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Glasses are nonequilibrium states

History dependence

L=U(1T P)
but

U=U(T,P, {history})

 Memory effect
e Aging phenomena

* Rejuvenation

+

in DFT

K.S, J. Phys. Commun. 4, 085015 (2020)
J. Phys. Commun. 5§, 015004 (2021)
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Nature of Glass Transition
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Il = 1 for the second-order transition

ACp  Kinetic origin?



Ditficulties 1n calculating AC),

1. Lack of standard theory of specific heat for liquid

-
AC,=CP - C&

2. Hysteresis of C-T curve in glass transition

3. Large separation in the timescale

between glass transition and MD simulations

Glass transition time simulation time of FP-MD

> 1 min 10 ps



Theory of specific heat

Cy: Classical limit
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First-principles calculation of specific heat

Specific heat ¢, = (a—U)
Gl

Microscopic energy X /
X
E

1
E(®) = Egs({R(D}) +5;ij,-<r>2 o T oy

l in thermodynamic equilibrium \ /
3

Internal energy —kgT

2 AVAV/,
N /X
U = E (1) = Egs({R(D}) W X

For solids, = Harmonicapprox. . in adiabatic MD
R =R;+u?)

E({R;}) + Ey(T) + E (V)

structural part phonon  thermal expansion
(configurational)

Cp = Cst + Cph + Cee



Phonon contribution to specific heat

For solids
Phonon DOS of quartz
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For liquids
Is the phonon-picture realistic for liquids? ———»  No!

Effect of energy dissipation

——F Need of adiabatic MD simulation



Problem for liquids

No eigenstates

/= Z e /'
i

dU(w) = C(w)dT(w)
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Energy dissipation determines C

Relaxation processes

Adiabatic MD simulations automatically take
the energy dissipation process into account.

Destruction
w1
W
- \ Q)
. /\/\/"\ Creation
“x 3
W‘
(@) = —=
W) = ) > Energy dissipation
| —iwr, 2 P
Relaxation
Relaxation
Lini > 1
U=const Equilibrium




Glass Transition of Glycerol
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Glass Transition of Silica
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Nature of Glass Transition

U

A Cp AC st For Silica glass

Almost all the part AC, is determined by
the structural change.

AC (L, =1 ) I .

essentially the structural transition A

but the randomness breaks the latent
heat into the excess specific heat.

more than 99% of AC, comes from ACs;




Interpretation of Prigogine-Detfay ratio

o AC,Ak o
> :
TV(ACZ) There are more than one order parameters
R.
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" ACp . (Change in the total energy)
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Summary

Present results

Traditional view

Glass state

Equilibrium state

U=UT,V,{R})

Nonequilibrium state

EF - iR

Thermodynamically Kinetic parameter?
ACp well-defined quantity

mostly determined

by AESt

= | due to order parameters
Glass - .

i Structural transition Kinetic transition

transition




The present view for glass

The traditional view Experimental fact
Glass has hysteresis. All solids have hysteresis.
» NEO
Present theor _ 0
g U = U(T, (R;})
All the static states of a solid are equilibrium states
frozen glass

within the time scale in which the solid maintains its current structure.
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FP-MD simulation of specific heat jump = — J.Phys.. CM 34 375902 (2022)
FP-MD study on the Prigogine-Defay ratio — J. Phys.: CM 35 505401 (2023)

. The third law —  arXiv:2207.11421



History-dependent properties

Nonequilibrium!

L= (T P)
but

U = UL, P, §ision})

Memory and
rejuvenation in
polymethyl
methacrylate

K. Fukao and A. Sakamoto,
Phys. Rev. E 71, 041803 (2005)
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Energy landscape of spin glass

Conventional spin glass

Spin Jam

nonhierarchical

hierarchical

A. M. Samarakoon, et al., Proc. Natl.
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