latter scenarios
with a continuous flow of energy in a non-thermalized
medium, shows a study of the ratchet phenomenon in
the aging dynamics of fragile glass-formers. In such
a system the ratchet is formed by the asymmetric in-
teraction of a single particle, the intruder, with all
the other particles of the system. The two temper-
atures necessary to have an out-of-equilibrium envi-
ronment are represented by the quench temperature
T and the effective temperature T s of the still non-
equilibrated modes of the aging glass former. In order
to observe a directed motion we quenched the sys-
tem well below its mode coupling temperature, Th;c,
where the equilibration time exceeds the simulation
time and an effective temperature T,;f can be de-
fined and measured from the violation of the equilib-
rium fluctuation-dissipation relation. In this situation
a net average drift is observed, see fig. 1, steady on a

logarithmic time-scale:

(da(t)) ~ log!/2(1) (1)

The subvelocity of the intruder, defined as d{(dx(t))/dr
with 7 = log"/?(t), grows when the ratio T, ;;/T is in-
creased, namely when the quench temperature is low-
ered: this corresponds to the general behavior of ther-
mal ratchets in contact with two thermal reservoir.
The results of a similar experiment are presented also
for an asymmetric version of the Sinai model, which
describes the diffusion of an intruder through a ran-
dom correlated potential. Its long-time dynamics is
ruled by activated events and is characterized by a
logarithmic time-scale: for this reasons it appears to
be a well fitted candidate to reproduce the previous
experiment in a more controlled setup. The numerical
study of the asymmetric Sinai model shows a behavior
in striking similarity with those of Fig. 1 for the glass-
former model: a drift, still growing on a logarithmic
time-scale, is observed only when both time reversal
and spatial symmetry are broken. The comparison be-
tween the two models studied suggests that the non-
equilibrium drift is mainly ruled by activated events
and that the observed phenomenon is quite general
and does not depend on the specific model.

In conclusion, through numerical simulations in dif-
ferent models and different choices of the quench tem-
perature, always chosen in the deep slowly relaxing
regime, we have given evidences of the existence of
a “glassy ratchet” phenomenon. The drift velocity
slowly decays in time and can be appreciably differ-
ent from zero for at least three orders of magnitude in
time. The overall intensity of the drift, measured in
terms of a “sub-velocity”, is monotonically increasing
with the distance from equilibrium, i.e. with the ratio
Tesr/T. This observation supports the idea of regard-
ing the ratchet drift as a “non-equilibrium thermome-
ter”: it can be used as a device capable to say how
far is a system from equilibrium. Recent theoretical
and experimental advances in the study of functional-
ized or “patchy” particles [2] promise an experimental
verification of our hypothesis in the near future.
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In the non-linear regime, application of shear to glassy
and super-cooled colloidal dispersions induces yielding
and flow. Under steady shear flow, the dynamics of
these systems show an acceleration of the cage escape
dynamics, with a structural relaxation time only con-
trolled by the shear rate 4 [1, 2]. We recently started
to investigate the regime which intercurs between ap-
plication of steady shear to a supercooled colloidal
dispersion and the onset of steady flow. In rheology
such a transient regime can be monitored in constant
rate experiments. The stress evolution in these tests
shows the appearance of an overshoot at intermedi-
ate strains before a steady stress value is achieved
under flow (figure la, inset). The dynamics of such
systems can be followed by confocal microscopy even
during application of shear[1]. This data can then
be analyzed as a function of waiting time ¢, i.e. at
different times after switching on the shear field. At
short times after shear application, the dynamics are
characterized by super-diffusive behavior associated to
cage-disruption, before at longer waiting times nor-
mal diffusion is established. This is clearly seen in the
mean-squared displacements (MSD, figure 1a). Simi-
lar results were obtained by molecular dynamics (MD)
simulations [3] and MCT calculations [3]. By combin-
ing experiments, MD simulations and a recent exten-
sion of mode-coupling theory (MCT) describing su-
percooled liquids and glasses under shear, we estab-
lished, for a dense colloidal liquid and one shear rate,
a clear connection between such dynamical behavior
and the stress-overshoot observed in the stress-strain
curves [3]. This study was recently extended, exper-
imentally and by means of simulations, in order to
investigate the influence of volume fraction and shear
rate on these findings.

Furthermore, when the shear field keeping the system
under flow is suddendly removed, glassy systems re-
lax the accumulated stress. Such stress relaxation can
be followed in rheological tests as a function of time
(figure 1b, inset): For dense colloidal fluids stress is
completely relaxed on a time scale comparable to the
inverse shear rate. However, well inside the glass state
and for Peclet numbers Pe < 1, the stress apparently
does not fully relax to zero (figure 1b, inset). This sug-
gests the existence of a frozen-in stress distinguishing
the glass from the fluid state. The dynamics of the
system during stress relaxation exhibits also a com-
plex behavior: At short times after switching-off the
shear field, a sub-diffusive regime is observed before
the onset of long-time diffusion (figure 1b). At longer
waiting times, the cage localizing particles starts to re-
form and eventually the equilibrium dynamics are re-
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FIG. 1. a) Non-affine mean-squared diplacements (MSD)
of colloidal particles (radius R = 768 nm) in the vortic-
ity direction (y) for a dense colloidal fluid (volume frac-
tion ¢ = 0.56) sheared with Pe = 0.076 at waiting times
tw = 0 s (red), 4 s (blue), 30 s (green), 100 s (yel-
low). (e) Equilibrium MSD, (o) steady-state MSD under
shear as determined by confocal microscopy. Inset: Step
rate rheology experiments on a sample of smaller particles
(R = 256 nm), but same volume fraction and Pe = 0.076
(black) and larger Pe values (bottom to top). b) MSDs for
the same sample after cessation of shear flow, at tw =0's
(red), 4 s (blue). Inset: Stress relaxation experiments on
a sample of smaller particles (R = 256 nm) and same Pe,
for ¢ = 0.56 (black) and larger values (bottom to top).

covered. MCT calculations quantitatively reproduce
the dynamical behavior (figure 1b) and qualitatively
show agreement with rheological results (not shown).
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FIG. 1. Shear stress (o(t))/{c(0)) as a function of ¥ after
switching off shear in the steady state of a binary Yukawa
mixture at the indicated shear rate 4. The liquid and the
glass state correspond to the temperatures 7' = 0.14 and
T = 0.05, respectively [2].

The rheological behavior of soft-glassy materials as
well as of metallic glasses is of great technological im-
portance and provides a rich phenomenology. If shear
flow is imposed on a glassforming fluid at a constant
shear rate 4, a constant steady-state stress o is built
up that strongly affects relaxation processes in the
fluid. An ubiquitous phenomenon is known as shear
thinning, i.e. a decrease of the effective shear viscos-
ity ner = 0 /% with increasing 4. Whereas for 4 — 0
the effective shear viscosity n.g approaches the equi-
librium shear viscosity 7, in glassforming fluids 7eg
can be orders of magnitude smaller than 7.

To reveal non-linear phenomena such as shear thin-
ning, it is crucial to understand the transition of a
glassforming fluid from its quiescent state towards the
final steady state flow [1] and, as recently shown [2],
the relaxation of shear stress o after switching off
shear. In this contribution, we show that for the lat-
ter switch-off case the decay is qualitatively different
above and below the glass transition temperature of
the corresponding unsheared system.

To this end, molecular dynamics computer simula-
tion of a binary AB mixture under shear were per-

formed. The particles interact via Yukawa potentials,
Vap(r) = eapdagexp[—r(r — dog)]/r, with r the dis-
tance between particles of type @ and 8 (a, 8 = A, B).
The “particle diameters” are set to dap = 1.1daa,
dps = 1.2daa, the energy parameters to eap =
1.4ean, e = 2.0eaa, and the screening parame-
ter to kaa = kBB = kap = 6/daa. For the masses,
ma = mp = 1.0 is chosen. The potentials are trun-
cated at r&?, given by V,5(re?) = 1077 eana.

The simulations were done for a 50:50 mixture of
N = 2N, = 2N = 1600 particles, placed in a cu-
bic simulation box of linear size L = 13.3daa (cor-
responding to a density of o = 0.675ma/d3 ). For
the sheared system, we chose the x direction as the
direction of shear and the y and z direction as the gra-
dient and vorticity direction, respectively. Shear was
imposed onto the system via modified periodic bound-
ary conditions, the so-called Lees-Edwards boundary
conditions. Both in equilibrium and under shear, the
system is coupled to a dissipative particle dynamics
(DPD) thermostat.

The systems were first evolved to a steady-state at
different shear rates 4. As starting configurations
(i.e. before switching on shear) we used both fully
equilibrated samples in the supercooled state at the
temperature T = 0.14 (corresponding approximately
to critical mode coupling temperature of the system)
and samples in the glass state at the temperature
T = 0.05. Note that in the liquid state at T' = 0.14
the typical time scale of structural relaxation at equi-
librium, 7, exceeds the time scale 1/4 by a factor of
100-1000 in all considered cases. Fig. 1 shows the
relaxation of shear stresses after suddenly switching
off shear in the steady state. Whereas in the super-
cooled liquid a relatively fast decay on the time scale
1/4 << 7 is observed, a two step decay is seen for
the glass states where the fast 1/4 decay is followed
by a plateau. This peculiar behavior of the shear
stresses is revealed by relating it to structural changes,
mean-squared displacements and local fluctuations of
stresses.
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FIG. 1. The experimentally measured stress response to
a shear strain y(t) = o sin(wt) (black line) and the asso-
ciated Lissajous figures. The experiments are performed
using PNIPAM particles at T' = 15.1°C' (a glassy state)
and at a frequency of 1Hz. At 7o = 0.03 the response is
almost entirely elastic, emphasising the proximity of the
quiescent state to the glass transition. At o = 5 the sys-
tem is almost purely viscous. The increase in dissipation
with increasing 7o is reflected in the increasing area en-
closed by the closed Lissajous curves. The dynamic yield
stress is indicated by the broken red lines.

Using a combination of theory, experiment and simu-
lation we investigate the nonlinear response of dense
colloidal suspensions to large amplitude oscillatory
shear flow [1]. The time-dependent stress response is
calculated using a recently developed schematic mode-
coupling-type theory describing colloidal suspensions
under externally applied flow [2]. For finite strain am-
plitudes the theory generates a nonlinear response,
characterized by significant higher harmonic contri-
butions. An important feature of the theory is the
prediction of an ideal glass transition at sufficiently
strong coupling, which is accompanied by the discon-
tinuous appearance of a dynamic yield stress. For
the oscillatory shear flow under consideration we find
that the yield stress plays an important role in deter-
mining the non linearity of the time-dependent stress
response. Our theoretical findings are strongly sup-
ported by both large amplitude oscillatory (LAOS) ex-
periments (with FT-rheology analysis) on suspensions
of thermosensitive core-shell particles dispersed in wa-
ter and Brownian dynamics simulations performed on
a two-dimensional binary hard-disc mixture. In par-
ticular, theory predicts nontrivial values of the ex-
ponents governing the final decay of the storage and
loss moduli as a function of strain amplitude which
are in good agreement with both simulation and ex-
periment. A consistent set of parameters in the pre-
sented schematic model achieves to jointly describe
linear moduli, nonlinear flow curves and large ampli-
tude oscillatory spectroscopy.
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FIG. 1. Startup of shear. Reduced stress for a polydisperse
suspension at ¢.p = 0.65 vs. the deformation v = + -
t. The startup was performed at these Peclet numbers:
Pey = 4.03- 1071 (dark blue), Peg = 4.03 - 10~2 (light
blue), Peg = 4.03 - 1073 (black), Peg = 4.03 - 1074 (red),
Peyg = 4.03-1075 (grey) and Pey = 4.03 - 1076 (green).
This measurements were performed after a pre-shear and
a waiting time t,, = 600s. The inset shows the waiting
time dependency at Peg = 4.03 - 107 5.

A suspension of  colloids, consisting  of
poly(styrene)-cores and thermosensitive poly(N-
isopropylacrylamide)-shells in an aqueous

0.05molL=! KCIl solution, was investigated in
the glassy state. The colloids show a sufficiently
high polydispersity to suppress crystallization. The
volume fraction of the glass transition was determined
in a previous study [1] at ¢ =~ 0.64.

The work focuses on the transient dynamics of starup
of shear and stress. Startup experiments of shear at
¢ = 0.65 found a linear regime for small deformations,
an stress overshoot for the yielding regime at v ~ 0.1
and the steady state shear rate at high deformations.
This overshoot is connected with the super-diffusive
dynamics during the yielding process [2]. It can be
calulated by the microscopic model of the mode cou-
pling theory (MCT), and was also found in simula-
tions [2]. As can be seen by the inset of figure 1, the
stress overshoot is aging dependent. It is found to in-
crease in height with increasing waiting time after a
pre-shear.

The second experiment, the startup of stress also
called creep experiment, characterizes the material be-
havior and time dependent failure during load. Here a
linear regime (with some residual oszillations) is found
for small times (see figure 2). The yielding regime at
v = 0.1 shows a strong ageing dependecy as well. This
was also found for multi-arm star polymers [3]. The
creep experiment shows an ageing dependency during
yielding as well, whereas in the complete shear molten
state, the steady sheared state is independent in con-
text of ageing.
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FIG. 2. Reduced creep compliance Jy.q for a polydis-

perse suspension at ¢y = 0.65 vs. the reduced time t/70.
The creep was performed at reduced shear stresses: 0.563
(grey), 0.469 (orange), 0.413 (green), 0.375 (light blue),
0.375 (red), 0.357 (dark blue) and 0.282 (black). This mea-
surements were performed after a pre-shear and a waiting
time t,, = 600s. The inset shows the waiting time depen-
dency at a reduced shear stress of 0.912.
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FIG. 1. MCT fits to a system of binary hard discs with
radius ratio 1 : 1.4 and equal number concentrations. The
inset shows the relaxation times obeying the power law
T ~ | — ¢°|77 with predetermined v = 2.4969
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FIG. 2. Glass transition lines for different radius ratios
0 as a function of the concentration of small particles x.
The glass is stabilized for small radius ratios while the
liquid is stabilized for large radius ratios.

The glass transition in two dimensions is studied in de-
tail by Brownian dynamics simulations of bidisperse
hard discs. We investigate quiescent and steadily
sheared states. An analysis for the quiescent system
with the focus on the glass transition point and mixing
effects is performed in the framework of mode coupling
theory MCT for binary mixtures testing the predic-
tions of Hajnal et. al. [1].

Fig. 1 shows a fit of MCT calculations to the coher-
ent density correlation functions extracted from the
simulation. Among other things we are able to ver-
ify two nontrivial mixing effects with our simulations:
For small size disparities we confirm that increasing
the concentration of small particles while keeping con-
stant the total packing fraction results in a stabiliza-

tion of the glass. However for large size disparities
we can confirm that increasing the concentration of
small particles leads to a stabilization of the liquid
(see Fig. 2).

Determining the MCT glass transition point to ¢° &
0.795 for a special system with radius ratio 1 : 1.4 and
equal number concentrations we are able to deepen
our analysis of the system when driven far from equi-
librium by a steady shear flow. In the integration
through transients approach (ITT) within MCT [2]
microscopic calculations for two dimensional glass for-
mers are feasible and lead to a quantitative compari-
son of static quantities like the distortion of the static
structure factor and stress tensors [3].

Furthermore incoherent dynamic correlation functions
are now accessible within MCT [4] and allow us to
investigate super diffusive motion, for transient and
stationary correlators.

Fig. 3 shows an MCT-ITT fit to the system from Fig. 1
under shear. Applying shear flow to a glassy state re-
sults in breaking the local structure and causing super

diffusive particle motion at long times which can be
understood within the framework of MCT-ITT.
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FIG. 3. MCT-ITT fits to mean squared displacements
(solid in flow direction, dashed perpendicular to flow) of
the system in Fig. 1 under shear and for a glassy state. The
dimensionless Peclet number Peg = 152 /Do compares the
shear rate to the dilute Brownian diffusion time.
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Active microrheology is a new method to probe vis-
cous and elastic properties of complex fluids. By using
a tracer particle that is driven by external means such
as laser tweezers or magnetic forces it is possible to ob-
tain information on the local rheological properties of
the host liquid. This technique allows to probe the
response in the nonequilibrium and usually nonlinear
regime on multiple length scales. Due to its local char-
acter it can shed additional light on the microscopic
mechanisms governing the dynamics in dense liquids
- provided it is properly analysed.

In our work we focus on a theoretical description
of constant-forcing active microrheology of colloidal
glass formers. One quantity of interest is the mi-
croscopic friction coefficient ¢(F*), which relates the
steady-state velocity of the tracer particle to the ap-
plied force.

(D) iy = F° (1)

The force dependence of this quantity is found to be
highly nonlinear in experiments as well as in simu-
lations. The well understood linear response regime
at small forces is followed by a decrease of ((F*) by
many orders of magnitude within a narrow window of
the force. At high forces a second plateau is found.
Within the mode coupling picture of the glass transi-
tion the decline in the friction coefficient can be con-
sidered as a force induced breaking of transient cages
hindering the motion of the tracer particle before they
can open up due to structural relaxation. In a glassy
state the cages are permanent, so that in this case
the deformation and finally the breaking of them in-
troduces a delocalization transition by local melting.
Both cases are strongly connected as the strength of
the cages sets a scale for the relevant force.

By means of the integration through transients (ITT)
formalism we derive a formally exact, generalized
nonequilibrium Green-Kubo relation for A((F°*).
Applying approximations in the spirit of mode cou-
pling theory it can be expressed through fluctuations
¢g(t) and ¢q of the tracer and the bath particle den-
sities [1].
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For the correlation functions we derive and solve nu-
merically schematic [2] as well as microscopic [1] mode
coupling equations. They have a fully microscopic
foundation as they are based on the Smoluchowski
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FIG. 1. Dependence of the microscopic friction on the ex-
ternal force in simulation (left) and experiment (right).
Dashed lines are fits with a simple schematic model,
solid lines with an improved schematic model taking the
anisotropic nature of the fluctuations into account. Plots
taken from [2].

equation and only require the equilibrium static struc-
ture factor as an input. This allows us to examine
various properties of the system under consideration,
e.g. one can pose the question how the local structure
of the liquid does deform in response to the single-
particle forcing. As the force breaks the rotational
symmetry fluctuations are strongly anisotropic. The
influence of fluctuations in different directions on the
microscopic friction can be inspected. For host mate-
rials that are in a glassy state the nature of the de-
localization transition is analysed. The details of the
local melting and values for the critical force needed
to delocalize the particle can be obtained. By vary-
ing the size of the tracer particle one can get even
more detailed information on the microscopic pro-
cesses. Finally the question of the connection be-
tween the micro-rheological and the macro-rheological
properties which is important for the interpretation of
micro-rheological experiments can be adressed.

This work has been suppported by the Deutsche
Forschungsgemeinschaft Transregio-SFB TR6.
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Amorphous materials are ubiquitous in nature as well
as in industrial applications. A characteristic prop-
erty of these systems is that they flow only when the
externally applied stress exceeds a threshold, which
becomes useful in designing materials. Therefore, it
is necessary to develop a complete description of how
flow is initiated and sustained in these systems. A
wide range of experiments and numerical simulations
have revealed that, in these glassy materials, flow
builds up via the occurrence of local structural rear-
rangements. However, the physical link between these
local events and the observed macroscopic rheology, is
still missing.

Recent theoretical studies have predicted that these
structural rearrangements are spatially correlated -
one event triggers another in its neighbourhood and
this cascades on for flow to develop, with the local vis-
cosity being the key parameter characterizing the dy-
namical state. Further, it has been predicted that the
lengthscale for this co-operative dynamics is related to
the strength of the externally applied stress, diverging
as the yielding point is approached from higher stress
values. Using numerical simulations and experiments,
we investigate this flow scenario [1].

Our experimental system consists of a polydisperse
emulsion, whose flow is observed using confocal mi-
croscopy. In numerical simulations, we study the flow
of polydisperse harmonic disks, a model jammed sys-
tem. In both experiments and simulations, we use
the Poiseuille geometry, within which a wide range
of local strain rates can be accessed. In our setups,
we are able to follow the trajectory of the particles,
and therefore we can identify and count the events of
structural rearrangements. Our measurements show
that the local viscosity is directly related to the rate of

these local events. We also observe a scaling behaviour
between local velocity fluctuations and the local vis-
cosity. Thus, we are able to demonstrate the link
between the microscopic dynamical fluctuations and
macroscopic rheology. Further, we quantify the co-
operative dynamics among the particles and demon-
strate that the flow gets increasingly correlated and
heterogeneous with decreasing strain rate, in agree-
ment with theoretical predictions.

In pursuance of studying the appearance of hetero-
geneities in flow, we address another puzzling ques-
tion in this domain - the formation of shear bands,
i.e the existence of coexisting regions of varying vis-
cosities, during the flow of glassy systems. Such
macroscopic features have been observed in a range
of amorphous materials, from metallic glasses to gels.
However, there is no consistent understanding of how
these heterogeneities develop and sustain and how
they are related to microscopic properties. In a two-
dimensional planar Couette geometry, using numer-
ical simulations, we study the change in the macro-
scopic features of the flow of soft particles, by tuning
the interparticle interactions. We demonstrate that
shear bands are more likely to occur as the applied
strain rate is decreased, and this effect is further en-
hanced by the inclusion of attractive forces among the
particles. Our observations are in agreement with a
range of recent experiments.

