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FN5 DELYON IN AGING SYSTEMS: GELS, POLYMERS
Sergio Ciliberto

« Summary of the experimental results on the noisaging
materials

a) spin-glass, polymers and gels

b) local versus global measurements
c) The intermittency

d) The observable dependence

* The dielectric measurements in PVAc (intermittengy ?
*The local-global measurements in a gel. The quendiaiteg

*The quench at the critical point



Fluctuation Dissipation Ratio (FDR) during aging
1

In equilibrium X (t, tw) = kBT(Ce(t,t) — Cy(t, tw))
Wt =22 = [ Raar ot tw) =< 30(8)50(tw) >
ext w

Out equilibrium  (Cugliandolo and Kurchan 1992) FDR

T
Teff (ta tw)

X]it,;w) (Cy(t,t) — Cy(t, tw)) X (t, tw) =

B

X(t7 t”w) —

Experimentally this idea has been tested In

* Spinglasses  Magnetic susceptibility
» Colloids Dielectric response
® POIymerS Rheology

and the associated noise



Fluctuation Dissipation Ratio (FDR) during aging
1

In equilibrium X (t, tw) = kBT(Ce(t,t) — Cy(t, tw))
Wt =22 = [ Raar ot tw) =< 30(8)50(tw) >
ext w

Out equilibrium  (Cugliandolo and Kurchan 1992) FDR

_ X tw) X (t,tw) = —
Xt ) = 2 (Clh, 1) = Gy, ) b))
Experimentally this idea has been tested In
* Spin glasses Controversial results
 Colloids
* Polymers Need for experiments where the results

can be directly compared with theoretical models



NS D LYON Experimental procedure

Temperature controlled system (spin-glasses, polysreand gels)

)  The sample is prepared at a temperature Ti > Tg
Il)  The sample is quenched very fast at a final tentpegal f <Tg

lIl) The noise and the response are measured as adiioétihe time tw spent
by the sample at Tf

V) The steps |)-1ll) are repeated many time to is®the statistics

Experimental problems
Tiny quantities : pN, fA, pmG

Non thermal systems (colloids) | Several drawbacks may appear
In out of equilibrium

a) Time evolution after preparation

b) Time evolution after shearing or stirring the sample



—u = SPiN-Glass experiment(Herisson, Ocio 2002)
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The experimental system The fast quench
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Spin-Glass experiment(Herisson, Ocio 2002) Can
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m— O — Polymers

Dielectric measurements

The FDT for a dielectric

|
NI T it ) — R
. ==ic\/; T (14w R C)

SZ(t’waf) =4 KB Teff(w7t’w) Rea’l[Z(t’waw)]

Several experimental difficulties :

a) Extremely high Z at low frequencies (> 1Q§

b) Signal very weak (< 10fA)

c) Signal to noise ratio always close to 1 at loggftrencies.

3 experiments have been performed and show strongtermittency

Epoxy glass former, Lucchesi et al PVAc, dtakloff et al
Polycarbonate L. Buisson et al.
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Dielectric noise polycarbonate
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— = — Dielectric measurements on PVAC
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Comparisons of two experiments

N.E. Israeloff et al.
J. Non-Crystalline Solids 352 (2006) 4915-4919

C=92pF, PVAC
Quench Ao

from 55°C to 25°C Tg=34°C
Quenching time =15 sec

tw=1 5s

t =36s

w

(W=1 215s
tw=1 815s
tw=361 5s

ey

Strong intermittency




— = — Dielectric measurements on PVAC
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Comparisons of two experiments

N.E. Israeloff et al.

J. Non-Crystalline Solids 352 (2006) 4915-4919 A. Naert et al., unpublished
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— i — Local Dielectric in PVAC
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Hassan Oukris and N. E. Israeloff
NATURE PHYSICS, 6, FEBRUARY, 2010
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Local Dielectric in PVAC
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=::= FDR In gels
Previous Results in Laponite

Colloidal Suspension :

>
Fluid -> gel/colloidal glass aﬂ:’

Fluid-Colloidal glass transition in a few hours

Prepared under N, atmosphere

®m =12 a 3 wt% in water
pH =10
Tonic Force : Ide10%ab5 103 M



—HH— FDR in gels
ENS DE LYON ] ] ]
Previous Results in Laponite
L. Bellon, S.C. Physica D 168, 325 (2002) Teff > >Thath

