Glassy Behavior Due to Purely Kinetic Constraints

Glassy behaviour due to kinetic
constraints

by
David Sherrington

University of Oxford

(with T.Aste, A.Buhat, L.Davison, J.Garrahan)

Outline

e Introduction (to glasss)
* Minimalist topological model
— foams & covalent glasses
— non-interacting Hamiltonian, constrained dynamics
=) Qlassness two-time dynamics
* Annihilation-diffusion
* Lattice analogues
— Different absorbing ground states
* zero degeneracy * high degeneracy
« Ultimate distillation?

— Simple strong glass
 characteristic features * mean-field soluble with activation
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Glasses

* Non-periodic ‘freezing’

— viscosity ~ 102 poise - T
» Fast and slow processes
» Aging preparation-dependence
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Structural glasses

Strong: e.g. silica
covalent, srong dredional forces

Fragile e.g.argon

weéker, central (non-directional) forces: Lennard-Jones

Usual models and systems

 Interading ‘particles’, simple dynamical moves
— Spin glasses. quenched disorder

— Structura glasses: no imposed disorder
¢ glassness glf-induced
« anaogies of fragile glases with D1RSB spin glasss
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Fragile glases/D1RSB

Fragil e structural glasses D1RSB spin glass
T ~ Kauzmann temperature
T, ~ Thermodynamic trans"
AS, // T, ~ Dynamical transition
T* ~ Correlation plateau
:" | T (& configurationa entropy)
T,
T, ~ Dynamical glass temp. Soluble modd's
(viscosity ~ 10 poise) Self-consigtent theory
T* ~ Response plateau Smulations

Correlation functions

Equilibrium
p-spin gass Structural glass

$CO=NTTSE+DSO  C@0) =Ny exp(ik (R(t+1)-R(®))

slo

T-T, \' .
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Corredlation functions

Non-equili brium

f i+t t)=NTT SE+)ISE) Clat,t) =N eqpikR(E+,)-R(,)

T<Ty

Downturns at t=t,

Modelsto dscusstoday

Trivia thermodynamics
but
Non-trivial dynamics
dueto
Kinetic constraints
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Topological ‘f oam’

Minimalist topological model

E:X(ni—G)2

Different from usual foam

Glauber-Kawasaki T1 dynamics
Prob. ~ exp(-AE/T)

[Eder: <n> = 6|
Ground gate: hexagonal

’ Aste, Davison, Sherrington ‘

Covalently bonded glasses

Two dmensions
(for simplicity)
sz Preferred angle at vertex = 120°= 2p /3
Bonding Preferred crystal: hexagonal
Re-connedions?

Randomly connected network liquid/ glass

/ .
Y Distorted bonds
)—< = A
T1

Energy of deviation ~ (g- 2p/3)?
n-sided polygon -

- oo ]

Re-connedion
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Results for topologica model

Energy: different starts Temporal autocorrelation functions

100 = A T
@ Equilibrium Non-equilibrium
”210 JRandom stagt): T= ‘

T>1

Ase& S Davison & S

Theoretical understanding

Diffusion & Annihilation

A+B -0

Several types of ‘particle’ (A, B)

Some: Fast T-independent diffusion
Others. Sow T-dependent diffusion
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Annihilation-diffusion
Dimers
7 (6) 6(5) |solated defedt
5>_<5 - GIG
! 6
Annihilation
6 5
5 6 = GI7 _
7 Energy barrier
Diffusion ° Activated dffusion
Fast Slow

Energy/ correlation function

Annihilation/diffusion
of dimers (fast)

Annihilation/diffusion
of singletons (slow)

»

> T
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L attice-based analogue

Hexagonal lattice

‘Spins: §=1,0,-1
Energy:E =D z S

Conservation: Zis =0

Moves (Quasi-T1)

-4

Dynamics:. Metropolis-Kawasaki

Equal

D>0: unique g.s., defeds +1
prob. que9

D<O0: degenerate g.s., defeds O

0.40

Energy

Slow cooling D>0 Rapid guench
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‘emperature
(tw= time subsequent to quench)

