LECTURE 1 : FROM LIQUIDS TO GLASSES
What is a glass ?
Thermodynamic properties
Models
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The glass problerttransition+properties),
a modern Oklahoma Land Run ?

« The deepest and most interesting
unsolved problem in solid state theory
is probably the theory of the nature of
glass and the glass transition. The
solution of the (...) important and
puzzling glass problem may also have a
substantial intellectual spin-off.
Whether or not it will help make better
glass is questionable. »

~

/"', ‘ Ll " : ~ A e _‘
lahoma Land Run, April, 22nd 1889

P.W. Anderson, Science (1995) Ok
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A) WHAT IS A GLASS ?

1) A glass is an amorphous (disordered) material
No long-range translational order (periodicity) as in crystals

lono-covalent glasses Metallic glasses
___a-Si, SiQ_ IR Zr-Ti-Cu-Ni-Be, Mg-Cu, Fe-B

Polymeric glasses
PMMA, PS
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« A glass is an amorphous disordered matesial

Much larger definition. The word « Glass » applies also to

1 Colloids
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« A glass is an amorphous disordered matesial

An amorphous system can be obtained fiarystal under
pressure/irradiation

J. Badro et al. PRL 1996
A glass is an amorphous solid that has been quenchedhieom

liquid state.
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« A glass is an amorphous solid that has been quenched from
the liquid state».

T>T, -normal liquid
T, <T<T, -supercooled liquid
T<T -glass

Volume, Enthalpy

Tga Tgb m
Temperature

Okamoto, Bulletin of Ph. Diagr. 1983




4 Glass-forming liguids are those that are able to bypass
the melting point.

d As the temperature is lowered, viscosity increases.
Liquids will have increasing difficulties to diffuse in
order to rearrange into the crystalline structure

d Importance of timescales

- Quench rate liquid may be cooled so fast that
there is no time for crystallize

- Internal timescale (viscosity, bondingpllowing the reach
equilibrium
- External timescale (cooling/quench rate)

- Measurement or observation timescaléobS

Liquid : T,ps>>T Glass: {yps << T



*Tg Is cooling/heating rate
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dependent.
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Volume-versus-temperature cooling curves for an organic material in the neighborhood

of the glass transition. V(7)) is shown for two greatly different cooling rates, as is the coefficient
of thermal expansion (1) is shown for the fast-cooling curve (0.02 hr). The break in /(7), and
the corresponding step in o 7). signal the occurrence of the liquid —glass transition.
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*Tg Is cooling/heating rate
dependent.

*With fast cooling, the
system fails to equilibrate
at higher temperatures

High g=dT/dt =>higher Tg
dinqg_H

Debreuilh et al, Mat. Lett. 2005

The glass transition is a kinetic phenomenon
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Glass: a kinetic phenomenon

U Faster (slower) cooling freezes
glass in at higher (lower)
temperature

U Low cooling allows the system to
relax more and will lead to
structure/properties which may be
different.

U Properties of glasses may differ
depending on their cooling rate

d Given that f,<<t, properties will
depend on ageing

Glass is an out of equilibrium
material

matthieu.micoulaut@upmc.fr

glassy sypqcooled liquid
State hqu.l d

Fast cooling

medium

Sometimes also
called « Fictive

temperature> T;

slow
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B) THERMODYNAMIC PROPERTIES

Entropy and entropy cCrisis 0

d Entropy measures the disorder .
In the system (S=n Q > 0).

0 For a perfect crystal, one has js o
S=0 @ T=0 K. ASmo T

O Glass forming liquids exhibit
continuously changing S(T) 02|
that shows no discontinuities.

-
-
-
-
-
-—‘-
-
-

0 ]
O At Tg, continuously changes 0
from liquid-like values to solid
like values Figure 4 Temperature dependence of the entropy difference between several

supercooled liquids and their stable crystals at atmospheric pressure. AS,, is the
melting entropy and 7, is the melting temperature. The glass transition always
intervenes before the vanishing of the entropy surplus. For fragile liquids such as
lactic acid, however, an entropy crisis is imminent. (Adapted from ref. 45.)
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B) THERMODYNAMIC PROPERTIES

Entropy and entropy crisis I J—
O If S(T) curve continues along the -
supercooled liquid line, at some sl
temperature J<T, one would
haveAS <0. T |
0.6
U Below, the liquid entropy would as |
appear to be less that that of a S
crystal Entropy crisis). 0.4 RS0 o0
O T, is termed the Kauzmann |
temperature, defined by: 2T
m AC [
As,=| —dT A
" JTK T ° 0 0.2 0.4 0.6 0.8 0.9