We acknowledge funding from ANR SYSCOM.
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FIG. 1. Flow-stability of concentrated hard-sphere colloids
versus reduced concentration ®. Symbols: experimental
data of the reduced critical flow rate Pe. below which shear
banding occurs. Line: theoretical prediction for Pe.(®)
based on Eq. (1). Colors show the value of F. The arrow
shows a possible evolution of an unstable state.

Shear banding is widespread in the flow of glassy
materials, including metallic glasses, pastes, gels and
emulsions. It is known that banding is closely linked
to the nonlinear flow and yielding properties of these
systems, but experiments and theory have given con-
flicting pictures on its origin and possible universality,
in particular for soft glasses. Two main mechanisms
that have been proposed are (i) mechanical instability
due to positive feedback between flow and structural
breakup [1] and (ii) cooperative effects where local
plastic events enhance the fluidity of the system over
a characteristic length [2]. Yet various simulations and
experiments can not be explained in these terms.

Here we show by experiment and theory that con-
centrated hard-sphere (HS) colloids, a well know
soft-glassy model system, can exhibit a new type of
shear banding caused by an instability due to shear-
concentration coupling (SCC) [3]. In this scenario,
the combined effect of a shear induced increase in pres-

sure IT -spatial gradients in which cause concentration
variations- and the strong concentration dependence
of the nonlinear viscosity, can amplify concentration
fluctuations during flow. This can lead to spatially
non-uniform shear and, close to the yield stress, strong
shear localization.

We performed rheology and simultaneous flow-
imaging experiments on glassy HS suspensions which
show precisely this behavior. Below a characteristic
shear rate 4. and for concentrations ® = ¢/¢,, 2, 0.9
(with ¢,¢p the random close packing value) we observe
increasingly nonlinear velocity profiles developing into
strongly localized flow near yielding. Furthermore,
the characteristic rate 7, grows rapidly with ®. This
is illustrated in Fig. 1, which shows experimental re-
sults for the characteristic Peclet number Pe. = 4.7
(with 75 the Brownian time) below which shear band-
ing sets in.

We have developed a theory, starting from the work
in [3] on SCC-induced flow instability for non-linear
fluids, which successfully describes this behavior. The
flow stability is determined by the concentration (~
®) and shear rate (~ Pe) dependence of the shear
stress o and the pressure II. The system is linearly un-
stable to growth of concentration fluctuations when:

apeH 8@0’

F = =
8¢ 1I 81:(,0

> 1. (1)

The line and color scale in Fig. 1 show our theoretical
prediction based on Eq. (1), using the strongly nonlin-
ear Herschel-Bulkley type constitutive relations for II
and o appropriate for HS glasses [4]. The theory shows
convincing agreement with the experimental data.
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FIG. 1. The size-dependence (N = 65,130, 260, ..., 8320)
of the diffusion constant D (open symbols) and the struc-
tural relaxation time 7, (filled symbols) in relation to its
value for N = 260. Whereas the diffusion constant only
displays very minor finite size effects, dramatic effects are
observed for the structural relaxation time.

When cooling a glass-forming system many fascinat-
ing features such as the emergence of dynamic length
scales occur. Many different models have been sug-
gested to characterize the dynamics. These models
(e.g. the kinetically constrained models (KCMs) [1]
or the mosaic approach [2]) strongly vary with re-
spect to the choice of the elementary subsystems as
well as their mutual coupling. Whereas in the KCMs
the whole physics is embedded in the facilitation rules
and the elementary subsystems are just single spins,
in the mosaic approach the elementary subsystems are
defined via thermodynamic arguments and the cou-
pling between mosaics is mainly taken into account in
a simple mean-field sense [2].

Previously, we have identified the elementary subsys-
tems and characterized them via the potential energy
landscape [3]. In this contribution we analyze the fa-
cilitation or dynamic coupling effects between differ-
ent subsystems. In a first step we analyze finite-size
effects [4]. By increasing the system size beyond the
elementary size the dynamic coupling effects become
relevant. Whereas the diffusivity does not display any
relevant finite-size effects, an effect of nearly one or-
der of magnitude is observed for the structural relax-
ation time (Fig.1). Together with other characteristics
of the finite-size effects a minimum model for facili-
tation effects is formulated which can reproduce all
these observations. In contrast to the KCMs the el-
ementary subsystem already contain important infor-
mation about the thermodynamics and the dynamics
of the system and one does not need different coupling

rules for strong and fragile systems. Furthermore, we
show the corresponding results for the non-linear re-
sponse and discuss the results in the context of the
underlying physical mechanisms.

In a second step we analyze the dynamic coupling
on a more microscopic level. Starting from a non-
equilibrium configuration with extremely low mobil-
ity we study the effect of one local relaxation process
and observe how it triggers other relaxation processes.
Without a causal relation between different relaxation
processes they would display a spatially homogeneous
distribution. However, as shown in Fig.2, one observes
a very strong distance-dependence from the location
of the initial relaxation processes. The closer regions
are significantly more mobile. Thus, beyond the finite-
size effects we have a second route to characterize the
nature of the facilitation effects.

Finally, we investigate our model predictions for the
temperature dependence of (i) the degree of non-
exponentiality, (i) the dynamic length scales, and (iii)
the violation of the Stokes-Einstein relation.
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FIG. 2. The average first relaxation processes in a distance
d of the initial relaxation process (location of the red par-
ticle) in a slow non-equilibrium system. The d-dependence
of (1) is a direct indication of causal facilitation processes.
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It is common wisdom that the spectacular slowing
down of supercooled liquids at low temperature is
caused by the growth of a correlation length of some
sort. The underlying idea is that of cooperativity: at
lower temperatures, larger numbers of particles must
move together in order to fully relax. Those cooper-
atively rearranging regions (CRRs), though, are hard
to detect, as no obvious domain or structure can be
observed. Recently, some progress has been achieved
by using amorphous boundary conditions (ABC) [1-
3], which exploits a fundamental idea of statistical
mechanics, namely that thermodynamic states may
be selected using appropriate boundary conditions.
Within the framework of glass-forming liquids the
method goes as follows [1]. Consider a low temper-
ature equilibrium configuration of a liquid and freeze
all particles outside a certain region. This region (or
cavity) is then let free to evolve and thermalize, sub-
ject to the pinning field produced by all the frozen par-
ticles surrounding it. Clearly, the smaller the region
the stronger the effect of the pinning field, hence keep-
ing the region in a very restricted portion of its own
phase space. The idea, then, is to check how large the
region must be to emancipate from the boundary con-
ditions, i.e. to restore ergodicity and thermalize into
a state which has nothing to do with the sorrounding
one. The advantage of this method is that the sys-
tem chooses its own definition of ‘order’ by means of
the amorphous boundary conditions, and we do not
need to have any a priori knowledge of the nature
of such order. It turns out that the correlation be-
tween the original region’s configuration (that of the
frozen surrounding) and that achieved after the region
has equilibrated subject to the amorphous boundary
conditions decays over a length-scale, &, which in-
creases on lowering the temperature 7.

Here we shall present recent numeric results as ob-
tained using ABC with two different geometries of the
cavity.

Spherical geometry. By studing the relaxation
time 7 within a sphere of radius R we find that:

RY forR< €,

& for R> ¢, M)

TlogT(R) ~ {
This seems to indicate that the correlation length &
is the typical size of the cooperatively rearranging re-
gions, which dominate activated dynamics at low tem-
peratures. Note that Eq. (1) for R < £ can be used to

estimate the value of the barrier exponent . Former
investigations [4] suggest ¢ = 1. This is confirmed by
the present study, altough the value ¥ = 1.5 is equally
compatible with the data.

Sandwich geometry. A different implementation
of ABC, which emphasizes the existence of interfaces
between CRR, is the following. Consider two equilib-
rium configurations, a and 3, and build a system with
a sandwich-geometry, made by three different regions.
The size of the central region is Lx L xd (with d < L),
and it is let to equilibrate under the influence of the
configurations « and (, which are placed in the left
and right regions and frozen. Using this geometry, it
has been measured in numeric simulation the excess
energy

AE = Eop — (Eaa — Egp) /2 (2)

for different values of d, finding a positive value which
decreases upon increasing d. This suggests that the
excess energy in this equilibrium configurations is due
to the surface tension between CRRs. By varying T,
one finds that AE decreases at high temperatures,
confirming the possible existence of the spinodal point
found in Ref. [5] using inherent structures (ISs). Fi-
nally, the stiffness exponent 6 has been determined by
fitting our data with the scaling form

AE ~ d%=2 exp (—d/\) (3)

yielding 6 ~ 2, which also confirms IS results [5].
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Although there is a broad consensus on the impor-
tance of understanding the nature of the glass and
the glass transition, there remains a wide divergence
of views concerning the appropriate theoretical frame-
work. In the ongoing search for a general theory
of glass formation, the random first-order transition
(RFOT) approach has proven to be a strong can-
didate, establishing what appears to be an intricate
mean-field (MF) description of supercooled liquids
and glasses [1, 2]. This MF treatment predicts a sce-
nario with two critical temperatures Ty and T, the
upper one Ty being a dynamical singularity akin to
the mode-coupling transition and the lower one Tk a
thermodynamic ideal glass transition characterized by
a vanishing of the configurational entropy (defined as
the logarithm of the number of metastable states).

The RFOT theory assumes that this MF picture re-
tains some validity in finite-dimensional systems. Yet,
in finite dimension, finite barriers between metastable
states allows ergodicity restoration. It is postulated
that this happens between Ty and Tk via entropy
driven “nucleation” processes: the escape process
from a metastable state is impeded by the free-energy
mismatch with the surrounding, but, on large enough
length scales, the entropic gain due to the large num-
ber of metastable states that the system can sample
eventually wins. In this picture the typical equilib-
rium configuration is a mosaic of patches of different
coexisting amorphous states [1-3]. Testing the va-
lidity of this appealing but still fragile scenario is of
major interest. In addition to computer simulations of
model liquids [4], some analytical work has so far been
done, taking the MF result as a starting point. Going
beyond these approaches however requires a renormal-
ization group (RG) treatment.

In this talk I would like to discuss the first steps to-
wards a RG treatment of glass formation beyond the
RFOT MF theory [5]. To this end, we consider the
Migdal-Kadanoff (MK) real-space RG of a Ginzburg-
Landau model which is commonly taken to be in the
“universality class” of structural glass-formers as it
displays the two-temperature scenario at the MF level.
Our starting point is the replica MF theory of struc-
tural glasses, in which one studies the distribution of
putative metastable glassy states by introducing m
copies (or replicas) of the same liquid system coupled
with a small attractive interaction whose amplitude is

set to zero after taking the thermodynamic limit [6].

Between Ty and Ty, we find that asymptotically the
system flows to a trivial disordered fixed point corre-
sponding to a “normal” liquid with uncoupled repli-
cas, where the boundary conditions in the metastable
glassy state do not affect the deep interior of the
liquid. This behavior takes place along the RG
flow beyond the so called “point-to-set” length scale,
{pg, which we find to depend on the temperature
as lps(T) ~ (T — Tx)~!. Interestingly, there ap-
pears to be another characteristic length scale /¢,
which we call the “penetration length” as it describes
how far the amorphous order fixed by the metastable
boundary condition penetrates into the liquid. This
length grows as £,(T) ~ (T — Tx)~ /4. This be-
havior is strongly reminiscent of that observed in a
conventional first-order transition, with the point-to-
set length playing the role of the scale above which
the metastable phase disappears and the penetra-
tion length corresponding to standard “persistence
length” [7].

Our analysis shows that the physics in the vicinity
of a RFOT to an ideal glass is controlled by a first-
order discontinuity fixed point with standard expo-
nents. Although the resulting physical picture is sim-
ilar to the phenomenological one put forward in [1, 3],
the values of the exponents differs from [1]. Recent
computer simulations of an atomic glass-forming lig-
uid model [4], find that some exponents are indeed
standard, but others are not. It is therefore worth
discussing the limitations of the present RG analysis.
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We develop a field-theoretical description of fluctu-
ations in supercooled liquids close to the (avoided)
MCT singularity. This is based on inclusion of fluc-
tuations in the theory of effective potential, so far de-
veloped within mean field theory. We separate the
different sources of fluctuations and show that the
most relevant ones are relative to variations of self-
induced disorder. Our main result is that fluctuations
can be studied through a cubic field theory with an ef-
fective random temperature term. We argue that our
theory provides a reparametrization invariant descrip-
tion of dynamical fluctuations, for times between the
late beta and the early alpha regimes. It ensues per-
turbative dimensional reduction and an upper critical
dimension equal to 8. The heterogeneous character of
glassy dynamics has been subject of extensive study
in the last decade. Experiments, simulations and the-
ory converge to a description of supercooled liquids
where, on approaching the glass transition, relaxation
requires cooperative motions on high mobility regions
of increasing size and life time. An important the-
oretical step in the understanding of dynamical het-
rogeneities was to realize that the current theory of
glassy dynamics, the Mode Coupling Theory (MCT),
predicts a growing dynamical length as the MC crit-
ical point is approached. This was first observed in
the context of disordered mean field systems where
MCT is exact, and later confirmed with diagramatic
approaches to the dynamics of liquids. In the resulting
picture, dynamical heterogeneities are captured by a
time dependent four point correlation function, whose
associated dynamical length diverges at the MC crit-
ical point. As is well known, this divergence, genuine
in mean-field, is in real systems an artefactual con-
sequence of MCT that neglects activated processes.
Accordingly the divergence is cut off as the MCT dom-
inated regime at high temperature crosses over to the
barrier dominated regime at low temperature. With
this caveat, the MCT prediction of a pseudo-critical
growth of dynamical correlations has been largely con-
firmed in simulations and experiments. Our scope is
to study corrections to MCT that should be at work
as soon as the mean-field approximation is not ex-
act. Two kinds of interrelated corrections can be ex-
pected: first one due to critical fluctuations which are
not well described by mean-field theory, second one
due to barrier jumping. Clarification of both kind
of fluctuations, necessary to accomplish a theory of
glassy dynamics, has been the subject of research in
the last few years. Unfortunately both kind of phe-
nomena are poorely understood. We present an in
depth analysis of critical fluctuations around MCT
which clarify the nature of the former, and suggest
a possible path to study the latter. The MC tran-
sition is often presented as a pure dynamical ergod-

icity breaking phenomenon without structural conse-
quences. It is sometimes stated that MC freezing can
not be detected with equilibrium techniques. This is
an unfortunate misconception. The MC transition de-
scribes ergodicity breaking where a system prepared
in an equilibrium initial condition remains confined in
its vicinity. The space of equilibrium configuration is
then partitioned in metastable states that (within the
MC approximation) are arguably present in an expo-
nentially large number. As any metastability prob-
lem, the MC dynamical freezing can be studied in-
troducing appropriate constraints in the equilibrium
measure. The corresponding free-energy as a function
of the constrained variables can be used to set up a
purely static field theoretical description of the MC
ergodicity breaking transition. This correspondence
between statics and dynamics has been indeed crucial
to the first recognition that the growth of a dynamical
susceptibility is accompaining the growth of the relax-
ation time at the transition. We exploit this to make
a theory of critical fluctuations on time scales where
dynamical correlation functions are close to the platau
value using constrained equilibrium measures and ex-
pressing time dependent quantities in reparametriza-
tion invariant form i.e. eliminating the time depen-
dence in favor of a dependence on the correlation func-
tion itself. The main thesis is that reparametrization
invariant fluctuations for temperatures close to the
mode coupling temperature Ty and values of the cor-
relations close to the plateau value can be described
in terms of a field theory of the kind

Hlolbe(@)) = [ do 5(Vo(@)”
+ (€ + 0e(2))p(x) + 9¢° ()

where ¢(x) is a local fluctuation of the overlap away
from the plateau value, ¢ = T — Ty is the deviation
from the critical temperature, g is a coupling constant
and de(x) is an effective random temperature term,
distributed with gaussian statistics and delta corre-
lated in space. The random temperature term is the
ultimate consequence of dynamic heterogeneity and is
a formal expression of “self-induced disorder” some-
times advocated to describe structural glasses. The
role of this term in perturbation theory is crucial, lead-
ing to perturbative dimensional reduction and chang-
ing the scaling properties of the cubic theory. The
upper critical dimension above which fluctuations can
be expected to have a Gaussian nature is found to be
eight rather then six as naively expected.
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FIG. 1. Evolution of the configurational entropy of patches
with their volume when cooling the system (see [3]). Vi
is the volume of a single particle. Note the three regimes
of the entropy: constant and near zero for small sizes,
then a linear behaviour, and finally a saturation (finite
size effects).

Is the dramatic viscous slowing down encountered in
glassy systems associated with the growth of some
static amorphous order? This fundamental question
remains unanswered for two main reasons: First, the
nature of the hypothetical order has not been firmly
established, and second, the experimental implemen-
tation of the various proposals is unclear.

Recently, a generic method to define and quantify or-
der has been proposed [1, 2]. Roughly, it consists
of measuring the configurational entropy of patches
(local clusters of varying size) in the system, and
studying its scaling with patch volume V. For small
patches, this patch entropy is expected to grow sub-
linearly in V', while for large clusters, it grows linearly.
This crossover enables us to define and measure a cor-
relation length with no a-priori knowledge of the order
involved.

We will discuss the implementation of this new pro-
posal on atomic models of glass forming liquids and
colloidal systems. As a benchmark, we will study a
well-characterized numerical model of a glass forming

liquid [3], and will compare various proposed mea-
sures, including bond-orientation and point-to-set cor-
relation lengths.

This new method can also be used to access the sym-
metries of the local order, without any a priori knowl-
edge of it. For this model, it is illustrated in Fig. 2
where the hexagonal order is, as expected, recovered.

We will also show first applications to experimental
data (3D colloidal systems) allowing to access both
order extension and symmetries.
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FIG. 2. Density profile of the mean patch of the most
repeating class of patches. Dark spots indicate the most
probable positions of particles inside of patch of this di-
ameter. The density profile clearly displays an hexago-
nal symmetry characteristic of the local order in this sys-
tem [3].
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An emulsion is a dispersion of a liquid within an-
other, immiscible liquid. Modern emulsification tech-
niques allow to produce monodisperse emulsions with
sizes ranging from several microns down to few tenth
of nanometers [1]. Additionally, coalescence can be
prevented by coating the droplet surfaces with addi-
tives, thus rendering the system long-lived. Interest-
ing properties emerge from the liquid nature of both
the continuous and the dispersed phase. In particu-
lar, emulsion droplets are spherical colloids that can
be deform at constant volume, with the compression
been essentially controlled by the Laplace pressure.
This situation typically occurs at volume fraction be-
yond ¢rcp, the random close packing of hard spheres,
where deformation results from the contact forces ex-
erted by individual droplets on each other.

As a consequence, the physical properties of dense
emulsions depends on whether droplets deform or not.
Most notably, it strongly impacts on the rheology of
the non-equilibrium states found at high volume frac-
tions [2, 3]. Similarly to hard spheres, emulsions un-
dergoes a glass transition where entropic contributions
to their rheology are important. Above ¢rcp, the
Laplace pressure of individual droplets becomes the
key parameter to understand their rheology [2].

In this study, we present our work on the dynami-
cal properties of dense emulsions at volume fraction
ranging from 0.4 < ¢ < 0.72. We use an experimental
approach that allows spatially revolved dynamic light
scattering in highly turbid media [4, 5]. An example
of the results for a compressed emulsion at ¢ = 0.699
is shown in Fig.1. Here we constructed a dynami-
cal activity map using the intensity structure func-
tion da(7,r), where each pixel contains the dynami-
cal contribution of a small volume of linear dimension
of approximatively 30 droplets diameter. Domains of
high and low dynamical activity are color-coded by
warm and cold colors, respectively. At these length
scales, we observe a dynamics that is extremely het-

erogeneous. Qur experiments allow to characterize
the size and spatial distribution of dynamical hetero-
geneities. We aim at connecting our observations to
a dynamical transition from thermally driven regime
below compression, to a stress-relaxation regime as
droplets starts to be in a compressed state.
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FIG. 1. Dynamical activity map constructed with the in-
tensity structure function dz(7 = 1s,r) for a sample at
¢ = 0.699.
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Using positional data from video-microscopy we
study a bi-disperse colloidal mixture (of big an small
particles) in two dimensions. Since the colloids are
super-paramagnetic a magnetic field induces a dipolar
repulsion between the particles (ten times larger for
the big ones compared to the small ones) acting as
an inverse temperature. At low magnetic fields (high
temperature) the system is in a disordered fluid state.
Increasing the magnetic field strength (decreasing the
temperature) the system traverses from a fluid to a
dynamically arrested state while staying amorphous
on a global scale. The mean square displacement
(MSD) is in good agreement with Mode Coupling
Theory for a hard disc glass former and the system
does not show long range order. Nevertheless small
crystallites with distinct stoichiometries appear on
a local scale in the supercooled state. The basic
vectors of the local unit cells are used to interpret the
position of the peaks in the pair correlation function
of the 2D system. The statistics of the crystalline
unit cells show a continuous increase of local order
with decreasing system temperature [1].