Curves = equilibrium; cal culation easy since non-interacting

Falls out of equilibrium

(tw=time & each temperature)

Activation barriers
impenetrable & T=0
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Macrodynamics

Energy D>0 Correlation function

10° . . . . . . . f——

Disordered
(T =) dart

Energy/N

2
£ 04| Lowering T
o

\ \ . ™ L\ 3 B
02 Equilibrium \

.....

op=5
ohes throughout
107 100100100 1010 10t 10 10° B T T T T T R T T
Time t (in units of N) Tme t(in unitsof N)
Points: smulations Curves: theoretically-inspired fits

— Twotimes. Fast time ~ T-independent Slow time ~ exp(a/T)

Annhilation-diffusion

Ground state Q Dynam 'CS orvv
S @ ‘ ‘
*
isolated dimers

High barrier No barrier (freediffusion)

Annihilation Motion of
isolated
> . > >
defect m

Barrier
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Energy (D>0)

10°

. e Groundgate unique: {S} = {0}
. Defects + 1

Disordered

(T=o) gart | ° Energy reduces through dimer annihilation

e Dimersmove fredy . fast time~t (=2)
A+A+B L A; ~t™

oBs * Singledefects need to pair to form dimers|
op=8 which can move and annihil ate

e Slow diffusion
e Energy barriers— t~exp(A/T); Arrhenius

07 10 10 10 100 10 100 10 106
Tme t (in units of N)

Plateau: fast annihilation complete =

sow essentially unstarted |A+B—>0; ~ (/1) |

E(t) =(2/3-a)(1+t/2)° +(a-e,)1+t/e*)° +g,;b~.5c~ 5

Auto-correlation function

C(t) zae—tlrl +(1_a)e—'[/1'2 ,Tl = 2’ Tz - 2e—2.lZB

D>0
LN | [C0=7,56+1)50) 5, S6)
@ i \ N One move changes C(t) — exp.
§ | Lowering T
g \\ fast dimers; 1~2
.. Equilibrium sow singletons: T~2exp(A/T)
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D<O

H :DZSZ; §=04L 5 §=0

Highly degenerate groundstate: { S=+1}
Single defed type: 0
Single dimer type: (0,0):

A+A+A S A A+A- Q@

dimer diffusion can be blocked by disadvantageous environment

D < 0 results

-0.84

1 .|

o
®

EnergyN

0.6

Correlation Function C(t)

07 100 10" 100 100 10° 10 10°
Time t (in units of N)

EnergyN

Qualitatively similar to D>0

but
different exponents

and some

stretched exponential character
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Square lattice

v v
Y W —B vy w
X X

}
)
i

t

moves || =HeH=- T T T

Singleton
move

Summary of processes

¢ Dimer annihilation:

(2A+2A - 49)
o Dimer diffusion: A+ A+2p - 2p+ A+ A
» Defect movement viadimer creation
A+3p - @+2A+A
A+3p  p+2A+A

2A+ A+ - 3p+A All involve
2A+A+@ - 3p+A  4neighbours

Dr. David Sherrington, KITP & Oxford University (KITP Glassy States 5/27/03)
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A simpler encaosulation?

» Desired features
— fast annihilation of dimers
— fast diffusion of dimers
— hindered motion of isolated defeds
— all only with appropriate environments
* ‘4-changes
— non-degenerate/ absorbing ground states
— single defed type (A) or two types (A,B)

Constrained ‘ backgammon’

* Non-interading ‘particles’: 1 = N n n<3

— Trivia equilibrium, unique absorbing gs.
» Constrained dynamics
— Annihil ation: analogue of dimer annihilation against defect;
(I‘},I‘l-) N (Q -3,n +1) Rate=1
— Diffusion: analogue of dimer diffusion
(n,n) -(M-2n+2) Rae=D

1=1

— Credion: anal ogue of defed motion by dimer credion
(n,n) - (N-1n+3  Rae= ¢

Dr. David Sherrington, KITP & Oxford University (KITP Glassy States 5/27/03)
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Phil osophy: follow number of A

e Dimer annihilation:
2A+A+@ - 3p+ A
2A+A+@ - 3p+ A

e Dimer diffusion:
A+ A+2¢ - 20+ A+ A = (N,n;) - (N -2 +2)