Ty ——

U Glass at this temperature is often

called an ideal g| asé, ie. a Figure 4 Temlpelrature depgndence of the entropy d|ﬁereqce between seve'ral
supercooled liquids and their stable crystals at atmospheric pressure. AS,, is the

u niq ue COo nfigU ration exists at(T melting entropy and 7, is the melting temperature. The glass transition always

(the rmodynamics view of th eg)T intervenes before the vanishing of the entropy surplus. For fragile liquids such as
lactic acid, however, an entropy crisis is imminent. (Adapted from ref. 45.)
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B) THERMODYNAMIC PROPERTIES

Entropy crisis and Kauzmann paradox

4 The Kauzmann temperaturg s
hidden by the huge increase of the

relaxation time of the liquid SELENIUM
towards its equilibrium line. rec e B el
. o
.y- . . . . O sefsexiid
O Equilibrium liquids for T>Tm have || o sedireen
o /S ,ex (2]
no excess entropy. Supercooled ines hraigh pints
. . i are best fit 3rn.:|
liquids have excess entropy 1.04  Lorder polynomials

because they have avoided the
melting point.

N Sc/Sex (ref. 29)

Entropy components (in units of R)

] . 0'5_. T, from
L Excess entropy is lost during ref, 1
further cooling at a rate _
Dl:l j T T T L T T T T
(BS) B Cp 0 100 200 300 400 o0
— | =— Temperature/K
oT)p T

Angell et al. INCS 2002
O Highly controversial
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C) THERMAL PROPERTIES

1 V(T), E(T) continuous at Tg
Tg found at the kink of the E,V(T) curve

POLYVINYLACETATE

0.85

(C|113.»"gra|11 °K)

a(T) discontinuous at Tg

‘ C,(T) discontinuous at Tg

o - most common way to measure Tg in
a heating experiment

0.84

Specific Volume (em?/gram)

- - Calorimetric determination of Tg
/ Differential scanning calorimetry
08— IT T 7 (DSC or mDSC)

(°K)

Volume-versus-temperature cooling curves for an organic material in the neighborhood

of the glass transition. V(7)) is shown for two greatly different cooling rates, as is the coefficient
of thermal expansion ¢i(7) is shown for the fast-cooling curve (0.02 hr). The break in V(T), and
the corresponding step in o 7). signal the occurrence of the liquid —glass transition.
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C) THERMAL PROPERTIES

Heat Capacity upon cooling

Ethylene-Vinyl-Acetate
80 : ; . . .

0 The change in slope in H(T) a5 a
measure of the difference betweelf1Q of
the liquid and the glass.

o]
=

Heating, T,=-25°C |

a C,in liquids arise from three contributions
rotational, translational, and vibrational.

Heat Capacity (mJ/"C)
i
=

L . Cooling, T,=-20°C
O In glasses, only vibrational contributions : ; ;

are left as rotational and translational
degrees of freedom have been “frozen” o

0 i i i H
-50 -40 -30 TJn%EeratﬁJeﬂ{“C} 0 10 20

_ _ _ _ Dahiya et al., Azo J. Mater. 2012
0 Measuring Cp in a cooling and heating
experiment is different.

mmm) Enthalpic relaxation
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C) THERMAL PROPERTIES

Heat Capacity upon heating

O With heating, a hysteresis loop appears,

causing a heat capacitgvershoct at the s.u.pf;r cooled
glass transition, creating a peak. liquid
d The overshoot in the heat capacity curve is E glass /

a direct manifestation of the relaxation ; /
taking place between room temperature and g;‘- cooling
Tg when the glass is reheated. E _{ j

= 7

= reheating

crystal

Temperature
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C) THERMAL PROPERTIES

Heat Capacity upon heating

S. Keys et al. PNAS 2013

. . . 3 ' | i 1 I
O With heating, a hysteresis loop appears, AH-_ Glycerol, ¥4 = 20 K/min k
causing a heat capacitgvershoct at the 2F X model Vo= -
iti i ~ 15[ — 25 Kimin
glass transition, creating a peak. &"°F 5 - IE&?ELZTL"
O The overshoot in the heat capacity curve is 05 © — 80Kmn g
. . . . . e I -
a direct manifestation of the relaxation e 180 190 200 210
taking place between room temperature anc T(K)
Tg when the glass is reheated. Bas| 1 ' '