In the supercooled state dynamic heterogeneities
appear on the timescale of the a-relaxation and the
self part of the Van Hove function shows an exponen-
tial tail [2]. Using a local cage-relative mean square
displacement with respect to the nearest neighbours
we are able to show that particles in a local high
symmetry configuration have slower dynamics. In
Figure 1 this cage relative means square displacement
(CR-MSD) is plotted for particles sitting in different
local environments. The black curve is the CR-MSD
averaged over all big particles, the red curve is for big

b) er
—— All big particles
—— Big particles in a square cell
Outer shell of. hexagon
’g Inner particle}of hexagon
= 12+
A
=
T
& (&)
—
vV gl
B-relaxation
0 M _ a-relaxation
1 10 100 1000 10000 100000

t(s)

FIG. 1. Cage relative mean square displacement for parti-
cles sitting in different local configurations.Vertical dashed
lines indicate the limits between the different regimes of
the CR-MSD.
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FIG. 2. Cage relative trajectories for big particles in green
and small particles in red. The intensity of the color is pro-
portional to the potential energy of the particle averaged
over the duration of the experiment (t=80000s).

particles sitting in a square cell and the green and
blue curve are big particles belonging to the shell and
the center of a hexagon. Especially the latter show a
plateau in the local mean square displacement over
the duration of the experiment indicating that the
particle found its local energetic minimum.

Since we know the interaction between the particles
precisely we can calculate the potential energy from
the positions of the colloids ab initio for all particles.
Figure 2 shows this energy landscape with the mag-
nitude of the local potential energy encoded in the
brightness. Note, that the patterns are stable even
far beyond the onset of the alpha relaxation. On the
other hand Figure 2 shows the trajectories of the two
species of particles. Dynamical heterogeneities are
clearly visible and we can map them to the energy
landscape. Particles sitting in an minimum with a
level higher than the average level have a large radius
of gyration of the local trajectory. On the other hand
particles sitting in a deep minimum (where local
symmetry is close to a ground state configuration)
have a small radius of gyration of the trajectory.
This way structural and dynamical heterogeneities
are correlated.

Financial support of the DFG (Deutsche Forschungs-
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Heterogeneities and (growing) dynamic length scales
are widely discussed in the context of the glass tran-
sition. It has been recently suggested [1] that the size
and characteristics of such length scales (or clusters)
can be probed by an external potential. For this sit-
uation, an extension of the Mode Coupling Theory
to inhomogeneous situations provides predictions for
the dependence of the three-point correlation func-
tions with the length scale independently imposed by
the external potential. While these predictions apply
to all types of glass-forming liquids, we tested them
using colloids.

Colloids are widely used as model systems for the
study of the glass transition. Thanks to the microme-
ter size of the particles, individual trajectories can be
experimentally followed by optical microscopy. This
allows us to obtain the dynamics of the system includ-
ing microscopic details. Colloidal particles can fur-
thermore be manipulated using light by exploiting the
force exerted on particles with a refractive index differ-
ent from the solvent, as it is done in optical tweezers.
Exploiting these possibilities, we measured the self dy-
namics of a colloidal suspension in a modulated light
field [3]. We investigated the effect of the wavelength
and amplitude of this potential as well as the particle
size on the mean square displacement, the distribution
of displacements, the non-Gaussian parameter and the
dynamical heterogeneities via the three-point correla-
tion function. Moreover, our results are compared to
theoretical predictions available in the literature [1, 2].

Interestingly, not only the concentrated but also the
very dilute, non-interacting samples exhibit a relation
to supercooled liquids. In particular, we found that
the time-dependent mean square displacements deter-
mined in a very dilute system in the modulated po-
tential are surprisingly close to the ones in a quasi-
two dimensional colloidal supercooled liquid (Fig. 1)
with the role of the colloid volume fraction played by
the amplitude of the potential [3]. The similarity of
the mean square displacements is particularly strik-
ing since an individual colloidal particle in a periodic
potential represents a considerably simpler situation

than a highly concentrated multi-particle system.
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FIG. 1. Dimensionless mean square displacement
(Aut?(t1)) = L™2(Ay*(t1)) as a function of dimension-
less time t+ = L72Dt, where L is a typical length scale
and D the short-time diffusion constant. Our results for
dilute colloidal particles in a sinusoidal potential with di-
mensionless amplitude V" = 0.0, 1.0, 2.0, 3.0, 4.0, 6.0 and
8.0 (solid lines, top to bottom) are shown. They are com-
pared to another system without an external potential:
Quasi two-dimensional concentrated hard-spheres, where
the dashed lines represent simulations at surface fractions
0=0.68 to 0.723 [4] and the triangles represents experi-
mental data at surface fractions 0=0.25 to 0.70 [5].
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The mode-coupling theory of the glass transition has
made a series of nontrivial predictions for bulk systems
which have been confirmed in the last two decades
by experiments and computer simulations [1]. Mean-
while, also the expansion on the two dimensional case
has been accomplished successfully [2], whereas a the-
oretical interpolation in between is rather missing.
Recently, significant experimental and simulational re-
search effort has been made to confine the liquid to
small pores, films, or tubes, since they may hold the
key to provide further insight into the nature of the
glass transition. In particular, computer simulations
reveal that the wall-fluid interaction significantly al-
ters the transition temperatures [3, 4] and that the
diffusivities depend sensitively on the distance of the
walls [5]. Experiments on colloidal suspension con-
fined between parallel plates have demonstrated that
the mean-square displacements are strongly correlated
with the layering of the fluid induced by the wall [6].
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FIG. 1. The parameter x.(H) reflecting the critical pack-
ing fraction for confined liquids oscillates in phase with the
diffusivities D) and D at fixed density [5].

Motivated by these intriguing observations, we have
extended MCT to inhomogeneous liquids confined be-
tween two parallel flat hard walls without surface
roughness [7]. The theory employs spatial Fourier
modes for the density fluctuations

N
pul@.t) =Y expliQuza(t)] 7T, (1)

n=1

where 7, (t) = (2, (t), yn(t)) and z,(t) denote the po-
sition of the n-th particle parallel and perpendicular
to the wall, respectively. The discrete values @, ac-

count for the confined geometry and the continous set
q = (¢z, gy) refers to the wave vector parallel to the
walls. Then the basic quantities are matrix-valued
density correlation function

Swla.t) = @00 @), (@)

for which we derive exact equations of motion relying
on the Zwanzig-Mori formalism. As a pecularity, one
has to decompose the currents into components par-
allel and perpendicular to the walls to reproduce the
limits of a two-dimensional and a three-dimensional
system. The memory kernels are approximated by a
mode-coupling procedure and a closed set of integro-
differential equations is obtained. In particular the
nonergodicity parameters at the transition line can be
evaluated numerically and the non-equilibrium phase
diagram can be predicted.

As an example, we have considered a hard sphere
fluid and determined the glass transition line within
different approximation schemes, see Fig. 1. We ob-
serve an oscillatory behavior as a result of the struc-
tural changes connected to layering. The glass transi-
tion is facilitated at half-integer values of the distance
with respect to the hard-sphere diameter in qualita-
tive agreement with the suppression of diffusion by
confinement [5]. In contrast, at commensurate pack-
ing particles can more easily slide along the walls and
therefore fluid behavior is favoured.
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We perform a comparative simulation study of the
dynamical properties of ultrasoft particles in clus-
ter phases. We focus on the generalized exponen-
tial model (GEM) [1], a prototypical model for ul-
trasoft colloids, such as dendrimers and microgels. In
the GEM of order n, particles interact through the
potential u(r) = eexp[—(r/o)"], where o and € are
length and energy scales, respectively. For n > 2
the GEM displays crystalline phases with multiply-
occupied sites, i.e., it forms cluster crystals [1, 2]. We
present extensive simulation results on the hopping
dynamics of the GEM with n = 4 in the fcc cluster
phase [3] and report the first simulation evidence of
cluster glasses in a bidisperse version of the model.

10!

FIG. 1. Comparison of jump length distributions Pjump(7)
and van Hove correlation functions 4mwr?G(r, t*) obtained
from MD, MC, and BD simulations in the fcc cluster crys-
tal (p = 6.4, T = 0.8). t* is given by to (5r2(t*)) = 25.

The dynamics of the model in the fcc cluster phase is
investigated through a combination of molecular dy-
namics (MD), Brownian dynamics (BD) and Monte
Carlo (MC) simulations. We study the activated dy-
namics of particles as they hop from site to site in the
cluster structure, and analyze the statistics of jump
events. We find that the diffusion mechanism depends
sensitively on the microscopic dynamics. In MD sim-
ulations particles can jump over several cluster site in
a correlated fashion, leading to a broad distribution of
jump lengths Pjymp(r). In MC and BD simulations,
by contrast, particles hop only to nearest neighbor
sites. The underlying distributions of jump lengths
affect the long time dynamics of the particles, giving
rise, for instance, to qualitatively different shapes of
the van Hove correlation functions (see Fig. 1). We at-
tribute these differences to the suppression of momen-
tum correlation in the two stochastic methods. The
agreement between MC and BD simulations support
the view that MC dynamics effectively incorporate
solvent effects in a simulation of model colloids [4].

We then extend our investigations to a binary mixture

of particles with n = 4 and size ratio o11/092 = 1.4,
simulated over a wide range of densities. As the fluid
is slowly quenched from high T', we observe the for-
mation of stable clusters, whose centers of mass even-
tually arrest into a disordered configuration. The lo-
cation of the cluster glass transition does not depend
sensitively on the quench rate and is associated to a
fragile-to-strong crossover in the T-dependence of the
partial diffusion coefficients. In the cluster glass, par-
ticles hop from cluster to cluster. Unlike in cluster
crystals, however, long range jumps are suppressed in
MD simulations due to the disorder of the underly-
ing cluster structure. We attribute the ability to form
amorphous cluster phases to the size bidispersity of
the particles. Clusters formed at low T’ are mostly
homo-coordinated, leading to an effective binary mix-
ture of clusters. This, in turn, frustrates crystalliza-
tion of the clusters’ centers of mass. This interpre-
tation is supported by the comparison with a vari-
ant of the model with continuous size polydispersity,
which inevitably crystallized in an fcc cluster crystal.
Our observations thus suggest a viable route to clus-
ter glass formation in a more ample class of colloidal
fluids, such as systems with competing interactions.

(a) T =0.73 (fluid)

(b) T = 0.39 (cluster glass)

FIG. 2. Representative snapshots of the binary mixture
for two different temperatures at density p = 6.0 . For
clarity, only a vertical slice of the system is displayed.

* Corresponding author: coslovich@lcvn.univ-montp2.fr

[1] B. M. Mladek, D. Gottwald, G. Kahl, M. Neumann,
and C. N. Likos, Phys. Rev. Lett. 96, 045701 (2006).

[2] A. J. Moreno and C. N. Likos, Phys. Rev. Lett. 99,
107801 (2007).

[3] D. Coslovich, L. Strauss, and G. Kahl, Soft Matter
(2010, in press); arXiv:1006.4982.

[4] G. Brambilla et al.,Phys. Rev. Lett. 102, 085703
(2009).



o6

Viscous Liquids 2011

Highly nonlinear dynamics in a slowly sedimenting colloidal gel
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Gels and attractive glasses resulting from the aggre-
gation of colloidal particles form an important class of
materials. Although they exhibit solid-like mechanical
properties, colloidal gels are easily disrupted by small
perturbations, such as gravitational forces. While a
large body of macroscopic observations of gels under
gravitational stress exists [1], very little is known on
the microscopic processes at play during sedimenta-
tion, thus limiting our ability to understand and pre-
dict the behavior of sedimenting gels. We study gels
formed by attractive colloidal hard spheres with ra-
dius R = 82+ 3 nm, suspended in an aqueous solvent
at an initial volume fraction ¢y = 0.123. Gelation is
induced by attractive depletion forces [2] obtained by
adding micelles of a nonionic surfactant. To probe the
sedimentation process with unprecedented resolution,
we use a custom-designed light scattering apparatus,
which allows us to measure with both temporal and
spatial resolution the local volume fraction, sedimen-
tation velocity and microscopic relaxational dynamics
within a single experiment. Briefly, a low magnifica-
tion image of the sample is formed onto a CCD sensor,
using light scattered at 8 = 90°. Two crossed polariz-
ers are used to detect only the depolarized light, which
intensity is an accurate probe of the local particle con-
centration ¢(z,t) [2]. We obtain simultaneously the
evolution of the local sedimentation velocity profiles,
v(z,t), using an Image Correlation Velocimetry (ICV)
algorithm [3]. Our detailed set of measurements al-
lows us to perform a rigorous quantitative test of the
modelling of gels as “poroelastic” medium [1, 4]. Our
velocimetry analysis indicates that there is no horizon-
tal component of the displacement resulting from the
compression of the gel, i.e. that the (effective) Pois-
son ratio of the gel is negligible, a remarkable prop-
erty that was discussed before [5] but could not be
measured experimentally. We find that the poroelas-
tic model captures very well both ¢(z,t¢) and v(z,t)
demonstrating its efficient modelling of the gel sed-
imentation kinetics at both macroscopic and meso-
scopic scales. To investigate the link between micro-
scopic rearrangements and the macroscopic gel com-
paction, we examine intensity correlation functions
(ICFs), ga(z,t,7)—1, measured at various heights and
times. We correct the ICF's for the drift due to sedi-
mentation, so that they measure the particle motion
between times ¢t and ¢t + 7 in the cosedimenting frame
where v = 0. We find that the very slow macroscopic
deformation occurs via irreversible plastic events at
the microscopic scale. Remarkably, the gel behavior

at all scales is controlled by a single parameter, the
time-dependent compression rate é = Jv(z,t)/0z, in
striking analogy with recent observations on deformed
polymer glasses [6] and sheared colloidal glasses [7].
Our results provide firm microscopic basis for future
modeling of the mechanical and dynamical properties
of colloidal gels in various situations of fundamental
and industrial interests.
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FIG. 1. a-The final relaxation ICF's collapses when plotted
as a function of a rescaled time, é7 showing that the micro-
scopic gel dynamics is directly related to its macroscopic
deformation. b-Double logarithmic plot of the relaxation
time 7y, of the ICFs shown in a) as a function of é.
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FIG. 1. Phase diagram of diluted Laponite suspensions,
in the waiting time vs. concentration plane, resulting
from the combined experimental and numerical results.
Symbols correspond to experimental waiting time values
requested to observe non ergodic behavior according to
Dynamic Light Scattering [2]; boundaries inside colored
regions are guides to the eye. For long waiting times,
three different regions are identified, whose representative
macroscopic behavior and a pictorial microscopic view are
reported in a-c, . a, Phase-separated sample with colloid-
poor (upper part) and colloid-rich (lower part) regions for
Cw < 1.0%. b, Equilibrium gel for 1.0 < C, < 2.0%,
characterized by a spanning network of T-bonded discs.
¢, Wigner glass, expected for 2.0 < C,, < 3.0% [4], where
disconnected platelets are stabilized in a glass structure
by the electrostatic repulsion, progressively hampering the
formation of T-bonds.

The relevance of anisotropic interactions in colloidal
systems has recently emerged in the context of the
rational design of novel soft materials. Patchy colloids
of different shapes, patterns and functionalities are
considered the novel building blocks of a bottom-up
approach toward the realization of self-assembled bulk
materials with pre-defined properties. New concepts
such as empty liquids and equilibrium gels have been
formulated[1]. Yet no experimental evidence of these
predictions has been provided. Here we report the first
observation of empty liquids and equilibrium gels in a
complex colloidal clay, and support the experimental
findings with numerical simulations.

We investigate dilute suspensions of Laponite, an in-
dustrial synthetic clay made of nanometer-sized dis-
cotic platelets with inhomogeneous charge distribu-
tion and directional interactions. The anisotropy of
the face-rim charge interactions combined with the
discotic shape of Laponite produce a very rich phase

diagram including aging dynamics towards disordered
gels and glasses states reached respectively at low and
high clay concentrations [2-4]. In this work we ex-
tend the observation time for low concentration sam-
ples to time-scales significantly longer than those pre-
viously studied and discover that, despite samples ap-
pear to be arrested on the second timescale, a signif-
icant evolution takes place on the year timescale[5].
Samples undergo an extremely slow, but clear phase
separation process into clay-rich and clay-poor phases
that are the colloidal analog of gas-liquid phase sep-
aration. Spectacularly the phase separation termi-
nates at a finite but very low clay concentration, above
which the samples remain in a homogeneous arrested
state. Moreover, the slow aging dynamics peculiar
of Laponite suspensions drive an arrest transition
through a very slow rearrangement, so that equilib-
rium gels are formed. The observed features are in-
stead strikingly similar to those predicted in simple
models of patchy particles, suggesting that Laponite
forms an (arrested) empty liquid at very low concen-
trations. Furthermore, differently from gels gener-
ated by depletion interactions or from molecular glass-
formers, where arrest occurs after the phase separa-
tion process has generated high-density fluctuation re-
gions, here phase separation takes place in a sample
which is already a gel. These new phenomenologies
have been observed by direct visual inspection and
by Small Angle X-ray measurements performed for
very long time (up to more then one year). Further-
more the experimental results for the phase separation
and for the structural properties in the various region
of the phase diagram have been confirmed by exten-
sive numerical simulations with a primitive model of
patchy Laponite discs.
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FIG. 1. (a) Time evolution of the storage and loss moduli
(f = 5 Hz) after the quench in differents places inside
the droplet (b) Power spectral density of fluctuations of
x at two different ¢,,. Inset: Time evolution of the ratio
wfSz(f)/(2kpTIm{x(f)}) at different frequencies.

Gelatin is a thermoreversible gel that displays striking
nonequilibrium phenomena when subjected to tem-
perature variations due to their intricate microscopic
structure. Aqueous gelatin solutions have a random
coil structure above the gelation temperature T, re-
sulting in a macroscopic viscous phase (sol) whereas
below Tj¢; the formation of a helical cross-linked net-
work leads to elastic behavior (gel) [1]. After a quench
to a final temperature T' < Ty, they exhibit physi-
cal ageing. Bulk rheological properties have been ex-
haustively studied along ageing in macroscopic sam-
ples showing that they share some common qualitative
features with glassy systems [2].

In the present work we investigate whether complex
nonequilibrium effects arise when the quench is lo-
cally performed in a micronsized region within the
gelatin bulk. In particular, we experimentally study
the fluctuations of the position of a Brownian silica
bead (radius = 1um) surrounded by a gelatin droplet
quenched through T, = 28°C. A macroscopic sam-
ple (type-B pig skin gelatin, 10%wt in water) is kept
at constant temperature 26°C. Then a laser beam
(A =980 nm, 200 mW) is tightly focused in the bulk
using a microscope objective to locally rise the tem-
perature 12°C. Therefore a sol droplet (radius = 5um)
is melted at Ty = 38°C in the gel bulk. The focused
beam simultaneously confines the Brownian motion of
the particle inside the droplet. Next, the laser power
is suddenly decreased to 35 mW so that the tempera-
ture is homogenized by heat diffusion into the bulk in
a few milliseconds resulting in an effective quench of
the droplet to a final temperature T" = 27.0°C.

Immediately after the quench we measure the time
evolution of a single coordinate x of the trapped par-
ticle. We use the particle as a mechanical probe to ap-
ply a small oscillatory shear and locally measure the

storage G'(f) and loss G”(f) moduli of the droplet
at different frequencies f (active microrheology), see
Fig. 1(a). We find that at a short waiting time t,, < 1
min after the quench the droplet is purely viscous:
G'(f) = 0. As t, increases the droplet exhibits age-
ing similar to macroscopic quenches: G'(f) and G”(f)
increase reaching a logarithmic growth ~ logt,, in a
few minutes. Active microrheology is also performed
in other locations inside the droplet by displacing the
position of the trap a distance d from the center. We
find that the time evolution of G’ and G” does not
significantly change across the droplet and no abrupt
variation of their values is detected. Thus the gelation
of the droplet is not driven by a slow progressive front
propagation of the gel phase into the sol phase but it
is a collective evolution of the whole droplet.

Next, we study the influence of the droplet gelation on
the fluctuations of the particle motion. We measure
the time evolution of the power spectrum S, (f) of z
when the particle is subjected to the harmonic force of
the optical trap and the fluctuating force of the gelatin
chains. We observe that anomalous nonequilibrium
fluctuations appear at t,, < 1 min. If the droplet
were in thermal equilibrium one should expect the
Lorentzian power spectrum shown in Fig. 1(b). How-
ever, low frequency deviations (f < 1 Hz) are observed
whereas the high frequency side is well fitted by the
equilibrium Lorentzian spectrum. We compare S, (f)
with the imaginary part of the Fourier transform
Im{x(f)} of the linear response function of = when
performing active microrheology at frequency f (inset
of Fig. 1(b)). At very low frequencies the fluctuation-
dissipation relation Sy (f) = 2kgTIm{x(f)}/(xf) is
violated, then the violation vanishes after a timescale
of ~ 30 s. As one approaches the high frequency side
f > 1 Hz the equilibriumlike fluctuations-response re-
lation is satisfied for all t,,. Thus for early ageing
times one can split the fluctuations of the droplet into
a fast equilibriumlike component due to the thermal
motion of the gelatin chains plus a slow nonequilib-
rium one due to the formation of the viscoelastic gel
network. Once that the viscoelastic phase (G'(f) > 0)
is formed, the anomalous fluctuations vanish and the
the particle motion behaves as in equilibrium with the
collective behavior of the droplet at the temperature
of the gelatin bulk.
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Among the most basic models of condensed matter are
hard particles with an attractive interaction. Attrac-
tive hard spheres, epitomized experimentally by col-
loidal suspensions with added polymer whose entropy
mediates an effective attraction between the particles.
These colloid-polymer mixtures exhibit the phases of
gas, liquid and crystal and form a benchmark in statis-
tical mechanics as their behaviour is well understood
[1]. Much attention focuses on states with slow dy-
namics such as metastable gels. Here spinodal phase
separation into a gas and liquid phase is suppressed
due to the high density of the liquid phase such that
it exhibits slow dynamics. These slow dense regions
form a network which becomes the ’arms’ of the gel
[2, 3]. However, ultimately such gels undergo phase
separation [4]. Stablisation of gels may be achieved
by reducing valency [5, 6] or with competing interac-
tions which lead to a complex energy landscape and
stable gels [4, 7].