» Defect movement viadimer creation
A+3p » p+2A+A
A+3p - p+2A+A

— (n’nj) —’(n _3’nj +1)

(n.n) - (N -Ln+3

| Correlation function| [ Arrhenius decay |
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Energy/particle number decay

| Singletype of particle|

Annihilation without diffusion

T=0
10°
Dimer diffusion and annihilation
1o T=0
8
g 10%
8 Activated regime
g’ A+A- @
o a=d/2;d<d =2
10° L T

Concentration

10° 10° 10°
Time = Time
Final decay: A+ A - @ Final deay: A+B - ¢
a=d/2,d =2 a=d/4,d.=4
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Concentration decay
after quench

Concentration

10° A
# 10° 10" 10’ = 0"

Time

10

Theory & simulation (infinite d)

Out of equilibrium
correlation & concentration

0.15

0.1

Correlation

| Circles~ smulation, lines ~ theory|

[Circles ~ correlation, squares ~ concentration |

Fluctuation-dissipation ratio

Response/ Correlation= -T2

Equilibrium: Ttegive= T

Away from equili brium
Short-time: Tygeeve= T
Long-time Tyreuive™ T

K, TM(T+t,,t,)

Effedive temperature: fragile glass

0.6 -
0.5 - :
0.4 -
03 4 x 1,=1000 ]
0z Ci

0.1 i

002 04 o6 08 10

Clr+t, )

Lennard-Jones glass. Kob & Barrat
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Respornse & FDT

Out of equili brium response dH=- h3 ed,,

MM dynamics; d=oo cu(tt)= hINE e (dyy),

Non-monotonic
dueto
Alignment with perturbation field

&
Annihilation

Response

Good agreement with theory

Also goad for M dynamics

Dynamics; M or MM

* Metropalis:

Prob of acceptance = min(L,e *°"'); DH = changein energy

» Response perturbation: dH =- h3 ed,

e Metropolis (M): P= min(Le ")
» Modified Metropolis (MM):

P=min®L e *°*)" min(1e ")

No difference in results for conventiona problems, but MM preferred at low T.

Dr. David Sherrington, KITP & Oxford University (KITP Glassy States 5/27/03)
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Fluctuation-dissi pation

Two different types of dynamics:
Metropolis (M) and modified Metropolis (MM)

MM simulations (d=e) M simulations (d=e0) MM (many d) + MFT

i °1D
o2D
— MF
-~ FDT
=
£ oos
0
14 002 004 006 008 002 004 006 008 0.05
CLD-CALL) CLO-CLLL) CALH-CLL,)

FIG. 9. (a) FD plot for MM dynamics at T = 1/6 and waiting time t,, = 10* (inset: t,, = 10°). The symbols correspond to
simulations, the full lines to the analytical result, and the dashed line to FDT. (b) Similar plot for M dynamics. (c) FD plots
in various dimensions (for MM dynamics): d = 1 (circles), d = 2 (squares), and MF (full line); T = 1/6, t,, = 10",

Different from usual fragile glass

No sharp change of T at critical correlation, T < T for MM dynamics, T > T for M dynamics

Simulations of model strongliquid

Scdaet. al. cond-mat/0301143

BKS-silica
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T <T at long times
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Static phase transition?

Include rrelation energies in Hamiltonian

| f{(q+ o+ - 2p)7}

or add constraints

Origin of apparent spin glassbehaviour in
topologicdly frustrated magnets beneath
effective temperature?

XFC ¢)(ZFC

AF interading spins on frustrated lattice

Effedive simple ‘spins’ with constrained dynamics
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Conclusions

» Kinetic constraints can cause glassy dynamics
— even with non-interacting Hamiltonian
— and trivial thermodynamics

» Canyield strong glass Arrhenius behaviour
— several smple models
« topological foams, idealized covalency
« congtrained spins, multi-spin fli ps
« ‘backgammon’ with energetic rather than entropic barriers
— soluble and significant in mean field limit

* FDT ~ simulations, strong dfferent from fragile.
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