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Normalized fluctuations

The single component Lennard-Jones liquid revisited

Pressure and energy split in kinetic and configurational parts:

E(t) = K(t) + U(t) p(t)V = Nk;T(t) + W(t)
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AW(t)/N  [KJ/mol]

Some liquids are “strongly correlating” (R>0.9)
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<AUAW>/ (k,TV) [GPa]

How general are the correlations?
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There exists a class of “strongly correlating liquids”:
- including: van der Waals and (some) metals.
- excluding: hydrogen-bonding and ionic liquids. 4



Virial per particle [kJ/mol]
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Why are there strong correlations?
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3D: contribution from linear term
to a good approximation only
depends on density

Consequence:

Strongly correlating liquids inherit (some)

scaling properties from the IPL potential:

They have a “hidden scale invariance”.
1]




Virial per particle [ kJ/mol ]
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Isochores are straight lines in the W,U state diagram.
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Correlations between potential energy and virial along 5 constant-density paths.
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Single component L]
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Experimental consequences, Argon

If we can subtract of kinetic terms:

Supercritical argon [NIST database]:
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Virial per particle [kJ/mol]

Aging at constant volume
Is simple in SCL:
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Strong W-U correlation is a feature of the potential energy surface
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log[z /(s)]

Experimental observation: Density scaling

[TOlle, Rep. Prog. Phys., 2001] ettt et ﬁ_
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But: Is it the right form of scaling? [Roland et al., 2005]
What is the explanation?

Does not work for hydrogen bonding liquids
13



Hidden scale invariance:

- strongly correlating liquids obey
density scaling,

- scaling exponent can be estimated
from equilibrium fluctuation

Lewils—Wahns’Frbm OTP

[Schragder et al., PRE 80, 041502 (2009)]
[Coslovich & Roland, JCP 130, 014508 (2009)]

Response functions proportional:
Strong correlations +
Separation of time scale +
Fluctuation-Dissipation theorem:
~Tc,"(w) = y'K;"(w) = =y TB,"(w)
~TAc, = y’AK, = —yTAB,

[Ellegaard et al., JCP 126, 074502 (2007)]
[Pedersen et al., PRE 77, 011201 (2008)]

The scaling exponent can be
found from linear response:
Ongoing work
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A new theoretical concept: “Isomorphs”

Considering pairs of micro-states related by:

State points are isomorphic if all “physically relavant”

Boltzmann factors:

Two state points:(pl, Tl) and (pz, T2) ‘

R =(p,/p,)"* RY o ®

pairs of micro-states have proportional ‘ ‘ ‘

exp(—U(R"?)/kT,)=C,,exp(—U (R")/kT,)

3N dim. vector in

reduced units:

ol py" R=p;"R?=p}"R"
Exact for IPL, with = giving C,,=1
1 2 O O
o® 0
o ©
0o %o
(p2) T2>

[Gnan et al., JCP 131, 234504 (2009), paper V]
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. = (2 —
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[Gnan et al., JCP 131, 234504 (2009), paper V]
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A new theoretical concept: “Isomorphs”

Two state points: (p,, T,)and (p,, T,)

Considering pairs of micro-states related by:

R =(p)p.)" R"

State points are isomorphic if all “physically relavant”
pairs of micro-states have proportional
Boltzmann factors:

exp(—U(R?)/KT,)=C,, exp(—U (R")/KT,)

From this assumption follows a number of properties:

~/

R

 Invariant on an isomorphic curves in state diagram:

= Excess entropy, S,=5-S,.., -

= Structure (in reduced units, I; = p/°r;).

= Dynamics (in reduced units, £ = tp'/3,/kT/m ),
including high-order correlation functions.

1/3

« W(t) and U(t) are strongly correlated.

 |sochores are straight lines in W,U-plot.

3N dim. vector in
reduced units:

:p2

1/31—_?(2)_

1/3 B(1)
P ¢

[Gnan et al., JCP 131, 234504 (2009), paper IV]
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Radial distribution function (AA)
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Test by MD simulations:
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... and then check if the other invariants follow...