Here we consider another approach to producing a
long-lived network: particle geometry. We exploit
the opportunity presented by the current explosion in
anisotropic colloidal particles [8] to produce nanstruc-
tures with novel architectures. Although colloids with
a huge variety of shapes have been synthesized, sys-
tematic studies of bulk systems are limited. Gels of
colloidal rods have been produced [9] and polyhedra
can frustrate long-ranged ordering at high density [10].

We introduce a new colloidal model system, of faceted
polyhedra, or ‘rocks’ and study its gelation behaviour.
Despite striking similarities with equilibrium gels
formed from reduced valency systems, here we argue
that phase separation is suppressed, not by slow dy-
namics due to the high local colloid density of the
‘arms’ as is the case of spherical particles, but instead
that the polyhedral nature of these particles leads to
rigid structures and networks of low dimensionality.
We use confocal microscopy and real space analysis
at the single particle level to study the gelation be-
haviour of both ‘rocks’ and spheres.

This change in particle geometry has two main con-
squences. Firstly, the overlap volume around two ap-
proaching rocks from which the centre of mass of poly-
mer coils is excluded, which leads to the depletion
attraction, is much reduced [Fig. 1(e)]. Thus we ex-
pect that more polymer is required in the case of the
‘rocks’, for a given degree of attraction. Secondly, two
bonding between two ‘rocks’ is rigid.

We also introduce a model which we argue captures
the geometric essence of the colloidal rocks: wireframe
dodecahedra populated with 109 spheres as shown in
Fig. 1(b). Each sphere interacts via a short-ranged

square-well interaction. Here we use kinetic Monte
Carlo with a very short step length and rotations
through a small angle, which approximates Brownian
dynamics.

Confocal images of gels of rocks and sphere are shown
in Fig. 1(¢) and (d). The difference is striking, in that
rocks form one-particle wide chains and spheres form
more densely packed structures. The polymer mass
fraction for gelation cgd in the case of rocks is around
five times that in required for the spheres, reflecting
the difference in overlap volume. One might expect,
from Figs. 1(c) and (d) that gels of rocks have a lower
fractal dimension than spheres. This we indeed find,
both in experiment and simulation. We access the
dynamics of gel coarsening with simulation and find
that the ‘rock’ geometry vastly increases the lifetime
of the gel.
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FIG. 1. a SEM image of colloidal 'rocks’. b dodecahedral
wireframe model rock populated with 109 spheres. Colors
denote vertex, vertex neighbour mid-side spheres. ¢ con-
focal microscopy image of a gel of rocks ¢,/cs® = 1.13.
d confocal microscopy image of a gel of spheres cp/cf,el =

1.44 . ¢, is polymer concentration. Scale bars in a,c,d
are 10 ym. Both ¢ and d correspond to a colloid packing
fraction ¢. = 0.05.
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Hard spheres have emerged as one of the simplest
model systems to study various phenomena in con-
densed matter physics. In recent years, they have in
particular attracted interest in the context of the glass
transition observed in liquids, with experimental real-
izations in colloidal systems, and in the context of
the athermal jamming transition, where they can be
seen as idealized granular materials. In the litera-
ture, the most often quoted relevant packing fractions
associated to these two transitions are @glass =~ 0.58
for the glass transition, and @jamming =~ 0.64 for the
jamming transition, which both stem from pioneering
experimental work on colloids and grains. However,
the glass transition is sometimes located very close
to ¢ = 0.64, while theoretical concepts used for one
transition are often applied to the other (in both di-
rections). Progress to disentangle (or merge) these
two problems have been slow, in particular because it
is hard both in practice and at the conceptual level to
rigorously locate, define, and thus compare the loca-
tion of these transitions.

Here, we review the outcome of a recent numerical
and theoretical effort aiming at clarifying the location
of the various transitions in a particular hard sphere
model in three dimensions, see Table I. The studied
model is a 50:50 binary mixture of spheres with diam-
eter ratio 1.4, which is empirically found to be particu-
larly robust against crystallization, so that crystalline
ordering does not interferere with the obtained results.

In a first effort, the relaxation dynamics of the system
at thermal equilibrium was investigated in detail, al-
lowing the relaxation time to be followed over a very
broad window, using both direct fitting [1], and an
original scaling approach involving a soft version of
the hard sphere potential [2]. This allowed the deter-
mination, for this particular system, of three ‘critical’
packing fraction, depending on the precise way the
dynamic divergence is determined. We used a mode-
coupling theory algebraic fit, and two distinct expo-
nential divergences, with results indicated in Table I.
Note that the mode-coupling description breaks down
dramatically near and above ¢, suggesting no gen-
uine dynamic singularity ocurs at this density. The
glass transition then occurs at much higher volume
fraction, closer t0 @jamming than previously thought.

These findings suggested the need for a second effort,
to locate more precisely the jamming transition for the
same particular system at hand. We thus investigated
the purely geometric, far from equilibrium problem
of sphere packing in the absence of thermal fluctu-

ations. In this context also, it was found that defin-
ing rigorously, and measuring precisely the location of

Definition

Onset of glassy dynamics

Volume fraction
¢onsct =~ 056

Mode-coupling theory Pmet = 0.592
Vogel-Fulcher-Tamman dvie = 0.615
Dynamic scaling ¢o = 0.635
Diverging pressure (upper bound) Gup = 0.648
Diverging pressure (lower bound MC) Prow = 0.662

Diverging pressure (lower bound REMC) | ¢1ow = 0.669

TABLE I. Values of the relevant volume fractions charac-
terizing the physical behaviour of the fluid dynamics for
a particular hard sphere binary mixture. We report three
critical packing for the equilibrium dynamics, and three
values for the location of the geometric jamming transi-
tion where the pressure of the packing diverges.

the jamming density is a difficult problem, even when
crystalline ordering does not play any role. We found
that the jamming transition actually occurs along a
continuous range of volume fractions, and we report
in Table I numerical estimates for the boundaries of
the numerically accessible range of jamming packing
fractions.

In particular, we find that compressing hard spheres
more slowly (while avoiding crystalization) produces
larger jamming densities. This suggests that if one
takes the view that glass and jamming transitions oc-
cur together, then they should occur at least above
¢ = 0.669, a lower bound which we recently found
using an efficient replica exchange Monte Carlo algo-
rithm [4]. In the opposite view that both transitions
are distinct phenomena, one should understand bet-
ter the possible existence of sharp boundaries for the
occurence of the jamming transition, and obtain more
data to understand more precisely not only the loca-
tion but also the nature of the glass transition.
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In 1998, Liu and Nagel proposed their provocative
“jamming phase diagram” [1], where they suggested
that the glass state of liquids and the jammed state of
granular materials can be unified into a single phase
diagram, with density, temperature and shear as con-
trol parameters. The glass transition would be seen,
in this picture, as a dynamical arrest controlled by the
jamming transition.

In this work, we show that reverting Liu’s idea, and
considering the jamming transition with theoretical
tools usually used to describe the glass transition can
lead to quantitatively satisfying predictions on the
jamming transition.

Pioneer works of Monasson [2] and Mézard and
Parisi [3, 4], and following work by Parisi and Zam-
poni [5] showed the way to apply the mean-field con-
cepts originated from spin-glasses, such as complexity
and the replica method, in order to predict glass tran-
sitions for hard spheres and high temperature liquids,
and the jamming point of hard spheres. However,
the Mézard-Parisi (MP) approach breaks down at low
temperature, while the Parisi-Zamponi (PZ) approach
is valid only for hard spheres. In order to assert the
critical nature of the jamming point in the jamming
phase diagram, we need to have at least two control
parameters, thus reconcile these two approaches.

We applied, and extended when necessary, the replica
calculations of MP and PZ to a model system that
can interpolate between finite temperature glasses and
hard spheres: the model of harmonic spheres, an as-
sembly of N spherical particles of diameter o enclosed
in a volume V in three spatial dimensions, interacting
with a soft repulsion of finite range. We choose the
pair potential
Vir<o)=e(l—-r/o)?, V(r>o)=0, (1)
where r is the interparticle distance, and e controls
the strength of the repulsion. The model (1), orig-
inally proposed to describe wet foams [6], has be-
come a paradigm in numerical studies of the T' = 0
jamming transition [7, 8]. The model has the two
needed control parameters: the temperature, T', (ex-
pressed in units of €), and the fraction of the volume

occupied by the particles in the absence of overlap:
¢ =mNo3/(6V).

To address the purely geometrical packing problem of
soft spheres, we studied first the statistical mechanics

of the model (1) at finite temperatures, before taking
the T" — 0 limit where jamming occurs. Our central
theoretical achievement is an approximation scheme
that interpolates between those of MP and PZ, allow-
ing us to explore the jamming phase diagram, verify
theoretically a large number of observed behaviours of
harmonic spheres, and predict new results for the cor-
relation functions of this system around the jamming
transition.
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FIG. 1. The pair correlation near jamming predicted by
theory (full lines) and measured in numerical simulations
(symbols). Left panels: scaling behaviour at T = 0 above
(top) and below (bottom) the jamming transition showing
the convergence of the first peak near r = 1 to a delta
function with asymmetric scaling functions on both sides
of the transition. Right panels: the first peak of the pair
correlation broadens when T increases at constant ¢ above
(top: 6 = 2.8-107*) and below the transition (bottom
Sp = —3.5-107%). To ease visualisation, we show the
evolution of ¢g(r)/gmax, Where gmae is the maximum of
the pair correlation function.
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Glass formation and jamming are intimately related,
and theoretical approaches to describe the two are
gradually converging [1, 2]. For instance, recent stud-
ies have detected the presence of a growing static
lengthscale associated with the glassy dynamical slow-
down [3], and attempted to characterize the static
correlations found in jammed structures [4]. Yet no
satisfying microscopic description of a growing static
lengthscale has yet been formulated. In this presenta-
tion, we discuss recent progress made on this question
from two different theoretical approaches. To simplify
the geometrical characterization, we consider friction-
less monodisperse hard spheres, which are good struc-
tural models for dense fluids. Though in two and three
dimensions rapid crystallization interferes with the
study of deeply supersaturated fluids, going to higher
dimensions dramatically reduces this interference [5].
Higher-dimensional systems are also less affected by
fluctuations — and dynamical heterogeneity [6], which
simplifies the geometrical analysis. Explicitly consid-
ering the dimensional dependence further constrains
the microscopic description to be generalizable to sys-
tems in which the number of nearest neighbors is large.

We first study the role of correlations in sphere pack-
ings by generalizing to arbitrary dimensions the jam-
ming limit obtained from Edwards’ statistical me-
chanics [7], using a liquid-state theory description [4].
The approach provides a general method for relating
the isostatic surface constraint to the global packing
properties. Eliminating most other structural corre-
lations and contact fluctuations give an asymptotic
scaling ¢ ~ d2~¢ that is similar to that of more elab-
orate approaches, such as replica theory and density
functional theory, but with a different prefactor. This
consistency suggests that in amorphous packings of
spheres spatial correlations are suppressed or at least
renormalizable in high dimensions. The various struc-
tural approximations in low dimensions are assessed
by comparing with three- to six-dimensional isostatic
packings from simulations, which provides an error es-
timate for the earlier study of 3D jamming [7]. The
simplicity of the approach offers a starting point to
systematically obtain a geometrical understanding of
the higher-order correlations present in jammed pack-
ings. Possible inclusions of relevant correlations to
two- and three-dimensional packings will be discussed.

Second, we critically evaluate the hypothesis that cor-
related structural defects could lead to a growing

length scale and relaxation time in deeply supersatu-
rated fluids [8]. Though a clear structural signature of
a developing order in increasingly supersaturated sys-
tems is found (see Fig. 1), the resulting defect geom-
etry does not lead to a growing length scale based on
the Frank-Kasper defect scenario [9]. A dimensional
perspective further supports a vanishing contribution
of such structures to the dynamical slowdown. The di-
mensionally generalizable nature of the defects them-
selves, however, provide other avenues for describing
microscopic length scales. Different proposals will be
discussed.

* Corresponding author:  patrick.charbonneau@duke
.edu

[1] G. Parisi and F. Zamponi, Rev. Mod. Phys. 82, 789
(2010).

[2] S. Torquato and F. H. Stillinger, Rev. Mod. Phys. 82,
2633 (2010).

[3] G. Biroli, J. P. Bouchaud, A. Cavagna, T. S. Grigera,
and P. Verrocchio, Nature Physics 4, 771 (2008).

[4] Y. Jin, P. Charbonneau, S. Meyer, C. Song, and
F. Zamponi, Phys. Rev. E | in press (2010).

[5] J. A. van Meel, B. Charbonneau, A. Fortini, and
P. Charbonneau, Phys. Rev. E 80, 061110 (2009).

[6] P. Charbonneau, A. Ikeda, J. A. Van Meel, and
K. Miyazaki, Phys. Rev. E 81, 040501(R) (2010).

[7] C. Song, P. Wang, and H. A. Makse, Nature 453, 629
(2008).

[8] D. R. Nelson, Defects and geometry in condensed mat-
ter physics (Cambridge University Press, Cambridge,
2002).

[9] B. Charbonneau and P. Charbonneau, in preparation
(2010).

7
n=000 n=0000 C——
n=0.46 s0 L n=0.154 ]

50 | he0ss e N=0278 i
n=057 < n=0370 <
=058 1n=0.407
40 1 a0t ]
| o

8 st | | 42 0 ]

>< | x

] - )

& | [

0F b | ] 20 R
ol | [ 4 w0f 1
0 L L L L T 0 L L L L L L o |
3 4 5 7 8 9 3 4 5 6 7 8 9
q q

FIG. 1. The spindle order g (defect) distribution in bidis-
perse 3D (left) and monodisperse 4D (right) hard spheres
shows a growing structural order as the volume fraction n
of the fluid increases [9].
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It is largely accepted that disordered systems are char-
acterized by a short range order usually very similar to
that of the corresponding crystalline phase at the same
density. It is less clear to what extent dynamic prop-
erties of disordered systems and crystals can be com-
pared. In particular, high-frequency collective excita-
tions reminiscent of phonons in solids exist as well in
disordered systems. They are traditionally discussed
in terms of relaxation processes characteristic of the
disordered state [1].

We present here a quantitative comparison of the
collective excitations in liquid and polycrystalline
sodium [2]. We show that liquid sodium exhibits
acoustic excitations of both longitudinal and trans-
verse polarization at frequencies strictly related to
those of the corresponding crystal. The only relevant
difference between the liquid and the polycrystal ap-
pears in the broadening of the excitations: an addi-
tional disorder-induced contribution comes into play
in the case of the liquid, which we show to be related
to the distribution of local structures around the av-
erage one. This is then the microscopic regime for the
dynamics of a disordered system, and it corresponds
to the short range order lengthscale.

On the opposite side of the lengthscale, in the macro-
scopic regime the dynamical properties of a disordered
system can be described treating it as an isotropic
continuum. This regime is well known in many de-
tails [1]. Tt is clear that the macroscopic and micro-
scopic regimes must be separated by an intermediate
regime, the mesoscopic one. We present here an exper-
imental [3] and numerical [4] study of this mesoscopic
regime looking at the acoustic dynamics of glasses.

We study in particular how, on decreasing the acoustic
wavelength, the continuum, Debye approximation for
the acoustic dynamics breaks down. In crystals, this
takes place when the wavelength approaches the in-
teratomic distance. We show here that in glasses this
instead takes place on the lengthscale characteristic
of the medium range order. Specifically, we find that
the acoustic excitations with nanometric wavelengths
show the clear signature of being strongly scattered.
This crossover region is accompanied by a characteris-
tic softening of the acoustic excitations that marks the
breakdown of the Debye approximation, see Fig. 1.

q (nm")

FIG. 1. Breakdown of the Debye approximation in glasses
for the acoustic modes with nanometric wavelengths. Up:
g-dependence of the apparent longitudinal phase veloc-
ity of a glycerol glass at 150.1 K derived from an inelas-
tic x-ray scattering (IXS) experiment (black circles) and
from lower frequency techniques: stimulated Brillouin gain
spectroscopy (blue rhomb), Brillouin light scattering (red
square), and inelastic ultraviolet scattering (green trian-
gle), see Ref. [3] for the references to the original publi-
cations. The dashed line indicates the macroscopic sound
limit. Insert: the low g portion of the acoustic-like dis-
persion curve (black circles). The dashed line corresponds
to that in the main panel. Down: ¢ dependence of the
broadening (FWHM) of the acoustic excitations derived
from IXS (black circles). The red lines correspond to the
best ¢* and ¢* functions fitting the low and the high-q
portion of the IXS data, respectively.
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The structure and dynamics of comb-like polymers
have been extensively studied by different experi-
mental techniques. In most of the systems investi-
gated the side-group (SG) contains an alkyl chain
of varying length, and the backbone is much more
rigid, like in poly(n-alkyl methacrylates) (PnMAs).
From X-ray diffraction, a kind of nano-phase separa-
tion has been suggested: SGs of different monomeric
units would tend to aggregate, forming self-assembled
nanodomains. The existence of two different glass-
transitions was also proposed: one associated to the
freezing of the motions within the alkyl nanodomains
and the other with that of the main-chain (MC) dy-
namics (see, e. g. [1]). Such a scenario mainly rests on
calorimetric, dielectric, mechanical and X-ray studies,
that are not selective for MC and SG contributions.

We have exploited neutron scattering capabilities
combined with isotopic labeling to selectively study
the MC and SG components in some PnMAs [2, 3].
Our diffraction experiments provide strong support to
the nanosegregated structure. Moreover, while the
structural relaxation of the MCs shows standard fea-
tures (Fig. 1), anomalous behavior for the dynamics of
the SGs emerge: extremely stretched functional forms,
decoupling of self- and collective motions (Fig. 1) and
Arrhenius-like behavior. Two main possible ingre-
dients might be invoked to account for these pecu-
liariaties: distributions of relaxation times along the
SGs and confinement by the much slower relaxation of
the rigid MC-matrix. In this framework, the dynamic
asymmetry found between MC and SGs (see the large
difference in characteristic times in Fig. 1) would play
an essential role. Several questions remain unsolved,
e. g.: Is nanosegregation induced by incompatibility
of MCs and SGs, or does it arise just from the ar-
chitecture of the polymer? Do MCs show ’standard’
behavior also at length scales smaller than the aver-
age inter-molecular distances? Are the distributions
of mobilities within the SGs as broad as those deduced
from the experiments (several orders of magnitude!)?

To get a deeper insight, we have performed extensive
simulations of a bead-spring model for comb copoly-
mers with dynamic asymmetry, namely with the slow
and fast components located respectively at the MC
and at the SGs [4]. The static and dynamic correlators
obtained from simulations reproduce the trends ob-
served in the experiments on PuMAs. We confirm the
proposed scenario of nanodomain formation. More-
over we show that the latter can have a purely en-
tropic origin, and takes place even for homopolymer

combs provided that the density of branch points is
high enough. In analogy with the experiments, the
analysis of scattering functions reveals a decoupling
of self- and collective dynamics for the fast compo-
nent in the arms, and strongly stretched relaxation.
Characterization of dynamic heterogeneity shows that
stretching is an intrinsic feature and is not necessarily
related to gradients of mobility. Due to the generic
character of the bead-spring model, we suggest that
the observed scenario will be a general feature of comb
copolymers with dynamic asymmetry.

We thank A.-C. Genix, S. Arrese-Igor, P. Fouquet and
D. Richter for their participation in the experimen-
tal works. We acknowledge support from the Euro-
pean Commission NoE SoftComp, Contract NMP3-
CT-2004-502235 and the projects MAT2007-63681,
IT-436-07 (GV) and the Spanish Ministerio de Ed-
ucacion y Ciencia (Grant No. CSD2006-53).
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FIG. 1. Neutron Spin Echo signal measured on poly(hexyl
methacrylate) probing the structural relaxation of MCs
(full circles) and within the nanodomains (full squares),
and the self-motions of SG-hydrogens (empty squares) at
T =~ 320 K (full circles have been measured at 480 K
and shifted). Solid lines: fits to stretched exponentials
Aexp|[—(t/7)?]; dotted line: logarithmic description.
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FIG. 1. Elementary excitations of length scale a for a
d = 2 glass forming liquid mixture at several supercooled
temperatures. The onset temperature for this system is
T, = 2.6. Panel (a) illustrates the meaning of excitation
times At and ¢, for a tagged particle a distance 1 (t) from
its initial position. Panel (b) illustrates typical excitations
within the context of surrounding dynamic heterogeneity.
Color code indicates the distance particles move from ini-
tial conditions in a time At + 2t,.
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For several atomistic models of glass formers, at con-
ditions below their glassy dynamics onset tempera-
tures, T,, we use importance sampling of trajectory
space [1] to study the structure, statistics and dy-
namics of elementary excitations, all of which we re-
late to dynamic heterogeneity. We define elementary
excitations in terms of irreversible particle displace-
ments. At supercooled conditions, we find that these
excitations are sparse and localized, with an average
radius that is temperature independent. This radius
is larger than a single particle displacement, a, but
it is no larger than a few molecular diameters. As
a function of temperature, T' < T, the equilibrium
concentration of these excitations is proportional to
exp[—J,(1/T — 1/T,)], where the energy J, is depen-
dent upon the displacement length. For a between
0.2 and 2 molecular diameters, we find J, o Ina. We
further find that the onset temperatures found from
this fitting are the same as those found from the struc-
tural relaxation time [3], 7 oc exp[J?(1/T — 1/T,)?],
and the variation of J with respect to changing den-
sity is identical to that for J;, where 27/a is the value
of the wave-vector at the principal peak in the liquid
structure factor.
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FIG. 2. Temperature dependence of elementary excitation
concentrations (a) and energy scales of elementary excita-
tions (b) for several displacement lengths, a, for various
glass forming liquid mixtures.