2r B203, ¥n= 10 K/min
1 The enthalpic (or (J overshoot is directly 1.5} |
. . . C L ¥o=10 K/min I
linked with the heating rate Pt !
slow heating=more relaxation 0'3- Vez 100K ;
Q In a DSC experiment, the heat capacity 0 1K)

jJump AC, at the transition is directly linked
to the nature of the chemical bonding

 Van de Waals liquids=important relaxational changes=lafge
* lono-covalent=weak relaxational changes=sihall
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60+ Se glass

C) THERMAL PROPERTIES

{Scan rate: 1 K/min
-Temperature modulation amplitude: 1K
‘Temperature modulation period: 100 sec

T(1) = T(1) + Asinwt

Reversing and non-reversing heat flow

45]

Modulated Temp (°C
é W

Linear ramp + sinusoidal T oscillations
Allows separating thermal exchangeX@om

w

relaxation/kinetics event agT o

O Average of the modulated heat flow is the
total heat flow (as in DSC).

Modulated Heat Flow (mW)

U Amplitude of the modulated heat flow =
reversing heat flow.

Heat Flow Amplitude (mW)
& o =
i 2 Ll

=
=

o
i

U The Difference signal between the total and

the reversing heat flow is the non-reversing choraidime i
M" ?E: ‘ Reversing Heat Flow
O Once frequency-corrected, the non-reversing *

heat flow contains most of the relaxational

o
[¥]

+0.1

Nonrev Heat Flow (mW)

o

onreversing Heat Flow

Temperature (*C)

0.6

Heat Flow (mW)

=
o

]
o

o o
S w
Rev Heat Flow (mW)

o
o

-0.1

events of the glass transition. ber saim: s o e b 47
0% 30 35 4 45 % 55
Eio Down Time (min)
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D) MORE ON RELAXATION

oL % Relaxation in a simple liquid
Potential to escape from local neighbourhood —E
O al from local neighbourhood
OKC\)OO q Thermally activated process — Boltzmann distribution
4

A 4

v attempt frequency T = V‘leE/kBT /7 — G T
00]

G shear modulus

14 o — S—

. Central guantities:

Viscosity, relaxation time

E 3 * Usual temperature-dependence:

1\ ; -Arrhenius (why not with E(T) ?)
b - *\ogel-Fulcher-Tamman

12 }

SALOL

10 |

a .

LOG (Viscosity PaS)

e — D
g T =T £X
T-T,

Temperature (K)
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Fragile versus strong liquids ...

3 Ga0-Al,0, (64.5 Wit)
AY,0,-A1,0, (YAG) ) ) )
QI Viscous slowing down with
o Tricnaphihybenzene temperature decrease
41,2-Diphenylbenzene

& T,SeAs,Te,

© GeQ,

-} Structure frozen in

AProgano Relaxation time to equilibrium

m o-Terphenyl (L&L)

m Toluene dive rg es

© [-Propylhanzena

- . . : . 2 Methyicyciohexans «System falls out of equilibrium

0 2 4 6 8 10 * Propylene carbonate
1000 K/T (B&H)

Dramatic temperature behaviour

15

Log (viscoslity/poise)
4]
i

-
L

T, practically defined as
1=10?-10%s,n=10' poise
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Fragile versus strong liquids ...

Log (viscosity/poise)

-
L

14 m,o-Xylene

12 m,o-Fluorotoluene
Chlorobenzene
10 Toluene
o-Terphenyl
K + Bis+ClI~
K+*Ca?*NO,

GeO, 5

©C>0OO e ¢ @ @ «

Log (viscosity in poise)

-4 1 -7 1 1 1 1 1 1

/ N
= Fragile

10

Ty/T

matthieu.micoulaut@upmc.fr

@ Ca0-Al,0y (64.5 Wi%)
é.vzca-mzoa (YAG)

© ZnCl,

QCKN
= 7RI AM20

0 Tri-a-naphthylbenzene
41,2-Diphenylbenzene
& Tl,SeAs,Te,

o E;iaDz

4 Propanoal

m o-Terphanyl (L&)

m Toluene

© [-Propylhanzena

B8 Methylcyclohexane

* Propylene carbonate
(B&H)

Dramatic temperature behaviour

Viscous slowing down with
temperature decrease

«Structure frozen in

*Relaxation time to equilibrium
diverges

«System falls out of equilibrium

T, practically defined as
1=10%-10°s, =10 poise

M =| 910907

Fragility index (Angell plot)

L —T=T,4
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« The deepest and most interesting unsolved problemiih s@alte theory is

(1995)

ience

probably the theory of the nature of glass and tlesgltransition... etc etc»

P.W. Anderson, Sc

e
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What can be (or has been) done in terms of modelling ?