Dielectric measurements

Strong intermittency
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—HH— FDR in gels
ENS DE LYON ] ] ]
Previous Results in Laponite
L. Bellon, S.C. Physica D 168, 325 (2002) Teff > >Thath

Dielectric measurements . .
Strong intermittency

Rheology

L. Bellon, S.C. Physica D 168, 325 (2002) .
Thermal rheometer, global measurements Tetf = Tpath

S. Jabbary Farouji et al. PRL 98,108302 (2007)
Brownian particle, Active and passive micro-rheology

B.Abou, F. Gallet, PRL 93,160603, 1-4 (2004) Tow>T
Brownian particle, response and flcutuations eff bath

N. Greinert et al PRL 97, 265702 (2006)
Brownian particle, energy equipartiction




Thermal rheometer, global measurements

L. Bellon, S.C. Physica D 168, 325 (2002)

4 5 6 7 8910

10~

107"°

Rheometer

Cross section




Brownian particle, Active and passive micro-rheology.
S. Jabbary Farouji et al. PRL 98,108302 (2007)

TABLE [ The effective temperature obtained for different
[requencies averaged over 2 h time intervals. Within the uncer-
tainty in the experiments, 7o/ Thag = |

L

Lot T
! T5rad/s 6 rad/s 728 md/s 65 rad/s 75 rad/s

0=2h L7503 1201 089 =01 08201 1L0=0]
2—-4h L2203 1201 101 09=01 LOE0]
d-6h L4203 + 0.1 1.1 201 L1201 1.1 +201
-5 h 085301 10201 L1201 LOxO]

2.8% Wi, Laponite XLG, filtered



Brownian particle, response and fluctuations
B.Abou, F. Gallet, PRL 93,160603, 1-4 (2004)

: : ] —
800+ # f=0.5Hz a
® f=1H:z -
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= 400®
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200 @ §§§ §

0 . ! . I ; i . i
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Laponite RD, 2.3 wt%, filtered, |2m silica bead



Brownian particle, energy equipartition

N. Greinert et al PRL 97, 265702 (2006)

1 (b)

3t

i

r./T

0 50 100 150 200 250
time (min)

Laponite RD, 2.4% and 2.8%, filtered 1 um silicade



e — Simultaneous measurements

ENS DE LYON of three beads In Laponite
B D . o .
Stiffness:
ko = k3
. and
k1= kp/2

L.

We apply four different techniques to measurd.Tef

ko = 7.15 pN/um

D=10um

1) Active microrheology
2) Passive microrheology

* Equipartition Do they give the same results ?
e Kramers-Kroning

» Heat fluctuations

P. Jop, R. Gomez-Solano, A. Petrosyan, S.C., INidah. (2009) P04012.



Microrheology

Motion of a Brownian particle trapped by a laserifdea

Viscoelastic Langevin dynamics

/_too F(t—t, tw)zc()dt + k (x —x0) = £(2),

The applied oscillating force fO(t) = k leO(ta w)
The linear response LW, te) = QA?(AWa tw)
fo(w)

4kBTeff(w7 tUJ) ’Y(wa t’CU)

~ 2 __
|Z(w, tw)|* = w?y2(w, tw) + (k + Kyep(w, tw))?




Passive Rheology - Measure of the_t

Hp:
The global potential (colloid+laser) is harmonic

Equipartition holds out of equilibrium

Kp T
Ci = Kpap + K; and < Ax? >= Bcieff

K; is the trap stiffness

<Aw%><Aw%>

Kp Tepp = (K2 — K1);

> >
Measure of the <Azi>—<Ax5>)

fluctuations
for' 2 iIntensities e (K1<A$%>_K2<A$%>)
Lap — (<A$%>—<ACIZ%>)




e e — Simultaneous measurements

ENS DE LYON of three beads In Laponite
Passive microrheology Active microrheology
600 3.5 . . . :
. O f=03Hz
0| Variance J | 3 o f=05Hz|]
) i 25l o <4 f=1.0Hz|
2o 11l
& ool
=300 %‘Q‘@J}CE@. Ltb %70 u? c;.}::,::-o c;:? i (I:
200 il i
05— -
tw (hil DD 16[] Z[I}D 3[|J{] 46[] 500