Figures 1 and 2 illustrate some of our findings. The
scalings we establish are consistent with the hierarchi-
cal dynamics of the arrow model [2], which in d =1 is
the East model [4]. In particular, the structure of the
elementary excitations are microcosms of larger scale
dynamic heterogeneity that emerges from the facili-
tated dynamics of the elementary excitations. A grow-
ing length scale that directly relates to the slowing
of dynamics upon cooling or compressing the liquids
is the growing distance between localized excitations.
In resolving the facilitated nature of the dynamics,
all length scales must be accounted for. Too crude a
spatial resolution can obscure the role of facilitation,
especially as temperature decreases.
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The so-called ‘van der Waals picture of liquids’, i.e.
the predominance of the short-ranged repulsive part
of the intermolecular potentials in determining the
structure of dense nonassociated liquids, has proved
very fruitful for predicting the pair correlation func-
tions, the thermodynamics, and the dynamics of lig-
uids. More recently, this picture has been transposed
to the viscous (supercooled) liquid regime and a num-
ber of approaches have either suggested or taken for
granted that the structure and the dynamics of vis-
cous glass-forming liquids are also controlled by the
short-ranged repulsive forces. Prior to our work, this
hypothesis however had never been directly studied.
We have filled this gap by comparing via Molecular
Dynamics simulation the structure and the dynamics
of a standard model of glass-forming liquid, a binary
Lennard-Jones mixture (LJ), and its reduction to the
purely repulsive part of the pair potentials, truncated
at the minimum of the full pair potential, proposed
by Weeks, Chandler and Andersen (WCA).

We have found that the viscous slowing down of the
two systems is quantitatively and qualitatively differ-
ent over a broad range of density, whereas the static
pair correlations remain very close: see Fig. 1. The
qualitative difference in the dynamics shows up as an
impossibility to rescale even approximately the dy-
namics of the two systems through a single effective
energy/temperature parameter. In particular, the iso-
choric fragility of the LJ liquid is essentially indepen-
dent of density, as also found experimentally in glass-
forming liquids and polymers, while that of the WCA
liquid is strongly dependent on density [1].

We discuss the consequences of these results for sev-
eral approaches of the glass transition that describe
the dynamics in the supercooled regime on the ba-
sis of the static pair correlations, such as the mode-
coupling theory in its common implementation. How
far can one go with the idea that a small change in
the static pair correlations can be extremely ampli-
fied in the dynamics ? We show that the answer is
not favorable for the mode-coupling theory[l] and a
few other approaches. Our results also raise a ques-
tion about the actual role of the attractive forces in
glass formation. The WCA reduction of the LJ poten-

tial actually involves two distinct aspects: neglecting
the attractive forces (which are only included in the
thermodynamics as a cohesive background) and trun-
cating the range of the potential to a finite distance.
Which one of these two procedures is the more severe
for the dynamics 7 We address this issue on the basis
of recent studies by us [2] and others. Our findings
cast some serious doubts on the relevance of the jam-
ming scenario, in which the slowing down of relaxation
is controlled by a critical point J that is only defined
for a truncated repulsive potentials, for glassforming
liquids and polymers.
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FIG. 1. Comparison between the LJ and its WCA de-
scription at the liquid density p = 1.2. Top: Static pair
correlation functions. Bottom: Arrhenius plot of the re-
laxation time.
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structural ordering

Hajime Tanaka,!'* Takeshi Kawasaki,’»? and Mathieu Leocmach®

! Institute of Industrial Science, University of Tokyo, Meguro-ku, Tokyo 158-8505, Japan
2 Present Address: Department of Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

(ary(toz,)) I
-5 0

s, T
-7 -6 3 0.55 0.8
FIG. 1. Structural ordering and its link to dynamics

in 2DBC. (a) Spatial distribution of the local structural
entropy 33, which is averaged over 107,. (b) Spatial
distribution of the mean square displacement over 107,
(Ar?(107,)).

Glassy states are formed if crystallization is avoided
upon cooling or increasing density. However, the
physical factors controlling the ease of vitrification
and the nature of glass transition remain elusive.
Among various glass forming systems, colloidal lig-
uids are one of the most ideal glass forming systems
because of the simplicity and controllability of the
interactions. We tackled both of these longstanding
questions by using numerical simulations and experi-
ments of polydisperse and binary colloidal systems.

For polydisperse systems, we systematically control
the polydispersity, which can be regarded as the
strength of frustration effects on crystallization [1-3].
We reveal that crystal-like bond orientational order
grows in size and lifetime with an increase in the col-
loid volume fraction or with a decrease in polydisper-
sity (or, frustration). We stress that bond orienta-
tional ordering in hard-sphere-like systems is a direct
consequence of dense packing and a manifestation of
low configurational entropy. Our study suggests an in-
triguing scenario that the strength of frustration con-
trols both the ease of vitrification and the nature of
glass transition. Vitrification may be a process of hid-
den crystal-like ordering under frustration [4].

For 2D binary colloidal mixtures (2DBC), on the other
hand, slow dynamics is not associated with any obvi-
ous structural order in the usual sense. Glassy or-
der responsible for slow dynamics is associated with
a structure of low configurational entropy [4]. Such
a structural signature can be picked up by using lo-
cal structural entropy s (see Fig. 1), suggesting a
structural origin for slow dynamics also for 2DBC.

We also confirmed that the degree of frustration effects
on crystallization controls not only the glass-forming

ability but also the fragility of liquid [5] for both col-
loidal liquids [1, 6, 7] and spin liquids [8]. Despite the
difference in the origin of frustration effects on crys-
tallization (geometrical vs energetic), the behaviour
is remarkably similar between them: Hidden glassy
structural ordering may be the common origin of dy-
namic heterogeneity and slow dynamics in these sys-
tems and the degree of frustration on ordering controls
the fragility.

Our study leads to the following tentative conclusions
on the link between structure and dynamics [9, 10].
(1) There is a static structural signature responsible
for slow dynamics and it is this signature that con-
trols dynamic heterogeneity. We call this structural
order ‘glassy order’. (2) This glassy order exhibits
critical-like fluctuations, whose correlation length and
amplitude tend to diverge towards the ideal glass tran-
sition point. (3) When the strength of frustration on
crystallization is rather weak, glassy order is a bond
orientational order which has a link to the symme-
try of the equilibrium crystal. On the other hand,
when the strength of frustration on crystallization is
so strong that crystallization must involve fractiona-
tion or phase separation, glassy order no longer has a
link to the symmetry of the crystal, but is associated
with an apparently disordered structure of low con-
figurational entropy. We note that bond orientational
order is also regarded as a structure of low configu-
rational entropy. Thus, we may say that there is an
intrinsic link between structure and dynamics in glass-
forming materials: slow dynamics is linked to struc-
turing (‘glassy ordering’) towards low configurational
entropy. The universality of this physical picture is to
be checked carefully for various glass-forming systems.
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FIG. 1. Slab in the zy plane showing the 5% most mo-
bile particles (in red) and the crystalline particles (in light
blue) at time ¢t = 0 (A), t = 320 (B), t = 640 (C) and
t = 1280 (D). Mobile particles are ranked by the distance
they move between the time of the frame at which they are
shown and the subsequent frame. They are spatially cor-
related with crystalline ones and have a higher tendency
to become crystalline than “average” amorphous particles.

In supercooled liquids, vitrification generally sup-
presses crystallization [1]. Yet some glasses can still
crystallize despite the arrest of diffusive motion [2].
This ill-understood process may limit the stability of
glasses, but its microscopic mechanism has not been
probed yet. Here we present extensive computer simu-
lations addressing the crystallization of monodisperse
hard-sphere glasses at constant volume (as in a col-
loid experiment). Multiple crystalline patches appear
without particles having to diffuse more than one di-
ameter. As these patches grow, the mobility in neigh-
bouring areas is enhanced, creating dynamic hetero-
geneity with positive feedback. The future crystal-
lization pattern cannot be predicted from the parti-
cle coordinates alone: crystallization proceeds by a
sequence of stochastic micro-nucleation events, corre-
lated in space by emergent dynamic heterogeneity.

Figure 2 shows the evolution of an initial state with
periodic density pattern, following two different tra-

jectories (white arrows) from identical initial particle
coordinates, but with different initial velocity choices
(drawn at random from the thermal distribution).
The black arrow shows a run where velocities are ran-
domized after X reaches 0.05. The subsequent evo-
lution is again altered, even though significant crys-
tallinity was already present. At no stage do we find
the future evolution to depend reproducibly on coor-
dinates alone, although crystallites are more likely to
form in regions of high Qg than elsewhere. The crys-
tallization mechanism thus comprises a sequence of
stochastic ‘micro-nucleation’ events.

* Corresponding author: esanz@ph.ed.ac.uk
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FIG. 2. Slab of the system for various values of the
evolving crystallinity X. Particles are coloured accord-
ing to the degree of crystalline order in their neighbour-
hood (blue, 0 < Qg < 0.15; green 0.15 < Q¢ < 0.25;
yellow 0.25 < Qg < 0.35; orange 0.35 < Qs < 0.45; red
0.45 < Qs < 0.55). The initial state (left) has a periodic
density pattern that is quickly forgotten.
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An evaluation of the “ideal glassformer” concept, using van der Waals ellipsoids
in the Gay-Berne model
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FIG. 1. (a) Crystal enthalpies H for perfect crystals FCT,
Smectic B and Donev-1 at T' = 0.1, compared with H
of glasses (SlowCooled and HyperQuenched) and defect
crystals obtained from freezing liquids at aspect ratios a =
1.1, 3.0, and 2.2, respectively, and then tuning o within
the crystal state (b) enthalpies of fusion (c) T, and Ty

We report on an adaption of the empirics of indus-
trial age coal briquetting (for maximum trucking ef-
ficiency) [1], to the design of model molecular glass-
formers. Already in the study of packing of hard par-
ticles it has been found that ellipsoids of certain aspect
ratios can pack with efficiencies approaching those of
ordered packing [2]. We have examined the van-der
Waals equivalent in which the system has indepen-
dent temperature and pressure variables, and melting
points and glass transition temperatures T, can be
determined.

It is generally assumed that liquids are always super-
cooled when they vitrify, but it is not proven that this
needs to be the case. Elsewhere we have raised the
possibility that the so-called “2/3” rule of glassforma-

tion (T, = 2/3T,,) is a tautology. Here we examine
the possibility that an “ideal glassformer” for which
T < Ty might exist.

For the van der Waals ellipsoid study, we carry out
potential tuning studies of melting by the method of
Molinero et al [3], using the Gay-Berne model of lig-
uid crystals [4] in the low aspect range which has not
been previously studied. We find that the FCC crys-
tal stable at aspect ratio @ = 1.0 undergoes rapid
decrease of T, with increasing o and that at o = 1.5,
the enthalpy of fusion vanishes and the crystal spon-
taneously disorders at any 7" > 0K. Likewise the en-
thalpy of fusion of the Gay-Berne smectic crystal B
(stable at higher aspect ratios) decreases with decreas-
ing o and vanishes near o« = 1.5. The packing mode
found most efficient in hard ellipsoid studies is en-
countered in crystallization at a = 2.2, but proves
less stable than smectic B to which it transforms dur-
ing reheating. This packing mode also has no stability
at @ = 1.4—1.5. Certainly liquid states in this range
of a never crystallize.

At a = 1.4—2.0, crystallization of the liquid could be
avoided during steady cooling. Density and enthalpy
showed hysterisis across the ergodicity-breaking (glass
transition) range for a = 2.0 and 1.8 but, at 1.4—1.6,
glass transition without hysterisis was observed, indi-
cating exceptional fragility according to Wang’s hys-
terisis analysis [5]. Static and dynamic correlations,
and their lengthscales, are being analyzed.
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The dynamic crossover temperature is as important as the glass transition
temperature: Evidence from liquid transport coefficients
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It is becoming common practice to partition glass-
forming liquids into two classes based on the depen-
dence of the shear viscosity 1 on temperature 7. In an
Arrhenius plot, Inn vs 1/T', a strong liquid shows lin-
ear behavior while a fragile liquid exhibits an upward-
curvature [super-Arrhenius (SA) behavior], a situa-
tion customarily described by using the Vogel-Fulcher-
Tammann (VFT) law.

Here we analyze existing data of the transport coeffi-
cients of 84 glass-forming liquids. We show the data
are consistent, on decreasing temperature, with the
onset of a well-defined dynamical crossover 7y, where
nx has the same value, 1y =~ 103 Poise, for all 84
liquids. The crossover temperature, T, located well
above the calorimetric glass transition temperature
T,, marks significant variations in the system ther-
modynamics, evidenced by the change of the SA-like
T-dependence above T to Arrhenius behavior below
T.. We also show that below T\ the familiar Stokes-
Einstein (SE) relation D/T ~ n~! breaks down and
is replaced by a fractional form D/T ~ n~¢, with
¢ ~ 0.85.

By taking into account for these transport parameters
a scaling law approach (similar to that of the Mode
Coupling Theory), we obtain that the arrested pro-
cess may be characterized by a crossover in the dy-
namical properties. In addition, we have already the
demonstration that the singularity implied by a gen-
uine structural arrest appears not to be supported by
the existing experimental data , and the VFT equa-
tion seems to lose any physical basis. We thus conclu-
sively demonstrated that this phenomenon is a general
property of all glass-forming liquids. From these con-
siderations it emerges that:

(i) The FS crossover phenomenon has a larger gen-
erality than the traditional Angell classification
of liquids into two separate classes of glass-
formers: fragile and strong;

(ii) Transport coefficients [and the isothermal com-
pressibility K (T)] show significant change of be-

havior but only near T;

(iii) The FS crossover, the appearance of the frac-
tional Stokes-Einstein violation, the Debye-
Stokes-Einstein violation, and the dynamical
heterogeneities are directly linked with T.

Thus we conclude that: (a) Ty appears to be more
relevant than T, or Ty for understanding the physics
of dynamical arrest phenomena; and (b) the univer-
sality attained in the master curves from the scaled
description of the Stokes-Einstein (SE) and of the
Debye-Stokes-Einstein (DSE) violations appears as a
“ground-breaking” reality indicating a new route to
explore arrested processes. A situation illustrated in
the Figure 1 where are represented in a log-log plot
the behaviors of the self diffusion constant and the
relaxation time as a function of the shear viscosity.
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FIG. 1. Lower inset: the onset of the breakdown of the SE
law for 9 liquids analyzed. Upper inset: the breakdown of
the DSE law for 6 liquids. In both cases the breakdowns
occur just below the corresponding crossover temperature,
identified using the power law approach. The main plot
shows a scaled representation of the fractional SE and of
the fractional DSE, lower and upper data respectively. In
both cases, for all the liquids studied, the scaling exponent
¢ takes almost the same value, ¢ = 0.85 +0.02. We note
that the onset of the breakdown of the fractional SE and
DSE takes place at the same value of viscosity, 7x ~ 103
Poise. These data demonstrate a remarkable degree of
universality in the temperature behavior of the transport
properties of supercooled liquids.
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Decoupling of viscosity from diffusive mobility in a molecular liquid, caused by
isothermal introduction of 2nm structural inhomogeneities

Kazu Ueno and C. Austen Angell*
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One of the most intensively researched aspects of
glassforming liquids is the heterogeneity that devel-
ops in their dynamic properties as temperature is de-
creased from above the melting point to deep in the
supercooled liquid state [1, 2]. Near T, the “slow”
domains have dimensions of ~ 2nm. It has been
a common belief that static structure and its fluc-
tuations are not of great importance, but this has
been questioned recently by demonstration of a struc-
tural “propensity” for mobility [3]. To support struc-
tural/enthalpic interpretation of the decoupling of dif-
fusivity from viscosity that accompanies the develop-
ment of heterogeneity [4, 5] and which leads to break-
down of the Stokes-Einstein equation, we demon-
strate, in Figure 1, that the introduction of 2nm struc-
tural inhomogeneities into a homogeneous glassformer
leads to the same two orders of magnitude decoupling
of diffusion from viscosity as is observed during the
cooling of orthoterphenyl OTP between T4, where Ar-
rhenius behavior is lost, and its T, (but mostly in the
last 30K [6] (below 1.17T}).

Our liquid is cresol which has low viscosity and in-
termediate fragility, hence has no heterogeneities of
its own. The 2nm inhomogeneities are cresol-soluble
asymmetric derivatized tetrasiloxy- based (POSS)
molecules. We measure diffusive mobility precisely
via the equivalent conductivity (Nernst-Einstein rela-
tion) and compare with viscosity. The decoupling we
report in Figure 1 is the phenomenon predicted by On-
sager in 1945 in discussing the approach to a liquid—
liquid phase separation with decreasing temperature.
In the present case the decoupling observed implies
that the 2nm lengthscale for non-mobile domains in
liquids near Ty can arise from structural fluctuations
anticipating an isocompositional liquid-liquid transi-
tion that, in fragile liquids, is hidden below T} [5].

The same phenomenon occurs in water but at much
lower viscosities because, in that case the transition
giving rise to the fluctuations occurs far above Ty,
near 220K, and it is above this temperature that the
breakdown in Stokes-Einstein behavior has been re-
ported over the years (for summary of experimental
data see [7] and of simulations see [8]). In strong

liquids the decoupling should not be observed, since
fluctuation lengthscales decrease in magnitude as T,
is approached [9].

It is worth noting that a similar decoupling can be ex-
pected as small globular proteins (diameters 2-3 nm)
are dissolved in dilute aqueous solutions or in protic
ionic liquids.

* Corresponding author: austenangell@gmail.com
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FIG. 1. Relative changes in conductivity (ion mobil-

ity) and viscosity, in relation to amount of 2 nm POSS
molecules added to solvent cresol.
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Mesoscopic natures of the anomalous viscous transport and viscoelasticity in
supercooled liquids
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The steep increase in the macroscopic viscosity near
the glass transition is a highlight of the transport
anomaly of supercooled liquids. So far, this viscosity
anomaly has been regarded as a particle-scale phe-
nomenon (simple-liquid picture): jamming of density
fluctuations with wavelengths comparable to the cage
size (~ particle size) is the essential origin of the ex-
cessive slowing down of macroscopic structural relax-
ation. However, contrary to the conventional under-
standing, here we show by three-dimensional molecu-
lar dynamics simulations, that the viscous transport
and the viscoelasticity of glass-forming liquids have far
more complicated spatio-temporal hierarchical struc-
tures in mesoscopic scales [1], similar to usual complex
liquids and soft materials [2].

(i) The wavenumber (k)-dependent shear viscosity
n(k) and the viscoelastic relaxation time 7. (k) show
distinct crossovers from their microscopic to macro-
scopic values at a characteristic wavelength, which is
comparable to the correlation length of dynamic het-
erogeneity (DH) and grows with an increase in the
degree of supercooling [Fig. 1]: At high-temperature
normal-liquid states, n(k) smoothly approaches its
macroscopic (k = 0) value with an increase in k,
already at a wavelength comparable to the parti-
cle size. This suggests that there is no important
lengthscale beyond the cage size in a normal-liquid
state. On the contrary, in supercooled states the
k-dependence of n(k) becomes more pronounced for
lower T. In a highly supercooled state, n(k) increases
almost 10* times when k decreases from the micro-
scopic to macroscopic value. This nonlocality strongly
suggests that a growing dynamic correlation domi-
nates the viscosity anomaly. To verify this, we study
a standard measure of dynamic correlation length,
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FIG. 1. (a) The k-dependence of 7 for several tempera-
tures. n(k) can be well fitted by the empirical function,
n(k =0,T)/(1 + (&(T)k)* + (A (T)k)*) (dashed curves),
where n(k = 0,T) is the macroscopic shear viscosity ob-
tained by the Green-Kubo formula. (b) &, and &4 scaled
by their values at T' = 1.15 are plotted against 1/7.
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FIG. 2. The decay of the shear stress autocorrelation
function H(k,t) = (0zy(k,t)ozy(—k,0)) for a supercooled
state. (a) is for k = (k/v2,k/+/2,0), and (b) is for
k = (k,0,0). The angular average is plotted in (c).

&4, which is the characteristic length of DH, and we
find that &, and & grow in quite a similar manner
[Fig. 1(b)].

