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Isomorphs:

Main idea

Lines of invariant structure and dynamics

R-simple systems:
- van der Waals bonded

- metals
- weakly ionic/dipolar

Liquid Critical Point
I
I

Complex systems:
- hydrogen bonded
- covalently bonded
- strongly ionic/dipolar

Pressure

Temperature



Computing at Glass and Time

Computer clusters:

- 30 node standard cluster with dual cores (2005; upgraded 2014)

- An NVIDIA supercomputer with 92 GPUs, total theoretical peak
performance: 85 TeraFLOPS (2008-...)

- Upgraded 2013 to 400 TeraFLOPS

- GPU software available at: http://rumd.org [arXiv:1506.05094]



http://rumd.org/

Pressure-energy correlations
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Virial W and potential energy U in LJ liquid (NVT ensemble)

[Phys. Rev. Lett. 100, 015701 (2008)].

oV = Nk, T +W

E=K+U



Scatter plots
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A useful number

< AWAU >

The correlation coefficient: R=
€ \/< (AW)? >< (AU)? >




Lennard-Jones liquid: A closer look

8 . ' '
6
e
S 4
—-
P
2
g
2o
g
=
£
- -
o3 " ’
2 50K T=60K T=70k* T=80K,® T=90K .
r | . | | o '

-6.5 -6 -5.5 -5 -4.5
Potential energy per particle [ kl/mol ]

[Phys. Rev. Lett. 100, 015701 (2008)].
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Other systems

B <AWAU >
\/< (AW)? >< (AU)? >

<AUAWS> / (k,TV) [GPa]

| T T TTTI | | T TTTI | ! T 1T |
, O  SCLJ: 39.8 mol/l , s
10 B O SCLJ: 374 molid ) . p —
F < scu:seomort (Forbidden region) .
- /A SCLIJ: 34.6 mol/l ,é |
= < SCLI 32.6 mol/l 2 % —
= M SCLJ Crystal: 39,8 mol/l g
| [0 EXP:33.2moll VTR _
Q  EXP: 30.7 mol/l o O X
9 M DB {‘}D /\}f * 3
10" F v TOL > 7 X =
- SQW © P £ X ]
- ¢ KABLJ liquid ¢ x* .
- & KABLJ glass 6{‘9 @ 5 % ]
- OrP Q™ ¥ X -
r ¥ DZ X > *
10 F X  METH *
u & SPC/E: 0.9 g/ml ]
- A X SPC/E: 1.0 g/ml ]
- g % SPCJE: 1.1 g/ml * 1
- /ﬂ/ Increasing MGCU: 77 mol/| h
VL Temperature 5% MGCU: 85 mol/l .
A pe > TIPSP %
1{}—2 > | | IIIIII|-] | | IIIIII|U | | IIIIII|:|
10 10 10 10

(<(AUY ><(AW)’>) /(K TV) [GPa]



Supercritial Argon:
96% correlation
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Aging: Orthoterphenyl (OTP

LW-OTP, N = 8748, tho = 1.13452 g/ml
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Aging: Water
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What causes the strong
correlations?

1 ! ~
Virial definition: W ==, V' (K) AW (t) = 7 AU (1)

Ve r™  implies ¥ =

w| >

This suggests that gamma=4 for the LJ system...
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Lennard-Jones potential

The effective power-law
i} T

[see also Ben-Amotz and Stell, J. Chem. Phys. 119, 10777 (2003)]
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Origin of the hidden scale invariance of strongly
correlating liquids:
The "extended inverse power-law” (elPL) potential

Strong virial / potential energy correlations are present whenever the potential
can be fitted well around first structure peak by
vpg(r) 2 Ar~ "+ B+ Cr

I
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Fluctuations are almost not affected by
the r-term; thus IPL approximation
applies.