: t (min)
Kramers-Kronig v

The three methods give the
same results

Teff = Thath

Teff / Thath

[
n

Heat fluctuations confirm
oA 2 83 & 3 the result




=== Conclusions onprevious results
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on FDR In various systems

Experiments gives controvers

. Spin glasses:  T1€f>T

good agreement

with theory c) Teff at very long time
 Colloids :  Laponite a) Other gels
Teff=T in rheology b) Quenching rate
Teff >>T in dielectric c) Confinement

lal results Questions

a) The local aspect is missed
b) Statistics of the signals

e Polymers :

Needs of a more close comparisor
of theory with experiments

a) Local measurements : Teff > T

b) Global measurements
lIntermittency, Teff>>T
Teff > T only for very fast

guench




i New experiments
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Improved experimental design in dielectric measas
A. Naert, M. Tanase, L. Bellon, D. Bagchi

Aging at the critical point
A. Caussarieu, S. Joubaud, A. Petrosyan

a) More close comparison theory-experiment
b) Quenching rate

Confined liquid-gel transition
R. Gomez Solano, A. Petrosyan

a) Other gels
b) Quenching rate

c) Confinement




| — Questions about an aging gel
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How is this scenario modified if
® the gel is confined in a volume comparable with thadsize ?
® a very fast quench of 1ms is peformed ?

® the energy instead of the displacement is usedea®lvant variable ?

R. Gomez Solano, A. Petrosyan, S.C. arXiv:1102.4750



— i — Gelatine liquid-solid transition

ENS DE LYON

Gelatine :
liquid for Tm>32°C
solid for Tg< 28°C

In our experiment we use

10%wt concentration in water

For T<Tg gelatine presents : aging and memoryceffe

at 10%wt concentration after a cooling at 26°C it tak2is to
solidify



— i — Gelatine liguid-solid transition

ENS DE LYON

| J Gelatine :
Gelatine & liguid for Tm>32°C
36°C solid for Tg< 28°C

Liquid .
10%wt concentration
In water

Trapped glass particle Rgfin

Trapping laser

For T<Tg gelatine presents . aging and memoryceffe
at 10%wt concentration after a cooling at 26°Cketa~2h to solidify



— i — Gelatine liguid-solid transition

ENS DE LYON

| J Gelatine :
Gelatine & liguid for Tm>32°C
26°C solid for Tg< 28°C

solid
10%wt concentration

INn water

Trapped glass particle Rgfin

Trapping laser

For T<Tg gelatine presents . aging and memoryceffe
at 10%wt concentration after a cooling at 26°Cketa~2h to solidify



— Gelatine liquid-solid transition

ENS DE LYON (hea“ng)

Gelatine

26°C

-— Trapped glass particle Rgfin

/ | Trapping laser

Infrared Laser switched on for a few minutes
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Gelatine

Gelatine liquid-solid transition
(heating)

-
.-".

~
S

-ll"

26°C

The temperature
around the focus
grows till 36°C

A drop of liquid of radius
R, =10pum is formed

After a few minutes the
Infrared laser Is
switched off

The drop cools in about 1mS



== === (Gelatine liquid-solid transition

ENS DE LYON (quench)
At t=3ms after the switch off
Gelatine .==="~=~._  26°C
,// \\ Drop of an unstable liquid

!, P L R \ at 260C
o T inside a stable solid
| i
VY e

W L™

\ TR -t T T /

"\ / What happens ?

Does the transition start
from the frontier ?

How long does it take
to solidify ?



Microrheology

Motion of a Brownian particle trapped by a laserifdea

Viscoelastic Langevin dynamics

/_too F(t—t, tw)zc()dt + k (x —x0) = £(2),

The applied oscillating force fO(t) = k leO(ta w)
The linear response LW, te) = QA?(AWa tw)
fo(w)

4kBTeff(w7 tUJ) ’Y(wa t’CU)

~ 2 __
|Z(w, tw)|* = w?y2(w, tw) + (k + Kyep(w, tw))?