(ii) Strongly anisotropic decay of the shear-stress au-
tocorrelation at a finite wavenumber, which indicates
intrinsic decoupling between the longitudinal and
transverse dynamics: In Fig. 2 the shear stress auto-
correlation function, H(k,t) = (04y(k,t)0qy(—k,0))
is plotted for several k’s for a supercooled state.
Here o, (k,t) is the microscopic expression of the
xy-component of the shear stress. For k =
(k/V2,k/V/2,0), 04y(k,t) is directly coupled to the
longitudinal modes. H(k,t) very slowly decays in a
time scale of the a-relaxation and nearly collapses
on a single curve for a long time (¢t 2 7,) [see Fig.
2(a)]. For k = (k,0,0), on the other hand, o,,(k,t)
is the almost purely transverse shear stress. Along
this direction, H(k,t) decays very quickly within the
[B-relaxation time scale except k = 0, while exhibit-
ing a pronounced anti-correlation [see Fig. 2(b)]. It
is worth noting that this decoupling becomes more
pronounced for a lower temperature.

These novel dynamic features, (i) and (ii), strongly
suggest a fundamental importance of a growing dy-
namic correlation which may specify the anomalous
transport properties and mechanical behaviors. Fur-
thermore, we show that the conventional mode cou-
pling theory (MCT) cannot capture our simulation re-
sults. The discrepancies may be attributed to the lack
of the essential longer-range correlation than the cage
size in the framework of MCT. Our findings should call
for a new physical picture beyond a simple mean-field
theory with the scalar density field, such as conven-
tional MCT.
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In this work we use numerical simulation data from
four atomistic glass-forming models to test the hy-
pothesis that dynamical heterogeneities near the glass
transition [1] are associated to soft (Goldstone) modes
originating in a broken continuous symmetry under
time reparametrizations t — h(t) [2-4]. We con-
struct coarse grained observables that probe the dy-
namical heterogeneity [5], decompose the fluctuations
of these observables into two transverse components
and a longitudinal component, and study the proba-
bility distributions and spatial correlations of all the
components [6]. The transverse components m; and
o are associated with fluctuating reparametrizations
of the time variable, ¢ — h,(t), i.e. the correlation
Cy(t,t,) between the state of a coarse-grained region
at two times ¢, and t takes the form Cy(t, t,) =
C(hy(t), he(tw)). The longitudinal component o con-
tains all other fluctuations [6]. We find that the trans-
verse fluctuations become dominant and correlate over
longer lengthscales than the longitudinal ones as the
system becomes more glassy, i.e. as the temperature
is lowered and the timescales are increased.

We simulated [6] an 80:20 mixture of particles inter-
acting via Lennard-Jones (LJ) potentials (dataset C),
an 80:20 mixture of particles interacting via purely re-
pulsive Weeks-Chandler-Andersen (WCA) potentials
(datasets D-H), and short (10-monomer) polymer sys-
tems interacting via either LJ potentials (dataset A)
or via WCA potentials (dataset B) . Nearest neigh-
bors along the polymer chains were held together by
FENE anharmonic spring potentials. The ratio of
the final temperature T to the Mode Coupling crit-
ical temperature T, was T /T, ~ 0.9 for datasets A-
D, T/T, = 1.10 for datasets E-F and T/T, = 1.52
for datasets G-H. For datasets F and H, the sam-
ples were in equilibrium, but for all the others they
were aging. To probe the dynamical heterogeneities,
we used the local two-time correlation Cy(t,t,) =
N7 ey, €08(a- (05 (8) — 1 (). Here r; (1) is
the position of particle j at time ¢, B, is a small coarse
graining box around the point r, the wavevector q is
chosen at the main peak of the static structure fac-
tor S(q), and the sum runs over the N(B,) particles
present in B, at the waiting time t,,. The global cor-
relation function C(¢,t,) = Calobal(t, tw), defined by
extending the average to all of the N particles in the
system, is the self part of the intermediate scattering
function. We found that the form

Ct,tw) = g (#(t) — @ (tw)), (1)

provides a good fit for the global correlation. Here g

is a stretched exponential g(f) = qga exp[—(0/60)"],
and the fitting parameters gz 4, 8 and 6y vary little
from one dataset to another. The function ¢(t) is of
the form ¢(t) = In“(t/to) for aging polymers, ¢(t) =
(t/to)® for aging particles, and ¢(t) = ¢/tg for any sys-
tem in equilibrium. We use this result to define ko, =
g O (ta, tp)], with a,b € {1,2,3}. If Eq. (1) is satis-
fied, we have kqp = @(tq) — @(tp). We can analogously
define the local quantities kapr = g1 [Cr(ta, tp)], and
extract the longitudinal component of the fluctua-

tions o, = % (K12,r + Kosr — K13,r), and the trans-
verse components my » = %(Kllg’r — Kogr) and mpy =

%(mgm + Kogr + 2K13,). Time reparametrization
fluctuations are characterized by o, = 0, i.e. they are
purely transverse. We have studied the joint prob-
ability distributions p(oy, 71y, m2,) and found that
for large enough coarse graining regions, as the dy-
namics of the system becomes slower by reducing the
temperature and increasing the observation timescales
(for aging systems), the longitudinal fluctuations be-
coming weaker than the transverse fluctuations. We
have also studied the spatial correlations of the fluctu-
ations, and we have found that that at low tempera-
tures the correlation volume for the transverse fluctu-
ations is comparable to the correlation volume for the
dynamical heterogeneities, but the correlation volume
for the longitudinal fluctuations is much smaller than
either of them.
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Slowing

down in confined melt vs. bulk
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FIG. 1. Layering effect in the monomer density (dashed
line) and chain center-of-mass density (circles) of a con-
fined 1,4-polybutadiene melt. Both curves are normalized
by the corresponding density in the bulk [4].

A nanoscopic thin film of 1,4-polybutadiene confined
between two graphite surfaces is studied using molec-
ular dynamics simulations. The polymer is described
using an united atom model [1, 2]; the crystalline sur-
face is modeled by several layers of graphite atoms
placed at their crystallographic positions [3].

Our study has shown that the confinement affects the
statics as well as the dynamics of the polymer melt
in a wide range of scales. E.g., monomer density and
chain center-of-mass density as function of distance
z from the solid surface show layering caused by the
presence of the crystalline surfaces (Fig. 1).

Dynamical properties, which we analyzed resolving by
layers, located at distance z parallel to solid wall, and
in directions parallel (zy) and perpendicular (z) to the
wall, show heterogeneity too, which are not present
in bulk. Fig. 2 shows, for example, the chain mean
square displacement, which exhibits a bulklike lateral
diffusion, whereas the interlayer exchange dynamics
(i.e., diffusion perpendicular to the surface) is signifi-
cantly slowed down due to very slow chain desorption
kinetics at solid support [4]. We discuss results of our
analysis of simulation data for the bond orientation re-
laxation C(t) = (Pa{cos[0(t)]} P2{cos[f(0)]}) (Fig. 3),
dielectric relaxation, and incoherent scattering in bulk
and confined systems. Some of the functions which
we discuss here can be accessed experimentally, e.g.,
using NMR measurements [5], dielectric spectroscopy
[6], or neutron scattering techniques [7].
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FIG. 2. Mean-square-displacement of the center-of-mass
of chains in bulk and in different film layers, in directions
parallel (zy) and perpendicular (z) to the solid wall [4].
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FIG. 3. Inhomogeneous relaxation functions for double-
bond rotation dynamics in two different layers of confined
polymer: In film center we obtain similar dynamics as in
bulk, whereas at solid wall the relaxation is slowed down
significantly, which also affects the average signal from the
whole film (as it can be measured in NMR experiments).
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Viscous properties of water
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In the fluid dynamical description of macroscopic sys-
tems the coupling of the fluid’s molecular degrees of
freedom to the hydrodynamical degrees of freedom
are usually disregarded because the former can of-
ten safely be ignored. However, this coupling does
exist [1] and recently it has been showed via molec-
ular dynamics (MD) that the coupling between the
molecular intrinsic angular momentum and the fluid
translational motion can become important on small
length scales [2]. The effect of the coupling is gov-
erned by a total of four phenomenological coefficients
for an incompressible isotropic fluid, namely, the shear
viscosity, the rotational viscosity, and the two spin vis-
cosities.

The coefficients are defined via the corresponding lin-
ear constitutive relations. Thus, for a fluid composed
of uniaxial molecules the rotational viscosity 7, is
given via [3]

f): - (V x u—28) (1)

where 1% is the vector dual of the antisymmetric part
of the pressure tensor, u is the velocity field, and €
is the angular velocity field. The rotational viscosity
thus describes the decay of the antisymmetric stress:
this process is a fast local process and originates from
molecular intrinsic angular mo- mentum relaxation.
The spin viscosities (y and (, are in general given by
the relations [4]

G= 26 (V) and Q= (VX Q) (2)

oS
Here Q is the traceless symmetric part of the couple

d
tensor and Q is the vector dual of the antisymmetric
part of the couple tensor. The spin viscosities are both
related to angular momentum diffusion. In this talk I
show MD results of the viscosity coefficients for water.

The calculated values of the viscosities are used in
the extended Navier-Stokes equations that include the
molecular details and I analyze two simple nanofluidic
flows, namely, a planar Poiseuille flow and a flow gen-
erated by a rotating electrical field, illustrated in Fig
1. It is shown that a flow driven by an external field
the coupling will reduce the flow rate significantly for
nanoscale geometries. The coupling also enables con-
version of rotational electrical energy into fluid linear
momentum and we find that in order to obtain mea-
surable flow rates the electrical field strength must be
in the order of 0.1 MV m™! and rotate with a fre-
quency of more than 100 MHz.
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FIG. 1. Illustration of flow generation using a rotating

electrical field, E(¢). The water molecules have a perma-
nent electrical dipole, here denoted pe; which is not per-
fectly aligned with the field due to thermal fluctuations.
The velocity profile is indicated by the dotted line and il-
lustrates the oppo- site flow directions as shown by the
thick black arrows.
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Short time dynamics of a medium length polyethylene melt
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FIG. 1. Normalized incoherent intermediate scattering

function for n-CigoHz202 (symbols) and the Rouse predic-
tion (solid lines) for three values of momentum transfer

The description of transport mechanisms in molec-
ular liquids is a challenging task. Especially the
mechanism of molecular self-diffusion in liquids of or-
ganic medium-chain molecules is not yet completely
understood. With time-of-flight quasielastic neutron
scattering (TOF-QENS), it is possible to get exper-
imental access to the motions on a molecular length
scale in the pico- to nanosecond time regime. In this
regime one has to assume a superposition of several
(intra)molecular motions ranging from methyl group
rotation to long-range diffusion.

It could be shown previously that the diffusion coeffi-
cients of short- and medium-chain n-alkanes measured
by TOF-QENS deviate increasingly from the long-
time long-range values determined by pulsed-field gra-
dient nuclear magnetic resonance (PFG-NMR) with
increasing chain length of the molecules and decreas-
ing temperature [1].

It has also been demonstrated by molecular dynam-
ics (MD) simulations for the n-alkane C3oHgg that in
the 1 ps time range tumbling motions of the hydro-
gen atoms dominate while small chain deformations
dominate after 20 ps [2]. By extending this work to
samples with different molecular weight and several
temperatures, we might be able to construct a com-
plete picture of short time dynamics.

The Rouse model may be considered as the standard
model for polymer chain dynamics. It is a bead-spring

model developed to describe large scale chain motions,
consisting of long range diffusion and slightly faster
dynamics. It considers a chain consisting of N freely
joint Gaussian segments in a heat bath where springs
stand for the entropic forces between the hypothetic
beads. Excluded volume effects are disregarded. The
solution of the Langevin equation results in a spec-
trum of normal modes which account for the inter-
nal motion of the chain [3]. Since the tumbling mo-
tions of hydrogen atoms in polyethylene melts at short
times are not taken into account by the Rouse model,
it should predict a too slow decay of the correlation
function in this time regime.

Our data show the contrary, where the observed dy-
namics are slower than the decay predicted by the
Rouse model. In order to test the model, TOF-QENS
experiments were performed on a polyethylene melt
(n-C100Hz02). The chains are long enough to show
gaussian chain statistics in their confirmations but are
still in the unentangled regime so that it was possible
to check the validity of the Rouse model on this time
and length scale.

Fig. 1 shows the measured intermediate scattering
function and the Rouse prediction for several values
of the momentum transfer AQ. It can clearly be seen
that the Rouse predicions lie throughout below the
measured data. Thus the Rouse model predicts a
faster decay than actually measured. Any additional
models, accounting for further motions, cannot en-
hance the description of the data.

A modified Rouse model, contributing only to the mo-
tion of lower modes (slower, large scale motion), might
allow the integration of additional terms. By combin-
ing resolution resolved TOF-QENS experiments with
MD simulations, it might be possible to identify the
motions, which occur on timescales faster than long
range diffusion.
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FIG. 1. Critical temperature T as a function of the end-
to-end radius RS, (measured at T)™).The theoretical val-
ues TMCT are compared with the simulation values TMP

By means of computer simulations and solution of
the equations of the Mode Coupling Theory (MCT),
we investigate the role of the intramolecular barriers
on several dynamic aspects of non-entangled polymers
[1]. The investigated dynamic range extends from the
caging regime characteristic of glass-formers to the re-
laxation of the chain Rouse modes. We review our
recent work [2, 3] on this question, provide new re-
sults and critically discuss the limitations of the the-
ory. Solutions of the MCT for the structural relax-
ation reproduce qualitative trends of simulations for
weak and moderate barriers, see Fig. 1. However a
progressive discrepancy is revealed as the limit of stiff
chains is approached . This disagreement does not

seem related with dynamic heterogeneities, which in-
deed are not enhanced by increasing barrier strength.
It is not connected either with the breakdown of the
convolution approximation for three-point static cor-
relations, which retains its validity for stiff chains.
These findings suggest the need of an improvement
of the MCT equations for polymer melts. Concerning
the relaxation of the chain degrees of freedom, MCT
provides a microscopic basis for time scales from chain
reorientation down to the caging regime. It rational-
izes, from first principles, the observed devations from
the Rouse model on increasing the barrier strength.
These include anomalous scaling of relaxation times,
long-time plateaux, and non-monotonous wavelength
dependence of the mode correlators.
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We investigate molecular glass formers and polymers
in confining geometry by solit state NMR and 'H
field-cycling NMR (FCNMR), respectively.

We studied the dynamics of the glass former
tricresyl phosphate (TCP) embedded in different
porous systems like MCM and SBA matrices by
2D 3P NMR. Fig. 1 (left) shows a comparison
of the reorientational correlation functions Fs(t) of
bulk TCP and of TCP in confinement of pores with
different sizes. In the smallest confinement (r = 3.61
nm), an interpolation with a Kohlrausch function,
as it is possible in the case of bulk TCP (50 nm
pores), is not appropriate. In order to describe the
decay curves we assume that a spatially varying
correlation time is present in the pores: the closer the
molecules are to the walls of the cylindrical pores the
slower are the dynamics. The decay curves are then
calculated by a superposition of Kohlrausch functions
with the weight of the corresponding cylinder shell.
The needed “distance law” for the correlation time
has been taken as the fit function. Fig. 1 (right)
demonstrates the result for the spatial dependence
of the correlation time for different temperatures (r
= 7.25 nm pores) and for different pore sizes (T =
224 K). While at high temperature the slowing-down
of the correlation time does not penetrate much into
the liquid, this effect is much stronger at low temper-
atures. 2D 3'P NMR spectra, however, indicate that
the scenario of completely heterogeneous dynamics
does not strictly hold.
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FIG. 1. Orientational correlation function for bulk TCP
and in confinement of different pore sizes; solid-line: model
interpolation for different pore sizes with a single “distance
law” (cf. right). (right): correlation times as a function
of the distance (“distance law”) from the pore centre for
different temperatures and pore sizes [1].

Regarding polymers in confinement of anodic alu-
minum oxide (AAO) we applied FCNMR relaxom-
etry which allows probing both local and collective
polymer dynamics by measuring the dispersion of the
spin-lattice relaxation time Tj(w). Previous work
by Fatkullin et al. [2] state that for pore sizes

even much larger than the polymer radius of gyra-
tion a strong confinement effect exists which they call
“corset effect”. Chain dynamics as predicted by the
tube/reptation model are observed for polyethylene
oxide (PEO) confined in a porous solid methacrylate
matrix (SMM) (Fig. 2). The effect emerges for molec-
ular weights below and above the critical molecular
weight M, and is independent from the pore diame-
ter.
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FIG. 2. Ti(w) as measured by FCNMR [2] of bulk PEO
(upper curves) and confined in SMM (lower curves) for
pore diameters of 8nm, 13nm, 21nm, 33nm and 58nm at
358K.

Studying polybutadiene (Pb) in AAO channels (Fig.
3 (left)) with diameters of 60nm and 20nm, we find
no significant difference between bulk and confined Pb
except a shift in the glass transition temperature 7,
(Fig. 3 (right)). There is no indication for a corset

effect.
v 6
o=~ Pb11K bulk Pb87k in 20nm,
10« PbB7K bulk *— Pb87K bulk
P +u +- Pb87K in 60nm
—#—Pb23K in 60nm - P . Pb87K in 20nm |
10" b+~ Pb87K in 60nm . s "
- 4~ Pb11K in 60nm Q) W, *
= 3 Oy "
o, . ey S = ‘+ +
0ty . B 18 .
P T~ T=303K s
104 v " ‘.z " ‘D L <2 2L N N N N
10 10 10 10 200 240 280 320 360 400
v [MHz] TIK]
FIG. 3. Ti(w) of bulk Pb (M,=87KDa, 23KDa and

11KDa) and infiltrated in 20nm and 60nm pores. The
lines represent the power laws predicted by tube/reptation
(T) o v*/*) and renormalized Rouse theory (T} o v*/3).
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By means of computer simualtions, we investigate the
segmental dynamics in the lamellar phase of a simple
bead-spring model of diblock copolymers. We char-
acterize dynamic heterogeneity in mean squared dis-
placements and bond reorientations. This is done as
a function of the position of the monomers along the
chain and of the distance to the nearest interface be-
tween consecutive domains. Both characterizations of
dynamic heterogeneity reveal moderate gradients of
mobility in the investigated temperature range, which
qualitatively probes time scales up to 100 ns. Thus,
the obtained distribution of relaxation times spreads

1072, 20080 San Sebastidn, Spain.

over less than a decade. However extrapolation of
the former analysis to lower temperatures suggest an
increasing spread over several time decades. Appar-
ently, the observed dynamic heterogenity cannot be
explained by invoking gradients of density over the
domains. Indeed such gradients are absent and the
local density in the domains is, within statistics, iden-
tical to that of the corresponding homopolymers.
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Unusual dynamics of polymer grafted nanoparticles
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Soft colloids have been widely studied over the past
few years due to their interesting structural and dy-
namical phase behavior [1-7]. Block copolymer mi-
celles [3] , star polymers [4-6], microgel particles [1, 2]
constitute few examples of such materials which have
been extensively studied. However, hybrid nanopar-
ticles [7-10] having an inorganic core and organic
or polymeric shell, which also belong to the same
class of materials, have not received as much atten-
tion. Recent effort [7, 8] has focused on understand-
ing the conformation of the grafted polymer chains
as a function of various parameters like grafting den-
sity or chain length etc. However, no effort has been
made in understanding their dynamics, especially for
concentrated solutions or melts where these hybrid
nanostructures are expected to form gel, glass or crys-
talline phases. Here we present results of temper-
ature and wave vector dependent dynamics in such
hybrid nanoparticles. The results presented here are
based on hybrid particles with core of gold nanoparti-
cles and corona of thiol terminated polystyrene (PST)
syntesised by a method described earlier [9, 10]. Both
the core size as well as the grafting density of PST
chains on the gold surface were varied to obtain hybrid
particles with various sizes. Binary mixtures of two
such hybrid particles, having different sizes, were pre-
pared by mixing them in tetrahydrofuran solutions.
X-ray photon Correlation Spectroscopy (XPCS) mea-
surements, on these samples, were performed at the
Advanced Photon Source in Argonne National Labo-
ratory at the 8 - ID beam line with monochromatic x
- rays of energy 7.35 KeV.

In Fig. 1 (a) we summarise the behaviour of relax-
ation time 7 with functionality, f as extracted from
the intermediate scattering function measured using
XPCS. Since no theoretical or experimental data is
available for the variation of structural relaxation time
of nanoparticle grafted polymer chain with functional-
ity, we have compared the data with that available for
star polymers. Contrary to expectation based on data
from star polymer melts [11] we find non-monotonic
dependence of 7 on f. Clearly, there seems to be a
cross-over in the behavior of relaxation time 7 above
a certain value of f. Thus the dynamics of our hybrid
nanoparticles in the high f regime seems to resemble
that of polymer core colloidal melt [11] but the low f
(f < 100) regime shows anomalous behavior.