For details: JCP 129, 184508 (2008);
JCP 131, 234503 (2009).
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Isomorph definition, v1 (2009)

i; = p ;. (4)

Two state points (1) and (2) with temperatures 77 and 75 and densities p1 and p2 are by definition isomorphic if
1)

' i : : : - ! (1)
they obey the following: Any two physically relevant configurations*® of state points (1) and (2), (v}, ...,ry’) and
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[JCP 131, 234504 (2009)]

Trivial example:
For inverse power-law (IPL) liquids, states with same
are isomorphic (with C,,=1).

Physical content:
Same potential energy landscape (in temperature scaled units)
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Isomorph properties

1) Isomorphic state points have same excess (configurational) entropy.

2) Isomorphic state points have same (scaled) relaxation time.

3) Isomorphic state points have same (scaled) dynamics.

4) Isomorphic state points have same (scaled) static equilibrium distributions.

5) Isomorphic state points have same ...

6) Instantaneous equilibration for jumps between isomorphic state points.

7) Aliquid has isomorphs (to a good approximation) if and only if the liquid
has strong correlations between equilibrium fluctuations of virial and
potential energy.
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Results from computer simulations
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Isomorphs jump (red)
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[Kob-Andersen binary Lennard-Jones liquid, 2009]




"Isochronal superposition”
- An iIsomorph-theory prediction

17356 'H ‘]JUU]FV.’ 1 OF
PHYSICAL
CHEMISTRY
LETTERS
2005, 109 17356—17360
Published on Web 08/30/2005

Do Theories of the Glass Transition, in which the Structural Relaxation Time Does Not
Define the Dispersion of the Structural Relaxation, Need Revision?

K. L. Ngai,®" R. Casalini,” S. Capaccioli,’ M. Paluch,! and C. M. Roland’

Finding: Whether the relaxation time is increased by decreasing temperature
or by increasing pressure, the effect is the same on the spectrum.
Does not work for hydrogen-bonding liquids.

See also C. M. Roland, Soft Matter 4, 2316 (2008).
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Connecting to conventional liquid state theory

1) The melting line is almost an isomorph. Thus the Lindemann melting criterion
must be pressure independent.

2) Rosenfeld’s "excess entropy scaling” (1977): Transport coefficients (in
reduced units) are functions of the excess entropy.
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Order-parameter maps
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[Errington, Debenedetti, Torquato,

J. Chem. Phys. 118, 2256 (2003)] [Shell, Debenedetti, Panagiotopoulos,

Phys. Rev. E 66, 011202 (2002)]
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The isomorph filter

Wanted: A theory for the super-Arrhenius temperature dependence

IF a universal theory is aimed at, the quantity controlling the relaxation time
must be an isomorph invariant.

22



Some phenomenological models

1) Adam-Gibbs entropy model: T =1, exp(A/TSC) i,

2) Free-volume model: T=1,exXp(B/v;)

3) Energy controlled models: 7 =7, eXp((EO— <E>)/ kBT)

4) Elastic models:
4a) Shoving model: 7 = 7, exp(V.G_ /kgT) +

4b) MSD version: 7 =7,exp(p>"*/ <u®>) +

4c) Leporini version: 7 = ToF (a2 | < u? >) i,
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ARTICLES

PUBLISHED OMLINE: 3 JULY 2011 | DOI:10.1038/NPHY52031

Experimental validation
[Nat. Phys. 7, 816 (2011), with Mike Roland et al.]

nature

physics

Predicting the density-scaling exponent of a
glass-forming liquid from Prigogine-Defay

ratio measurements

Ditte Gundermann', UIf R. Pedersen?, Tina Hecksher', Nicholas P. Bailey', Bo Jakobsen’,
Tage Christensen’, Niels B. Olsen', Thomas B. Schreder’, Daniel Fragiadakis®, Riccardo Casalini?,
C. Michael Roland?, Jeppe C. Dyre' and Kristine Niss'*
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Summary (part |)

van der Waals liquids and metallic liquids
(not hydrogen-bonding, ionic, covalent)
are simpler than liquids in general

These “R-simple” liquids:

- have a hidden scale invariance (part Il)
- are “single-parameter liquids”

- have isomorphs

The isomorph filter allows one to sort among theories for the
non-Arrhenius temperature dependence
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