J Seminal models.. still useful and referenced.

 Kinetic constrained mode(€€ommunity of Statistical

Physics of liquids): Trivial thermodynamics, complicated
dynamics.

 Classical thermodynamics moddélsually trivial dynamics).
Next lectures
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E) SEMINAL MODELS FOR THE GLASS TRANSITION
Adam-Gibbs theory (1965)

Basic idea:Relaxation dynamics of a glass is due to individu&irgs involving
sub-regions (cooperative rearranging regions, CRR)efiquid which relax to
a new local configuration.

Assumptions:

0 The CRRs are independent of each other

O The CRRs contain sufficiently many particles towalto apply the
formalism of statistical mechanics

O Consider a CRR with particles. Its partition function is:
Az P,T) =Y W(z,E,V)exp|—BH]
EV

wherew(z,E,V is the num‘ber of states of the CRR with endfggnd volume
V, andH is the enthalpy of the system.
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

O Suppose a CRR has z particles. The fraction f¢hdt)can undergo

rearrangements involves a similar partition functiontaming the states
associated with a rearrangment, so that one has:

o) = & = exp[-B(G — 6] = expl ~pzd

with Gibbs en f jies G= - In A anddu is the difference in chemical potential
per particle.

O The probability that the system makes a CR is propaatito f(z, T):

Wiz, T)= Aexp|—Pzoy|

O Suppose one has a density n(y,T) of regions haviraytycges. On average,
the probability that a particle makes a rearrangment is:

1 N
W*(T) = N Y zn(z,T)W(z,T)
with z* the smallest CR cluster
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

ZznZT (z,T)

Or :
1 N T
(1) = (e ) expl-B8u) X, oo expl— (e —2)aud

O ForpBou>>1 (relaxation mostly involve small cluster sizes at'the lowest
order), one has :

W*(T) = 4 exp|—Bz"84
O Can we say something about z* At LT, the dynamics of the particles is

mostly made of vibrations around local minima (b®mahd transitions
between these minima (bond rearrangements).

O The number of CRRs in a system with N particle¥zs,T) = N/z*.
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

Q The configurational entropy of each CRR iS¢y, = Seon /(2" , 1)

O Since we also have(z*,T) = N/z*, we can write:

2 =N/n(z",T) = NScons [ Sconf

Q We remind that: W*(T) =4 exp[—Pz"oy]

So that we obtain: p*(7) .y exp {_ BNSconfSN:|
Sconf

: / C '
or . *
W (T)=A4 exp|—
(T) p[ TSmf]

O If one assumes that the relaxation time of the sayséanversely
proportional to the probabality of a CRR ever(il]) ~1/W*(T) ], we obtain:

C
T(T) o< eXp[TS f]
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

Adam-Gibbs theory : conseguences C
UT) < exp | ———
TSconf
O Since one has~ n, viscosity also obeys the Adam-Gibbs relation.

O Verified experimentally (Richet): - Calorimetric measwf Cp and
calculation of S, by termodynamic integration+ measure of viscosity.

4
2.4 — T 2.- 3-BP 4
1400°C _ - i
22t K,Sis0; 7" o
2 ook MNaz5iy0y®. - | !
a2 Na,Si;0; @ — 2f
z 1.8f P £ 7
3 - """6_ 4t
% 167 ?ﬁNaESiEGE, t_g} i
= 1.4f e 6 log(a) « (S,TY"
E P 8 _ Thus * Ang = Ay
1.2 #CaMgsi;Oq M Te=To
4 gt R Richert and ol
log vob=ened (poise) _1%.0 ' o.'1 | ofz 03 04
Richet, GCA 1984 (S, 1"/ (kd mol) ™
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

Adam-Gibbs theory : consequences

O In several glass-forming liquids, the excess speb#at behaves as
Cp(T) — Cpglass_cpcrystal; K/T
whereK is a constant. Integration leads to :

S(T) fT dT _ 1
)y g T
K
Identification of the entrop$(T) with S.{(T), and using the Adam-Gibbs
relation leads to the Vogel-Fulcher law: D
T =T £X
T-T,

Where the reference temperatugb€comes the Vogel-Fulcher law.
Drawbacks:

» Oirigin of these CRR.