In Fig. 1(b) we also display the dependence of relax-
ation time 7 as a function of ¢, for the binary mix-
ture samples. This behavior is very reminiscent of
glass melting and re-vitrification for binary mixtures

of colloids and polymers in solution [12]. However,
in such cases the volume fraction of added polymer
for glass melting is much higher than what we ob-
serve here. Further, the size ratio (size of polymer
compared to colloid), §, at which such behavior has
been observed is also much smaller than the case of
our hybrid nanoparticles. The observed behaviour is
explained in terms of the subtle interplay between the
soft repulsion between grafted chains and the van der
Waals attraction between the inorganic gold cores.
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FIG. 1. (a) 7 vs f for polymer grafted nanoparticles and
(b) 7 vs volume fraction, ¢ for their binary mixtures. In (a)
squares represent data collected at 100°C and uptriangle
for data collected at 115 °C for ¢ = 0.03 A= . In panel
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Thermodynamic scaling in viscous systems has been
intensively studied for last years in search of a proper
relation between thermodynamics, dynamics, and ef-
fective intermolecular interactions, which would be
able to explain prior observations that some dynamic
quantities x such as primary relaxation time 7 and
viscosity 7, mainly collected for van der Waals liquids
and polymers near the glass transition, can be plotted
onto one master curve in terms of a general equation

log,o(z) = J(I') with T = T~ o~ (1)

where T and v are temperature and specific volume,
and the scaling exponent + is a material constant inde-
pendent of thermodynamic conditions. This subject is
hotly debated and its theoretical grounds is still under
discussion. Usually, an approximation of the general-
ized Lennard-Jones potential, whose dominant part is
a repulsive inverse power law (IPL) term oc 7~ 371rL
is suggested to be responsible for the thermodynamic
scaling. According to this interpretation, we have
found [1] an isothermal equation of state (EOS),

Vo v con con
()" =1+ (pf = p5) )

which is derived from such a potential, i.e., Yygos ~
vrpr- This EOS valid for the low compressibility
region describes the scaled specific volume as a lin-
ear function of the configurational pressure p°™/,
using the isothermal configurational bulk modulus
By (p™) at a chosen reference state pi” =
™ (vg) = po— RT/(Muvg) where vg = v(po), R is the
gas constant and M is molar mass of the system. Sim-
ilar EOS can be also derived for non-configurational
quantities from the definition of the isothermal bulk
modulus Br(pg). Both the EOSs result [1] in very
well fits of PVT experimental data and lead them to
scale with ygos > v (that enables to scale dynamic
quantities in terms of Eq. (1)). Another discrepancy
has been also known. Although the thermodynami-
cally defined Griineisen constant ¢ is identified with
~ according to a very promising temperature-volume
version of the entropic Avramov model suggested by
Casalini et al. [2], it follows from experimental data
that 7¢ < . We found [3, 4] that a progress in
this field can be achieved by a reasonable modification
of one assumption of the model, replacing a constant
maximal energy barrier E,,,, with its volume scaled
counterpart F,, .. & (vo/v)¥295. Then, for instance,
primary relaxation times can be described as follows

YEOS
B (™)

A D
1 =1 —
0810 T 0810 7o + (TU’7> (3)

with v = v¢ + veos/D (4)
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FIG. 1. The upper panel shows a succesful fit of PVT data
for PDE to a non-configurational isobaric counterpart of
Eq. (2). The scaling of the specific volume in terms of this
equation is presented in the lower panel.

where 79, A, D, and ~ are fitting parameters. The
latter relation can be verified by fitting PVT data to
Eq. (2) and calculating ¢ from heat capacity and
PVT data. In this way we have very successfully
tested it for supercooled van der Waals liquids [3], and
even for one ionic liquid [4]. Eq. (4) seems to be mean-
ingful to the thermodynamic scaling theory under con-
struction, because it provides a linkage between the
scalings of specific volume and dynamic quantities.

Next, some latest findings will be shown at the Work-
shop, i.e., equations of state, based on Eq. (2) and its
non-configurational counterpart, which can scale both
isobaric and isothermal PVT data (see in Fig. 1). Fi-
nally, a very intriguing observation will be reported:
an unknown until recently scaling of the activation
volume v (P) = RT(dint/OP)r in terms of an
equation analogous to Eq. (2). The quantity is a very
useful parameter to characterize relaxation processes
in glass-forming liquids. Thus, its scaling can give a
new insight into the thermodynamic scaling idea.
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commonly observed in the whole family of the saccharides.
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FIG. 1. No sign of y-relaxation in the 1,6-anhydro-glucose.

Broadband dielectric relaxation studies were per-
formed on a D-glucose and an 1,6-anhydro-D-glucose.
In the liquid phase of both systems, one can observe
structural relaxation processes. In the glassy phase of
the former system, two secondary relaxations can be
seen. The slower one, hardly detectable in the loss
spectra, was identified as the Johari-Goldstein type
(JG) relaxation. On the other hand, the y-relaxation
is visible as pronounced peak. Origin of this process
was a subject of hot debate. Different authors spec-
ulated about origin of this relaxation, but no consen-
sus was reached. Moreover, application of so sophis-
ticated method such as NMR and MD simulations

Uniwersytecka 4, 40-007 Katowice, Poland

[1, 2] have not resolved this problem. Comparison of
the dielectric loss spectra measured for the D-glucose
and the 1,6-anhydro-D-glucose, together with other
experimental findings coming form NMR or acousti-
cal studies enabled us to certify unquestionably, that
the rotation of hydroxymethyl group is the origin of
~-relaxation in D-glucose. Since this relaxation is ob-
served in the whole family of saccharides [3] we can
be sure that our research will be very helpful in un-
derstanding molecular dynamics of oligo or polysac-
charides, which are materials of high practical impor-
tance.
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Removal of hydrogen-bond-induced clusters in m-fluoroaniline by mixing with
aromatic compounds: emergence of genuine Johari-Goldstein relaxation
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The dielectric loss spectra of the glass former, m-
fluoroaniline (m-FA) show up, at higher frequencies
than the structural relaxation, a faster resolved sec-
ondary relaxation. In the past this secondary relax-
ation was identified in the literature as the universal
Johari-Goldstein (JG) S-relaxation [1]. The JG re-
laxation involves essentially all parts of the molecule
and has certain specific characteristics [2] including
a strong correlation with the structural relaxation
timescale on a wide range of pressure and temper-
ature variations. Actually, dielectric studies carried
out on m-FA at moderate [3] and high [4] pressure
show, respectively, a peculiar aging behavior and sig-
nificant changes in the dielectric spectra. In partic-
ular, in glasses obtained at very high pressure and
high temperature, the secondary relaxation observed
at ambient pressure in m-FA is suppressed, and a
new secondary relaxation emerges with properties of
a genuine JG relaxation like in toluene [4]. The
guess that comes from these results is that the sec-
ondary relaxation observed in m-FA at ambient pres-
sure could originate from some internal processes in
the hydrogen-bond-induced clusters. In fact, pub-
lished elastic neutron scattering and simulation data
[5] showed clearly the presence of hydrogen-bond-
induced clusters of limited size in m-FA at low pres-
sure and temperature as a pre-peak in the static struc-
ture factor S(Q). The intensity of the pre-peak al-
most vanishes at high temperature and it is weakly
affected by pressure. In the range of very high pres-
sure and temperature these clusters are suppressed.
The aim of our study was to validate that hypoth-
esis using a different way to suppress the hydrogen-
bond-induced clusters in m-FA: mixing it with aro-
matic compounds, in particular with m-xylene (m-X).
In fact, variable shape variable size Monte Carlo sim-
ulations in isothermal-isobaric ensemble were carried
out for pure and mixed solutions of m-FA and m-X in
ambient condition. Except for pure m-X system, in
all other systems we observed a pre-peak in the cen-
ter of mass distribution function and structure factor,
which we attribute to intermolecular hydrogen bond-
ing. The intensity of this peak decreases with decrease
in concentration of m-FA which suggests a similar de-
creasing of the population of intermolecular hydrogen
bonded pairs. Vibrational spectra from infrared spec-
troscopy also confirmed that the N-H stretching was
considerably changed at low m-FA molar fraction.

We performed broadband dielectric spectroscopy on
(m-FA);_,(m-X), mixtures at different molar fraction
x spanning all the supercooled and glassy temperature
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FIG. 1. Relaxation map for a- and - relaxation times
(filled and open symbols respectively) in binary mixtures
of m-FA and m-X. Inset shows a comparison of dielectric
losses for different mixtures at T=139 K in the glassy state.

range. As in the case of high pressure experiment, the
main result was a complete suppression of the sec-
ondary relaxation observed in m-FA, substituted al-
ready at x=0.75 m-X molar fraction by a slower pro-
cess with higher activation energy, with characteristics
of the universal JG S-relaxation (see Fig.1).
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Identification the origins of non-JG secondary modes. Conformational
interconversion as JG secondary mode.
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FIG. 1. Classification of secondary modes proposed by our
group. It includes unique large JG-like interconversions.

Secondary modes can be divided into two groups. To
the first one belong processes related to rotations and
short-range translation of molecule which is entrapped
in the cage created by its neighbors. This type of
movements is called Johari-Goldstein. To the second
group belong all processes which cannot be classified
as Johari-Goldstein. These processes are called non-
Johari-Goldstein. Non-JG processes were intensively
studied in our group. We found, that every relax-
ation process which is classified as non-JG is in fact
change of conformation. All conformational intercon-
versions in studied molecules were connected with the
certain relaxation modes by comparison of experimen-
tal activation energy with the one obtained from den-
sity functional theory (DFT) calculations. It is sim-
ple method to identify origin of the non-JG secondary
mode. During our studies we found in few compounds

Uniwersytecka 4, 40-007 Katowice, Poland

interconversions, in which large parts of molecules are
involved. These interconversions are such space de-
manding that they have positive activation volume.
Therefore, molecules interact with sorroundings while
they are changing their conformation. In such sce-
nario they should be classified rather as JG, how-
ever they are not universal. Such type of movement
doesn’t exist in small and rigid molecules. This is ex-
plained in the scheme presented in the abstract (fig.1).
We have already studied such molecules as D-glucose
[1], maltose [2], perhydroisoquinoline [3], tetralone,
glibenclamide, glimepiride, butyl phthalate, isobutyl
phthalate and few more. Some of the data are not yet
published.
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Temperature-independent decoupling between the characteristic time scales of
five independent linear response functions
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The temperature dependence of the characteristic
time scale of the structural relaxation is a major pa-
rameter characterizing viscous liquids. However, it is
not possible to assign one unique time scale, as this
depends on the type of response that is analyzed.

We have in the Roskilde group developed a num-
ber of techniques allowing for measuring a number of
complex frequency- or time-dependent linear response
functions on very viscous liquids close to the glass
transition temperature: The shear modulus (G(v))
[1], the adiabatic bulk modulus (Kg(v)) [2] [which can
be inverted to give the complex frequency-dependent
adiabatic compressibility (kg(v))], the longitudinal
thermal expansion coefficient (a;(t)) [3], the longitudi-
nal specific heat [4] (¢;(v)), and the dielectric constant
(e(v)). All techniques utilize the same custom-built
cryostat [5] and electronics setup [6].

In this work [7] we compare the characteristic
time scales from these methods for two molecular
glass-formers the silicone oil Tetramethyltetraphenyl-
trisiloxane (the Dow Corning diffusion pump oil
DC704) and Polyphenylether (Santovac®?5 Diffusion
Pump Fluid). Fig. 1 shows the characteristic time
scales as function of temperature, covering in total 9
decades in time scales.

Three major observations are discussed:

First,: the data establish a “time scale order” for
the response functions:

Ta < Tk < Trg < Te < Toy < Tey- (1)

Secondly,: it is surprisingly observed that the time
scales follow each other closely as function as
temperature, that is:

= Constant, 4 (2)

for any pair of the observed response functions.

Third,: we evaluated the temperature dependency of
the spectral shape for e(v), G(v), Ks(v), a;(t),
and found that the shape of these response func-
tions to a very good approximation is tempera-
ture independent (we speculate that all the mea-
sured response functions have similar behavior).

The consequences of the specific choice of thermo-
mechanical boundary conditions on the time scale are

discussed. Based on information on the absolute levels
of the response functions [8] we discuss the time scales
for the more well-known response functions, cp(v),
ap(v), and Kr(v).

To summarize, we show that these two liquids have a
surprisingly simple behavior, with time scales follow-
ing each other closely and temperature independent
shapes of their linear response functions.

The center for viscous liquid dynamics “Glass and
Time” is sponsored by the Danish National Research
Foundation.

* Corresponding author: boj@ruc.dk

[1] T. Christensen and N. B. Olsen, Rev. Sci. Instrum. 66,
5019 (1995).

[2] T. Christensen and N. B. Olsen, Phy. Rev. B 49, 15396
(1994).

3] K. Niss, N. B. Olsen, and J. C. Dyre, In preparation.

[4] T. Christensen and J. C. Dyre, Phys. Rev. E 78,
021501 (2008); B. Jakobsen, N. B. Olsen, and T. Chris-
tensen, Phys. Rev. E 81, 061505 (2010).

[5] B. Igarashi, T. Christensen, E. H. Larsen, N. B. Olsen,
I. H. Pedersen, T. Rasmussen, and J. C. Dyre, Rev.
Sci. Instrum. 79, 045105 (2008).

[6] B. Igarashi, T. Christensen, E. H. Larsen, N. B. Olsen,
I. H. Pedersen, T. Rasmussen, and J. C. Dyre, Rev.
Sci. Instrum. 79, 045106 (2008).

[7] B. Jakobsen, T. Hecksher, K. Niss, T. Christensen,
N. B. Olsen, and J. C. Dyre, In preparation.

[8] D. Gundermann, U. R. Pedersen, T. Hecksher, et al.,
In preparation.

109,,(9) [s]

_305 210 215 220 225 230
T[K]

FIG. 1. Characteristic time scales (defined from loss-peak
positions) as function of temperature for the six response
functions of Tetramethyltetraphenyltrisiloxane (DC704).
The line is a fit of the dielectric data to an Avramov func-
tion (7(T) = Toexp (B/T")), used for extrapolation of the
dielectric data to low temperatures.
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FIG. 1. Relaxation time (7 = 1/wmaaz) as a function of (a)
density and (b) p7/T for DC704. v = 6.1

We present the first experimental test of an impor-
tant prediction for strongly correlating liquids [1],
namely that the density scaling exponent may be
calculated from equilibrium fluctuations at a sin-
gle state point as showed in computer simulations
[2, 3]. The equilibrium fluctuations are probed via the
fluctuation- dissipation theorem, which relates linear-
response functions to fluctuations. The experiments
were performed on a van der Waals bonded and stable
glass-forming liquid DC704 (tetramethyltetraphenyl-
trisiloxane). Fig. 1 shows scaled and unscaled dielec-
tric data for DC704 (vscare = 6.1) and Fig. 2 shows
examples of the measured frequency dependent vis-
coelastic response functions. The table shows the cal-
culated v together with yscq;e Obtained from density
scaling (Fig. 1):

Hﬁ%ll
mn 1.2
R 0.92
v 6.2+2

Vscate 6.1 4 0.2

We find that for DC704 the prediction for the den-
sity scaling exponent obtained from linear-response
data taken at a single state point, v = 6.2 £ 2,
is in good agreement with the exponent found from
density scaling of the dielectric data, Yseqre = 6.1
(Fig. 1(b)). The large uncertainty on + reflects the
fact that measuring the absolute values of the fre-
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FIG. 2. Examples of the frequency-dependent data, from
top: shear modulus G(w), adiabatic bulk modulus K, (w),
longitudinal expansion coefficient, a;(w) and the longitu-
dinal heat capacity ¢;(w). Imaginary parts of K,(w) and
c1(w) have been multiplied by a factor of 5.

quency dependent thermo-mechanical response func-
tions is still very challenging.

Finally we show that the correlation coefficient is
given by the linear P-D ratio [4] and show that a
compilation of literature data on classical P-D ratios
supports the general conjecture that van der Waals
bonded liquids are strongly correlating, and hence
constitute a class of simple liquids.
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FIG. 1. Sketch of the experimental setup. An NTC-bead
in the lower capacitor-plate measured the temperature. It
is connected to a temperature-control system which con-
trols the heating and cooling done by the Peltier element.
The whole setup i placed in our main cryostat. (Figure
taken from [2].)
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Glass-forming liquids are viscoelastic close to the
glass-transition and all the thermodynamic response
functions are therefore dynamic. That is the response
is time (or equivalently frequency) dependent): at
short times the response is solid-like but it is liquid-
like at long time. While this is well known, and while
it is clear that both the temperature dependence of the
relaxation time and the absolute level of these quan-
tities play a central role for understanding the viscous
liquids, data is very scarce in literature.

Here we present data on the dynamical expansion co-
efficient «(t) for a glass-forming liquid in the ultra vis-
cous range. The experiment is performed on a novel
home-build setup which follows the principle suggest
by Bauer [1]. The dynamical range has been extended
by making time domain experiments, and by making
very small and fast temperature steps. The modelling
of the experiment has moreover been developed.

The principle of the experiment is to make an “instan-
taneous” temperature step and then to measure the
capacitance at a fixed frequency as a function of time.
From the capacitance we calculate the time-dependent
expansion coefficient. The actual time of a temper-
ature step is 10 s. In order for this to be “instanta-
neous” compared to the timescale of the liquid dynam-
ics, the relaxation time needs to be 100 s or preferable
longer. To obtain a linear response the temperature
steps need to be very small, because the relaxation
time is extremely temperature dependent. This also
means that the change in volume and thereby measure
capacitance is very small, the relative changes are in
capacitance dC/C are in the order of magnitude 10~%.
The fast temperature step and the required long time
temperature stability is achieved by using our micro-
regulator which changes temperature on a time scale
of a few seconds and keeps fluctuations below 100uK

[2, 3]. The setup is illustrated in Fig. 1.

AC, . (¢
We measure L €m0

o dar and show that this is propor-
tional to «(t) with a proportionality constant that de-
pends on €., and the degree of filling of the capaci-
tor, f, but not on the geometrical capacitance or the
distance between the plates. The principle and the
idea follows the derivations shown in Ref. 1, but we
moreover consider the situation where the capacitor
is not full because the liquid contracts when cooling
from room temperature down to around T (which is
typically around 200 K for molecular liquids).

Data is presented on the molecular glass-former
Tetramethyltetraphenyltrisiloxane (DC704). The
data are shown in Fig. 2. We find that the relaxation
obeys TTS and that the temperature dependence of
the relaxation time follows the same behavior as the
dielectric relaxation. The absolute value of the expan-
sion coefficient is used in combination with other data
to determine the linear Prigogine-Defay ratio.

This work was supported by the Danish National Re-
search Foundation’s DNRF center for viscous liquid
dynamics “Glass and Time”.
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FIG. 2. Time dependent linear thermal expansion coeffi-
cient of Tetramethyltetraphenyltrisiloxane (DC704). The
black lines are data and the colored lines are fits.
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Investigation of infinite frequency shear and bulk moduli on strongly correlating
liquids

Lasse Bghling® and Thomas B. Schrgder
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Roskilde University, P.O. box 260, DK-4000 Roskilde Denmark

It has recently been suggested that the high fre-
quency shear moduli expressed in reduced units is an
isomorph invariant for strongly correlating liquids[1]
and no prediction has been proposed for the bulk
moduli[2]. Here we investigate the invariance of the
moduli on an isomorph. From computer simulations
it is possible to calculate the high frequency limit of
the shear and bulk moduli from the radial distribu-
tion function[3]. The moduli has been examined for
the strongly correlating generalized Lennard-Jones
potential. The shear moduli is to a certain approxi-
mation invariant on an isomorph. The bulk moduli
is equally invariant, but the origin of this is different
from the shear moduli.

Furthermore a prediction for the shear and bulk mod-

uli, using Rosenfeld Tarazona scaling[4], on a isochore
is presented.

The center for viscous liquid dynamics “Glass and
Time” is sponsored by the Danish National Research
Foundation (DNRF).
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Recent work has demonstrated that a class of model
liquids exhibit certain scaling properties normally
associated with systems which interact via inverse
power-law (IPL) potentials[1-6]. These include (1)
strong correlation between instantaneous potential en-
ergy U and virial W under conditions of fixed volume;
(2) “density-scaling” of structure and dynamics, that
is to say that all structural and dynamical properties,
when expressed in appropriate “reduced units”, de-
pend only on the combination I' = p7/T, where 7 is
the slope in the W, U plot[3]; (3) jumps made along
curves of constant I' bring the system immediately to
equilibrium without any relaxation, even though the
relaxation time may be large[4, 5]. The above state-
ments are exactly true for systems interacting with
an IPL potential v(r) = A/r"™, where the exponent n
determines v = n/3. What has newly been appreci-
ated is that Lennard-Jones (LJ)-like systems exhibit
the same properties. The explanation can be traced
to the fact that the LJ potential is well approximated
by an extended IPL (eIPL)—an IPL with exponent
n ~ 18 plus a linear term which fluctuates little at
fixed volume and therefore has little effect on struc-
ture or dynamics[2].

The observed slope v in the W, U plot is state-point
dependent, so one cannot expect to be able to look at
the LJ potential and figure out exactly what the ef-
fective IPL exponent should be. It has generally been
assumed to be 3, that is, given by looking at the fluc-
tuations in U and W[7]. It is of interest to see if this
matches the “thermodynamically optimal” exponent.
In the present work we use methods of liquid-state
perturbation theory to provide a variational estimate
of the effective IPL exponent. That is we use the IPL
potential to define reference system. It is well-known
that the following inequality is strictly valid:

Fry < Frpr + (AU)rpL (1)

where F represents the Helmholtz free energy, and the
last term is the expectation value of the difference in
potential energy between the LJ system and the IPL
system. Since the right hand side depends on the IPL
parameters A and n, minimizing the right hand side
with respect to them provides the thermodynamically
optimal choice.