(o — Gelatine liguid-solid transition
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Time evolution of the viscosity and elastic modulus

0.35

I —+—(0.2 Hz
——(0.5 Hz
025t —=— 1.0 Hz

m | (Pas)

0051

0 5 10 15 20
£ (min)

The gel forms in about 30 min

This time evolution is independent
of the distance from the boundary of the drop
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0 '
n L

\ Peltier

Gel/trap elasticity




i e Gelatine liguid-solid transition
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Effective Temperature
after the quench

o-oamll  Experiment in gelatine
=-05Hz|] at 10%wt
<-LOHz||  gp).gel transition at 28°C
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— s Heat fluctuations

MEREYON - Energy balance in Langevin equation :
Sekimoto K, Progress of Theoretical Phys. suppler(igq), 17 (1998)

/t F(t —t, tw)a(t)dt + ke = F + £(¢),

Multiplying by z(¢) and integrating for a time 7 starting at tw:

AUT(tw) — WT — QT(t’w)7

AU (ty) = %k(w(tw + 7)% — 2(tw)?) + /t tw_l_T:i:(t)(Kt « 2)(t, tw)dt,

t

Qr(tw) = /ttw+T€(t’):t(t’)dt’— / w+T¢(t’)(vt*z>(t,tw)dt’,

w

tw‘l‘T
W, = / Fadt
tw

Q and W are fluctuating quantities which satisfydiiation Theorem



e — Heat Fluctuations
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For F=0 then:
AUT(tw) — QT(tw)

AU (ty) = %k(:p(tw + 7)2 — 2(tw)?) + /ttw % 1) (, ty ) dt,

for t, < 200s

For tyw < 200s, Q- can be computed from AU-.

A. Crisanti and F. Ritort, Europhys. Lett. 66, 253 (2004).



— I Energy PDF

. .
ENS DE LYON q — QT
= =
| | kp T
) O t=0s 0.1

10 O t=3s

¢ t=9s

t=725%

10 . - ==1=7.5s(glycerol)
_0-5| 1 1 1 1 1
0 20 40 60 80 100
L t ()

Mean heat
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: r:[]sl(glyct‘ml) ) J (b)
0 0.5 1 1.5 2 2.3 3 3.5
1
P(qr)
p(gr) = log
P(—qr)

— 1 1
p(qr) = _(Teff(t‘|"7) — Tff(t))T dr
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PDF

Heat Fluctuations for Laponite

a tw = 92 man

¢
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e
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Q| /k, T
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P(QT) — P(—QT)
for ty < 350 man
and Teff =T



— L Conclusions on
ENS DE LYON . -
local heating of gelatine

The liquid-solid transition is studied inside a diafdiquide

a) Relaxation dynamics independent of the distance
from the boundary of the drop

b) The dynamics transfers heat towards the bath

c) The FDT is violated

d) The fluctuations of heat are asymmetric
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Aging at the critical point

Fréedericksz transition

A. Caussarieu, S. Joubaud, B. Géraud, A. Petrosyan
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NEEEEEE A liquid crystal consists of
E < Ec | o elongated molecules

n 1S the director

. = t  Surface treatement.
>BC || /s /] U Parallel anchored
| (planar allignement)

< L >

Competition between

Control parameter :

® - n//u
Elastic e
| '“9r93”r7J//u51j voltage difference U

®Electrostatic energy 73 / / F



Liquid Crystals and Fréedericksz transition (1)

g Prrrrrrt n is the director
<Ec
RN B AN _
Control parameter :
> voltage difference |

J

Solution of the form: 0(z) = 0o(z,y) sin(7F7)

V]
.



o T
e The order parameter is 0y(x,y)
o T
o T

o T

Freedericksz transition
he Fréederick transition is a second order phase transition

he control parameter is ¢ = U?/U? — 1

he relaxation time iS Trepae = T,/ €

L

he correlation length &, = —~_"
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Eo(X+7¥)

Laser beam

Experimental set-up Cr

0
n e A
Eo(exp(idg)Xx 4+ exp(iPy)y)

X

Y

ﬂ

—

7
L_C
Polarization
mterferometer
- U Sensitivity : 5 10* m/HZY?
L=7pm
dxdy

- [

A Is the measuring area




—_— Space-time dynamics
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eps=00017
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18— numérique sans C

16k —+—fit analytique avec C ;
——données expérimentales
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* [—fit numérique sans C
1.6k —+—fit analytique avec C :
——donnees experimentales j