* No energy penalty for CRR rearrangements

* Single prediction (relaxation time)
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

Free volume (Cohen-Turnbull (1959)

Basic idea:Statistical redistribution of the free volume O
occasionally opens up voids large enough for diffusive

displacement. O
Central quantity in a hard sphere model: free volupper O
particle given by:

Vi=V-V,
with v, the volume per particle accessible only to one
particle at a time (= volume of hard sphere).

00)
QO The average diffusion is givenby : D = j D(v)p(v) dv
V*

where p(v) is the probability of finding free volume between v and v+dv, v* is a
critical volume just large enough to permit another molecule to jumpen aft
displacement.

O Probability of finding free volume is given by:p(v) = (y/vf)exp(—yv/vf)
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E) SEMINAL MODELS FOR THE GLASS TRANSITION

Free volume : results and consequences
L We have

p(v) = (v/vy)exp(~yv/vy)

y being a geometrical factor. CT assume that’as’0 v, one can assume that D(v) is

slowly varying so that one can write D=D(v*)P(v*) and :
Cco

D=DWw)Pw")=DWw") | pw)dv « Aexp(—yv*/vf)
Consequences: .

O One has D=0 if »0.
O Assuming a linear expansion for the free volume of the liquid,

— 1,.9lass _
one recovers a Vogel-Fulcher law. Vr = s T Vgha(T —Ty)
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F) KINETIC CONSTRAINED MODELS

+ many other models

{'d Try the giassotron! - Mozilla Firefox

Fle Edit View Go Bookmarks Tools Help

<:ZI - L,: p - @j LX) T‘-?ﬂ |‘_i http://wi3 Icwvn univ-montp?2 fr/~berthier/divers/glassotron html |EJ © Go ‘@,G\as;utmn
l Chemistry: WebEle (_E) Enseignants-cherch “ CNRS [ upmec | | Forum of chalcogen “ANR : Appels a projets | | ISI Web of Knowledg == Libération - Bienvenue »

Th e Fam O u S G IaSSOtrO n Gl.assotr(-)n: Make Your Own Glass Theory
(Berthier & Kurchan, 2002)

Glassotron

Activated L analysis =
Broadly-distributed droplet approximation
Collective energy conjecture
« It can be extremenly useful
Configurational free energy paradigm
Constrained hopping picture
- - landscape process
b efo r‘e th e n eXt u n I I n Disordered rearranging domains scenario
g Effective relaxation
Fictive renormalization group theory
" Frustrated replica
conference on the topic »
Hierarchical structure
Inherent
Out of equilibrium || = =

Exam P les:
"
F trated droplet scenariq
p n collaboration with Jorge Kurchan [1], we have worked out The Famous Glassotron' (TFG). It can be extremely useful before the next unifying conference on the topic. For you, it is available
| ﬁe Ctive e ntro py CO nj e Ctu réree. It is still far from perfect, so feel free to send me your suggestions,

[1]L. Berthier and J. Kurchan, The Famous Glassotron, submitted to Nature (2002).

Heterogeneous landscape picture

Updated May 2002

E Find | Kurchan ‘ @ Fnd Next O Fnd Previous [“|Highlight all [ Match case |} Reached end of page, continued from top

L Done
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F) KINETIC CONSTRAINED MODELS

+ many other models

14
12 A /g

Tg ﬁ
10 -

« The temperature desease »:
Introduce a hidden temperature

log o ( n/ poise)

0.0020 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050

_ 1/T(K
Kivelson-Tarjus, 1999



F) KINETIC CONSTRAINED MODELS

Ritort oscillator model (1995)

Properties:
» Set of non-interacting oscillators each described by
a continuous variable hffmd the energy function:

E=ZV(>9)

*V(x) real valued potential energy and leads to finite Z at
finite temperatures

Z= Texp{— BV (X)]dx

T=1/B, temperature of the bath with which the system is put
In contact
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F) KINETIC CONSTRAINED MODELS

Properties (continued):
» Stochastic dynamics where all oscillators are updated

In parallel, according to the rule:
r

X
"ATIN
with r; uncorrelated Gaussian variables having

<r, >=0 <rr; >= 0,

Move accepted according to the Metropolis rule

*Trivial statics £=2N, complicated dynamics (Kinetically
Constrained Models)Randombond model: T=0, X=1
T=00, X=0

matthieu.micoulaut@upmc.fr Atomic modeling of glass — LECTURE 1 GLASSES



F) KINETIC CONSTRAINED MODELS
Construction:

Change in energy in an elementary move:

AE = ZV(X +f) -V(x)= ZZk.Nm P xr”

i=1 k=1

Probability distribution of energy changes:

P(AE)=J5(AE szle 06 jﬂf e

i1=1 k=1

Dirac function in Fourier spacedkE being a random variable, M)
can be reconstructed from the momesEs

P(AE)_ J‘gg mAEZ( Iq) AEk

—00
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F) KINETIC CONSTRAINED MODELS

Gaussian distribution for P(AE) in the thermodynamic limit

_ 2
P(AE) = ——= — ex _(AE “;'AE)}
2710\ 20,

With mean M¢ and varianccerAE given by:

2
MAE =AE _% <V”>—__ZV”( )

o =AE*-AE° =/ <V*>

Evolution for the energy (Metropolis):
Accepted (1) oﬂE<O ortherwise accepted with probability eXpihE]

6e j XP(X)dx+ j xP(x)e”dx
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F) KINETIC CONSTRAINED MODELS

Evolution for the energy:

ﬁ 2
0 AE AE
oo 2 N 20§E 207

: : 2 7
With erfc the complementary error functiorerfc(x) =ﬁfexp(—uz)du

Relaxation towards equilibrium:
Linearisation of energy equation.

3

Relaxation time: 7 = 7. AE F{,BM AE }
da 1 (dM
\/71{ AE ( AE j}
O e MAE o=

*Arrhenius divergence of the relaxation tlme with
decreasing temperature, of activated type.

M, N

4 8
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eq

*Activation energy: E, =

<V"'">



F) KINETIC CONSTRAINED MODELS
N
1 Suppose the interacting potential is harmoric: ngf
=1

1 Mean and variance of the energy change are given by:

2
o, =KNE M, :‘%
1 Probabillity distribution of the energy change

P(AE) = ! exp - :
VATKEN’ AKEA®
4 Evolution for the energy: ! _

o= — kgz [(1_4E18)e,3|<ﬂ2/2(12E,3)erf{ ka® ](453_1)}

ot 16E

Cooling/heating solution: g=dT/dt for various strengths
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F) KINETIC CONSTRAINED MODELS

Out of equilibrium behaviour at

low temperature 350 — T 7

O Tg increases with the cooling -
rate gq. Reproduction of glass
transition phenomenology

Q At T=0: activated jumps 3 y
(AE>0) are rejected. :‘ I
O At high T, all moves are m__ ] — J
accepted. Faster relaxationto | / B0y .
equlibrium 50 1~ ——5 T .

ﬂ{] | lEl}{] | EE}{] | 3i|}{] | 4{|}D

Temperature T [K]
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F) KINETIC CONSTRAINED MODELS

150 T T | T T T | T T T
140 t

Defining a glass transition temperature

Cross point between the N HT
HT and LT behaviour for s L
the energy. 8
80 —
?a_—
e -1 s
HT = A i

2 50

Temperature [K]

OE ; 38 3/2
T =— E ¥ exd-8MT. In10/16E
0 \/ MT, 77In10 =T p[ g ”]

Low T expansion of the equation for the evolution of the energy.

matthieu.micoulaut@upmc.fr Atomic modeling of glass — LECTURE 1 GLASSES

40 L—1 | IR A R H gy | oo gy
50 100 I 200 250



F) KINETIC CONSTRAINED MODELS

*For a given potential (kA?)

T
0.8 kA =2700 K

Enthalpic overshoot/ Heat
capacity jJumpACp decreases
with heating rate

06—

0,4

[arb. units]

0.2

P

C

Tg increases with cooling rate

o — q=0.1K/s
— gq=1 K/§
— q=10K/s
021 -
| I | I | I |

Enthalpic overshoot/ Heat 100 200 300 200
. . . Temperature T [K]

capacity jumpACp increases

with potential stiffness

*For a given heating rate (q)
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Conclusion:

O Glasses are out-off equilibrium liquids
(increase of the relaxation time, kinetic phenomenon)

O Thermodynamics involved

[ Basic questions. Glass transition is still poorly wsteod
(theory+exp.)

d Small-world communities are working on glasses

Home reading The glass transition, P. Debenedetti, F. Stillinger
Nature 410, 259 (2001), available from the lecturésite or:

Next lecture: Structure of glasses
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