Our initial attempts involved using standard analyti-
cal techniques for approximating the structure of the
reference system by use of mapping to an equivalent
hard-sphere system. This approach turned out not
to be sufficiently accurate, despite using recent for-
mulations of the hard-sphere radial distribution func-
tion and equation of state, due to the accuracy of the
mapping from hard to soft systems being systemati-
cally worse as n decreases. Instead all reference free-
energies were calculated by simulation with a precision
better than 0.002 (LJ units). This allowed us to find
the optimal A and n as a function of state point (p,
T) and compare with the exponent determined from
the fluctuations i.e., 3. Results will be presented for
the single-component LJ fluid as well as for the Kob-
Andersen binary LJ system which is a good model of
a glass-forming liquid.

The centre for viscous liquid dynamics “Glass and
Time” is sponsored by the Danish National Research
Foundation (DNRF).
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NVU dynamics: Replacing Newton’s 2nd law with Newton’s 1st law

Trond S. Ingebrigtsen,* Sgren Toxvaerd, Thomas B. Schrgder, and Jeppe C. Dyre

DNRF Centre “Glass and Time”, IMFUFA, Department of Sciences, Roskilde University, Denmark

This abstract considers geodesic motion on the con-
stant potential energy hypersurface, €2, defined by

Q = {(r1,...,rn) € R¥N|U(ry,....,ey) = Up}. (1)

U(ry,...,ry) is the potential energy function of the
system. The geodesic motion defines a molecular dy-
namics entitled NVU dynamics [1, 2]. Geodesic curves
are well known in mathematics: on a sphere they are
the great circles. The geodesic curves on 2 are defined
via

5/dl:0, 2)

where dl is the infinitesimal distance measure on 2.

NVU dynamics considers only the configuration space
with equal probability (and potential energy) for all
points on 2. NVU dynamics thus invites to a dif-
ferent view on the dynamics of a classical mechanical
system, than provided by for instance the potential
energy landscape.

From Eq. (2) we derived a discrete algorithm for trac-
ing out geodesic curves on Q [1]. The corresponding
algorithm is very similar to the well-known Verlet al-
gorithm and has the same excellent stability. The dis-
crete NVU algorithm is

2F; - (R; — Ri—1)

Rit1 =2R;, —Ri_1 + F2

Fi. (3)

In this paper [2] NVU dynamics is compared to dif-
ferent dynamics, stochastic as well as deterministic, in
the viscous regime for the Kob-Andersen (KA) binary
Lennard Jones mixture [3]. Amongst these dynam-
ics is the standard energy conserving NVE dynamics
given by Newton’s 2nd law (Verlet algorithm). Se-
lected results from this comparison are given in Fig.
(1) and (2).
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FIG. 1. The mean-square displacement at p = 1.2 and T' =
2.0, 0.80, 0.60, 0.50, 0.44, 0.42 and 0.405 (left to right) for
the KA binary mixture. The NVE dynamics is given by
filled black circles and the NVU dynamics as red crosses.
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FIG. 2. The incoherent intermediate scattering function
at p = 1.2 and T = 2.0, 0.80, 0.60, 0.50, 0.44, 0.42 and
0.405 (left to right) for the KA binary mixture. The NVE
dynamics is given by filled black circles and the NVU dy-
namics as red crosses.

NVU and NVE dynamics are not identical, but the
two dynamics are seen to agree very well — one may
say that they are equivalent. This equivalence can
futhermore be justified from the discrete algorithm
given in Eq. (3) or from Hamilton’s principle in the
thermodynamic limit.

The centre for viscous liquid dynamics “Glass and
Time” is sponsored by the Danish National Research
Foundation (DNRF).
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Theory of isomorphs: applications to generalized Lennard-Jones liquids
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FIG. 1. Upper panel: Invariance of the inchoherent inter-
mediate scattering function on an isomorph. State points
on isomorph chosen to keep S°* constant. Lower panel:
Corresponing isotherm with sligthly less density change.

The theory of isomorphs in liquids is derived[1] from
a single assumption: Two state points (p1,77) and
(p2, To) are defined to be isomorphic if they obey the
following: Any two physically relevant configurations
(rgl)7 ey r%)) and (rg2)7 ey rg\Q,)) that trivially scale into
one another,

1/31.1(_1) _ p;/3r2(_2)

P (i=1,..N), (1)

have proportional configurational Boltzmann weights:

(1) (1) (2) (2)
e—U(r1 et N )/ kBT _ C12€_U(r1 TN )/k?BTz. (2)

Here U(ry, ..., ry) is the potential energy function and
(12 depends only on the two state points.

Only IPL liquids have exact isomorphs, but it can
be shown [1] that “strongly correlating liquids” (with
strong correlations between potential energy U(t) and
virial W (¢) in NVT simulations [2]) to a good approx-
imation have isomorphs.

From Eq. (2) a number of properties can be derived
[1], e.g., the excess entropy S°* and heat capacity C{*
are invariant on an isomorph (curve in the state di-
agram along which all state points are isomorphic).
Furthermore, both structure and dynamics (Fig. 1)
are isomorphic invariant (in the proper reduced units).

For multi-component generalized Lennard-Jones (LJ)
systems further properties can be derived [3]. The pre-
dicted shape of isomorphs in the WU phase diagram
is in execllent agreement with simulations, see Fig 2.
Shapes only depend on the LJ exponents, thus all iso-
morphs of all standard LJ systems (with exponents 12
and 6) are identical - and can be scaled onto to a sin-
gle curve (Fig. 2). Building on the isomorph theory,
an equation of state is derived [3] for generalized LJ
systems.

The center for viscous liquid dynamics “Glass and
Time” is sponsored by the Danish National Research
Foundation (DNRF).
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FIG. 2. Upper panel: Isomorphs in the WU phase diagram
for three different 12-6 LJ systems, Points: simulations,
Lines: isomorph prediction. Lower panel: Same isomorphs
scaled onto the “master isomorph”.
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Relation between the shear fluctuation spectrum and the dielectric fluctuation
spectrum in highly viscous liquids

U. Buchenau™*

Institut fir Festkorperforschung, Forschungszentrum Jilich,
Postfach 1918, D-52425 Jilich, Federal Republic of Germany

A promising approach for the study of the flow process
in highly viscous liquids is its comparison in different
techniques. One usually finds the dielectric absorp-
tion peak close to the heat capacity one, but the shear
modulus peak about half a decade higher in frequency
[1]. In a broad distribution of relaxation times, a mod-
ulus peak always appears at a higher frequency than
a susceptibility (compliance) peak. The question is
whether this explains the faster shear peak.

In order to answer this question, one has to extract a
susceptibility out of the shear modulus G(w). There
are two equivalent textbook descriptions of the shear
spectrum of a liquid [2], a relaxation spectrum H(7)
for the description of the complex shear modulus G(w)
(7 relaxation time)

* H(r)iwT

Glw) = 1+ wwr

dInt (1)

— 00

and a retardation spectrum L(7) for the description
of the complex shear compliance

1 * L(T) i

Here G is the infinite frequency shear modulus and
71 is the viscosity. A third material constant hidden
in this equation is the recoverable compliance J?, the
elastic compliance plus the integral over the retarda-
tion processes

J) = é +/ L(7)d InT. (3)

Eq. (2) makes a separation of two independent contri-
butions to the compliance, the retardation spectrum
and the viscosity. From our gradually growing under-
standing of the highly viscous liquid, we know that
both parts must come from thermally activated transi-
tions between inherent states, stable structures corre-
sponding to minima of the potential energy landscape.
The retardation spectrum is due to back-jumps into
the initial inherent state, the viscosity is due to the
no-return jumps. The retardation description sepa-
rates these two influences, the relaxation description
does not.

It is interesting to consider a liquid with no back-jump
preference. For a stationary flow in such a liquid, the
removal of the constant shear stress would only result
in the immediate recoverable compliance 1/G. After-
ward, there would be no reason for a further back-flow.

There would be no retardation spectrum, the Maxwell
time 7y = 1n/G would be the only relaxation time and
GJ? = 1. The consideration shows that the stretching
observed universally in experiment is due to the back-
jump preference, a fact that has never been clearly
stated before.

In a real liquid, one finds an extremely broad spec-
trum of relaxation times and measured values of G.J?
of the order of three. Numerical simulations also find
a large back-jump probability for the thermally acti-
vated transitions between the inherent states. Thus it
is always possible to define a normalized shear retar-
dation susceptibility xs.

G < L(1)
Xor(w) = GJ? -1 /Oo 1+iw7‘d r. (4

Xsr 18 normalized with respect to the compliance step;
the function begins with the value 1 at low frequency
and ends with 0 at high frequency.

With J(w) = 1/G(w) and eq. (2), one can translate
eq. (4) to

1 G i
Xor(w) = GJ? -1 (G(w) —h wTM) - )

One can argue that this susceptibility should equal
the normalized x. describing the decay of the electric
dipole moment of the sample. The no-return tran-
sitions of the viscosity should assist the decay in a
similar way in both cases. However, this is just a
plausibility argument and no proof. The proof must
come from a comparison of experimental spectra.

The comparison was done for literature data, taken
under carefully controlled conditions to ensure the
same samples and the same temperature control in
both measurements [3]. The normalized shear com-
pliance agrees with the normalized dielectric suscepti-
bility in two substances at all measured temperatures.
In two other substances, one can argue that there are
good reasons for the deviations that one finds.

* Corresponding author: buchenau-juelich@t-online.de

[1] K. Schréter and E. Donth, J. Non-Cryst. Solids 307-
310, 270 (2002)

[2] D. J. Ferry, Viscoelastic properties of polymers, chap.
3, 3rd ed., John Wiley, New York 1980

[3] K. Niss, B. Jakobsen and N. B. Olsen, J. Chem. Phys.
123, 234510 (2005); B. Jakobsen, K. Niss and N. B.
Olsen, J. Chem. Phys. 123, 234511 (2005); data avail-
able at the website http://glass.ruc.dk/data/



Viscous Liquids 2011

97

Cooling by Heating - new phenomenon establishes subtile thermomechanical
coupling

Jon Papini* and Tage Christensen

Department of Sciences, DNRF Centre “Glass and Time”, IMFUFA,
Roskilde University, P.O. Box 260, DK-4000 Roskilde, Denmark

Given the thermoviscoelastic nature of liquids and the
fascinating phenomena of flow that follow, it comes
as no surprise that measurements of liquid properties
are met with numerous problems. Interpretation of
results become increasingly difficult as the glass tran-
sition is approached, and subtleties enter your con-
siderations. Specifically the stresses that arise from
thermal waves relaxing on the timescale of experiment
(due to a high shear modulus) inevitably lead to bro-
ken hydrostatic conditions [1].

The equations for displacement and temperature fields
(in a spherically symmetric case under quasi-static
elastic conditions) couple through the pressure coef-
ficient By = g—;h/, which is related to the isobaric
thermal expansion coefficient a, and isothermal bulk
modulus K7 through Sy = a,Kr. This means that
the ordinary heat diffusion equation fails, unless there
is no thermal expansion, oy, = 0 or a vanishing shear-
modulus, G =0 [2].

Interacting thermally with a viscous system through
its boundaries will lead to broken hydrostatic condi-
tions, even in cases where the boundaries are mechan-
ically non-clamped; the principal stresses will be equal
only when the shear modulus has relaxed.

This non-trivial thermomechanical coupling is given
by the ratio v, = z—; (as opposed to the often seen

(trivial) ratio v = £2), where the longitudinal specific

heat, ¢, is given by ¢; = Ms ., where M = K + %G_

Mt
It can be shown that the relative deviation between
= _ 4, G Gp=cv

czandcpisng~M—T o
that the deviation from isobaric conditions is only sig-
nificant at the glasstransition where upon increasing
frequency the first factor [G/Mr] increases while the
second [(¢p — ¢y)/cp] decreases. The situation is illus-

trated in the sketch in Fig. 1.

This implies

To establish the relative difference between the two
specific heats, we propose an experiment where a tem-
perature step is applied at the surface of a sphere
(solid or liquid) while measuring temperature at the
center. We present analytical results in the ther-
moelastic case (solid) as well as a numerical analyzis
(based on a single-order parameter model with param-
eters determined by Glycerol data) pertaining to the
thermoviscoelastic case (liquid and solid). An exam-
ple from the numerical results is given in Fig. 2 and
shows a remarkable effect: The temperature initially
decrease at the center of the sphere as the temperature
at the boundary is increased!

The phenomenon reflects the non-isotropic character
of the thermal expasion and the qualitative behavior

0.8~
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FIG. 1. Sketch of overlapping relaxations of G/Mr and
(¢p — cv)/cp. The relative difference (¢, — ¢;)/cp depends
on the product of the two relaxing functions. The higher
a value at the inflection point, the bigger a difference be-
tween ¢; and cp.
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FIG. 2. Change in temperature, 67 at the center of a
sphere after a temperature step of AT = 1 has been ap-
plied at the surface (radius » = 10mm and parameters
determined by Glycerol data). Time is scaled with the
characteristic heat diffusion time 7 = % - D being the
heat diffusion constant. The maximum occurs just above
T, (around 186K in Glycerol) where both shearmodulus
and isobaric expansion coefficient are expected to be large.

of the phenomenon makes it possible to experimen-
tally establish the difference between ¢; and c,.

The numerical results (based on Glycerol data) indi-
cate that a change in temperature at the center is on
the order of 10mK with a duration of approximately
30 seconds when the temperature is increased by 1K
on the surface of a sphere of radius » = 10mm.
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The fundamental understanding of the glass transi-
tion and related phenomena, as well as its connection
to the unexpected low-temperature dynamics of non-
crystalline solids, still represents an open challenge in
condensed-matter physics and chemical physics.

In particular, much interest has been recently paid
to molecular glass-forming liquids, among other rea-
sons because they usually solidify either into crystal or
glassy states at temperatures between liquid-nitrogen
and room temperatures, therefore providing easy ac-
cess to the different states of the substance for many
experimental techniques. They often also include
manifestations of polymorphism and even polyamor-
phism, that makes them interesting model systems to
be studied.

In this work we present and discuss earlier and recent
calorimetric experiments and specific-heat measure-
ments performed on simple aliphatic glass-forming
monohydroxy alcohols H(CH,),,OH at moderately low
temperatures.

Firstly, we discuss how the gradual elongation of the
molecule with increasing number of ethyl groups af-
fects the vitrification vs crystallization kinetics for pri-
mary monoalcohols (that is, when the hydrogen bond
is fixed at the end of the molecule). The compe-
tition between crystallization rate and glass-forming
ability seems to depend mainly on the aspect ratio of
the molecules, ranging from the easiest crystal former
methanol to the best glass former propanol. The in-
termediate glass former ethanol (its phase diagram is
schematically depicted in Fig. 1) presents the added
value of a rich polymorphism [1]. On the other hand,
our recent experiments on 1-butanol [2] supported the
previous view [3] that the so-called “glacial state” of
1-butanol, presented as an evidence of polyamorphism,
is rather a mixture of many nanocrystallites embedded
in a disordered matrix, essentially due to an aborted
crystallization originated by a high nucleation rate in
a temperature range where the crystal growth is low.

It was found that the boson peaks of the structural
(i.e. amorphous) glass and the orientational glass (i.e.
orientationally-disordered crystal, ODC) of ethanol
were very similar. In contrast, noticeable changes
occur in the lattice dynamics and hence in the low-
temperature properties of both glass and crystal states
when different chemical isomers are compared, e.g. 1-
propanol vs 2-propanol and 1-butanol vs 2-butanol [4].

Finally, we have compiled available thermodynamic
data of all these monoalcohols, at the glass and crys-
tal melting transitions, and have studied [4] whether
proposed correlations in the literature [5, 6] of those

with liquid fragility could shed light on the observed
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FIG. 1. Schematic Gibbs-energy phase diagram for
ethanol. When the supercooled liquid (SCL) below the
melting point Ty, is quenched fast enough, the glass state
is obtained. By heating the glass above T, = 97K or by
cooling the SCL more slowly, a plastic crystal (PC) is ob-
tained, which becomes an orientationally-disordered crys-
tal (ODC) below a glass-like transition at T, = 97K. The
PC melts at T, = 125K and immediately transforms into
a fully-ordered monoclinic crystal.

behaviour. By comparing kinetic and thermodynamic
data, we have found that those proposed phenomeno-
logical correlations for the fragility of undercooled lig-
uids is not fulfilled at all for these (and probably other)
hydrogen-bonded liquids, which seem to behave kinet-
ically as strong liquids but thermodynamically as frag-
ile ones. For them, the entropy of crystal melting and
the specific-heat jump at the glass transition do not
directly correlate with the kinetic fragility index of the
supercooled liquid. Furthermore, the glassy transition
for the plastic crystal (i.e. the dynamical freezing of
rotational disorder into static orientational disorder),
that behaves so similarly to the canonical glass tran-
sition in many other respects, exhibits in this case a
completely disparate behaviour.
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We investigate the memory effect or Kovacs effect in a
simple model for glassy relaxation, the Gaussian trap
model. In contrast to other models used to study
non-equilibrium dynamics, in this model equilibrium
is reached for long times independent of the initial
conditions[1].

The protocol of the Kovacs experiment is the fol-
lowing: jump from a high temperature Ty to a low
Ty < T and stay there until the energy has reached its
equilibrium value at some higher Ty (T} < Tz < Tp) at
a time t1, Ep, (t1) = E;(; and then jump to T5. Mon-
itoring the energy Er,(t) afterwards, one observes a
"hump’ in contrast to the naive expectation, according
to which nothing changes.

First, one determines the time ¢, for given (To—T1), cf.
Fig. 1. The non-monotonic behavior of ¢; to the best
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FIG. 1. t; versus Ty — T} for different Ty and T>. (Temper-
atures are measured in units of the width of the Gaussian
density of states.)

of our knowledge has never been observed before but
can be understood in terms of the relaxation behavior
of the energy. The Kovacs hump AE(t) = Ep,(t) —
E73 is shown in Fig. 2. For this, all qualitative features

FIG. 2. Kovacs hump AE(t) for the standard protocol.
T decreases in the way indicated by the arrows.

are very similar to what has been found in many other
investigations of the Kovacs effect. In particular, the
maximum value increases and the time of its occurence

decreases as a function of (T — T1).

We also perform up-jumps and monitor the aging
properties of the model for the 'inverse’ Kovacs proto-
col. One starts from a low Ty and performs a jump to
a high T7. Here, one waits for ¢; defined in the same
maner as in the standard protocol and then jumps to
Ty < Ti. In this case t; continuously decreases as a
function of (75 — T7). Apart from the different sign,
the temporal evolution of the Kovacs hump qualita-
tively behaves very similar for the two different pro-
tocols. This fact is somewhat surprising on first sight
because the temporal evolution of the distribution of
energies during aging is quite different[1]. However, it
shows that the Kovacs hump does not allow to gather
detailed information about the actual distributions.

For the trap model, one can successfully use the con-
cept of a demarcation energy ep defined via ep(t) =
—T'In (Koot) with the attempt rate Koo to understand
the relaxation behavior. States with energies smaller
than ep are essentially frozen while those with € > ep
are relaxed[l]. This different relaxation behavior can
be used to rationalize the origin of the Kovacs hump.
Low energy states are still frozen at t;, the time
of the temperature jump to T, while high energy
states respond quickly. Using this property, one can
show that the Kovacs hump can approximately be
described as a difference of two relaxation functions,
AE(t) ~ ¢(t1,t) —1(t). Here, ¢ and 1) are two differ-
ent relaxation functions. This form is very reminiscent
of the corresponding expression one obtains in linear
response theory, AE(t) = hg1Ceq(t1 +t) — ho1Ceq(?).
Here, h,,, are temperature-dependent amplitudes and
Ceq(t) is the normalized energy-autocorrelation func-
tion. Thus, a Kovacs hump is observed only for non-
exponentially decaying Ceq(t)[2]. For the occurence
of a Kovacs hump, the most important point seems
to be that there has to be slow and fast relaxation
at the same time. However, the averaging inherent in
the evaluation of bulk properties apparently does not
allow to distinguish among different types of distribu-
tions.

We conclude with noting that the Kovacs hump for
a given quantity can be qualitatively understood in
terms of the linear response behavior. In the nonlinear
regime mainly quantitative differences are found but
we do not observe any qualitatively new features.
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Many presently discussed models (like KCMs) for the
glass transition are dealing with the concept of cou-
pled subsystems. Qualitatively speaking the macro-
scopic system can be decomposed into some elemen-
tary subsystems (ESs). In a recent paper [1] we have
used finite-size effects in a binary mixture Lennard-
Jones liquid to gain information about the nature of
the ESs, as well as their mutual coupling. It turns out
that on the one hand, a system containing 65 parti-
cles is large enough to contain the complete informa-
tion about thermodynamics and diffusivity. On the
other hand the coupling determines the structural re-
laxation and the emergence of dynamic length scales.
However, a strict definition of an ES in a large system
as well as a detailed understanding of the coupling is
still missing.

While the determination of dynamic length scales in
equilibrium above T, has been studied in detail, it
requires more effort to understand the transport of
mobility between distinct regions in space. We are
particularly interested in the response of the system
to a single relaxation event, calculated from the single
particle displacements. Without further knowledge
about the nature of coupling, it is difficult to iden-
tify responses in equilibrium directly. Therefore we
choo