000 = € 0 — HS’—I—C

——gpectres
—— autocorrelation

| ——réponse au dirac

0.8



Time evolution after a quench in LC

from ¢; = 0.3 to ¢g = 0.01

- 0.0 0.4 0.6 0.8 1' 12 14 \1.6
t(s)
Fit function
(o= S
1+ (<<<o>> - 1) exp (=)
2€0 2€q

with < {(c0) >= ok and < ¢(0) >= ok

Feot1) fe+1)



Time evolution of { after a guench

Quench from e; ~ 0.3 to ¢g >~ 0.01 7 = 72 > 0.22s

<C(t)>—<C(x)>

—k
-

—k
o

10

I
\N‘ L R

I
m T T T T T T TT




C (Lt )/C (L.1)

Correlations

04

C,(tt, )/C (L)

C(t) = 0p(t)% = Y3 (t) 4 24pgdl =< ((t) > +6¢(¢)
PYa(t) =< ¢(t) >

Ce(t, tw) =< 6¢(1)0¢(tw) >= 490 ()P0 (tw) Cy(t, tw)

Master curve by rescaling

(t —tw) — (- tw)/(t + ™m)
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x(t, tw) =

FDR

< A0

FDT In the LC experiment:
the measure of the response function

ea:t

>_/ R(t, t')dt’

Co(t,tw) =< 060(t)60(tw) >

X(t7 t’w) —

1

kpTepr(t, tw)

(Cy(t,1)

— Cy(t,tw))

In equilibrium
T=Tes

Which is the appropriate external torque [ ., for the LC 7

AQG is the response of 6§ to de

[ ext

00 = [e — 3 a 0g(t)?] AO(L) +



FDT In the LC experiment:
_ o¢(®)
249 (t)

[ ezt = 4BYg (t) o€

Experimental test of these results (JSTAT P0106B9:
1) Out of equilibrium, using the Transient Fluctuatibheoremn
2) FDT in equilibrium

In equilibrium  Yg(t) = g (tw) = g

<A(T)> _ X(,d¢€
rext 4B 7708

Og(t,tw) = 445 Cy(t, tw)

and FDT
XC,56

B kB

(Cg(t t) — Ce(t, tw))

with B = An? K7 /4L



FDT in the LC experiment in equilibrium

__ £,=1039
—— £,=01985

e response function

0.1987

01987

0.1988F

W 0.1986F

0.1985F

0.1985F

54
U.1SSD

0.2937




FDT In the LC experiment in equilibrium

XC;E - (Cc(t t) — Ce(t,tw))  With B = An2K; /4L
B
Xeaelt tw) oo 0195 —
o oy e=104 —
0.25) m%"i?nnp
D[I 1 2 L;- I G 7 a8

3
C(1) (107
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Response function during aging
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FDT out of equilibrium: fixed t as a functionof tw
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for C(t,tw) > C(t,t*), X =1 and Teff =T
for C'(t,tyw) < C(t,t%), X ~ 0.33 and Teff ~ 3T

L. Cugliandolo, J. Kurchan, and L. Peliti, PhysyvRE 55, 3898 (1997).
D. Hérisson and M. Ocio, Phys. Rev. Lett. 88, 257&1D2)



kBTx(t,tW)/Ce(t,t)

FDT out of equilibrium: fixed t as a functionof tw

for C(t,tw) > C(t,t"), X =1 and Teff =T
for C'(t,tyw) < C(t,t%), X ~ 0.33 and Teff ~ 3T

evolution of t* as a function of t
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L =1-1Z for t > 7 defines the lenght of the equilibrium interval

with respect to the total time.
At eg = 0,= 7 =00 : the equilibrium interval does not exist.



FDT out of equilibrium: fixed tw as a functionof t
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Conclusions on the quench at critical point

Using a liquid crystal driven by an electric figltdthe Fréedericksz
transition we observe that :

e After a quench close to the critical point the sysf@esents
power law decay. Aescaling similar to the one used in aging
materials, produces a master curve of correlations

« FDT is violated during the decay. The observedatioh
depends on the procedure used to define t and tw.

e Forthe "good procedure” an asympothigue tempa&atan be
defined, which is not the one computed from meald fi




Perspectives

Dependence on the observable
Intermittency

Confinement

Space time dependence

High order moments

FDT violation versus aging of response