Generate state points with invariant excess entropy:

3111_(3”)):
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Structure is (to a good approximation) invariant on isomorph.
[Gnan et al., JCP 131, 234504 (2009), paper V]
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Incoherent Intermediate Scattering function

Dynamlcs IS (to a good approximation) invariant on isomorph.
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From talk by Charusita Chakravarty: Failure of Rosenfeld scaling
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Experimental observation: Isochronal superposition
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[Nielsen, Pawlus, Paluch, and Dyre, Phil. Mag. (2008)]
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Self intermediate scattering function

Towards low temperatures:
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Self intermediate scattering function

>
o

Towards low temperatures:

0.8

0.6

0.4

0.2

—
CD|
b3

[y

=

— p=1.2000, T=0.423 |
— p=1.2000, T=0.400
x p=1.2129,71T=0.423

KABY -
N=1000
NVT

||="T

See also:
[Coslovich & Roland, arXiv:0908:2396 (2009)]

L1y

el

O BT

10°

10" 10° 10°
Time (reduced units)

10" 10° 10°
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5.3

Isomorphic prediction:

-

O0ln(T)

dIn(p)

(AUAW) (oW
)Sex - ((avp) (W)v

is constant on an isochore.

521

5.1

5.5-0.63T

@® Isochore (p=1.200)
B Isomorph

52-0.12T

0.4

[Schrader et al., arXiv:1004.5145 (2010), paper V]

40

30

10

Isochores are straight lines in the W,U state diagram
- a consequence of the existence of isomorphs.

Isochores in generalized L) systems:

12-6 KABLJ, p=1.2
18-6 KABLJ, p=1.2
18-9 KABLJ, p=1.2
12-6 WaBLJ, p=0.75

+ 4+ +

=1 ow Iy by b

AFTTT T OO N
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MD on GPU

OMNEF Centre e and Time®, (MELFA. Leaartmeart of Sciences, Peskilde Lniversity, Denmark
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What is the shape of isomorphs in the W,U-plot?

Consider a multi-component generalized Lennard-Jones potential:
(?’51'.1(7'1',;‘ ) = @E? )( z?) + GE? )(; w) @E}”)(?"m) = EE_;H) (US”)/ T'i:;)

U and W has contribution from the two IPL terms of the potential

n m .- P U
U = UR + Um: W = §Un + gUm: Um = ZOE;R)(TH) = 3 Z
1>] pa/rs
-4
. . 2 I ' I ' I
On an isomorph the two IPL terms 42| H0H3P 1055 7
scale trivially with density (since 44 4.0443p - 10.5572 h
the structure is invariant): . .46 Kob & Andersen BLJ ]
e S 4F Noto00, N :
— ﬁ ~m /3 B ’ i
Um(ﬁ) B ( ,()*) Um’* (ﬁ*) - F Um * > Red line: Fit to isomorphic prediction,

2 2
U/p =Ap +B
L I 1

n
T
|

... and we thus get:

_ ~n/3 m/3 L2 Blue line: Isomorphic prediction, _
U= p""Ups+p Um L L J
/3 /3 c\g 0.8 W/4p)=Ap +B/2 N
n m =+ L -
W= 3 Un ok + 3 Um * ; 06 NOT AFIT!!! —
0.4 - —
02 _
i I I R

1,3 1,35 1.4 1,45 1,5 1,55 1.6



Shape of isomorphs in W,U-plot only depends on exponents 'm' and 'n'.

Multi-component generalized Lennard-Jones potential'
- (n) ., (m) ¢ (m) (m
Gij(rij) = &35 (rig) + @iy (riz), @iy (145) = f ( )/fw)

i Invariance of structure

| o U = ﬁnﬁ%Un*_i_pm/%Um*
Isomorphic prediction:

"r'!’ . .
W = _*jn/dUn* _*jm/dUm*
3l T gh :

| + SCLJ, 864 particles (W =40.586)
o KABLJ(80:20), 8000 particles + WBLJ (50:50), 1024 particles (W =50.043)
s KABLIJ (80:20), 8000 particles 0
+  WBLJ (50:50), 1024 particles (0.5| = KABLJ (80:20), 8000 particles (W =54.989) =
207 4 scLy. 864 particl N
’ particles ® KABLIJ (80:20), 8000 particles (W =56.125)| -~
0.4 - .
15+ - )
Z B el B
B . // e
10~ : o ]
2F o~ -
S - _ e"’l Isomorphic _
Isomorphic 1k 7 orp i
Ok 7 '6 : 5' 5 Ok | { | L L . I
- - -J. -0.13 -0.12 -0.11 -0.1 -0.09 -0.08
U/N x

U/W

0

[Schrgder et al., arXiv:1004.5145 (2010), paper V] 28



m,n depence on shape of isomorphs

20 | | | | | | | | | ' l_.,_.i--"""r T
i + 18-6 KABLIJ Isomorph
15— —
Z
5 _
0 | L | ! | l l | | l | l
-6.5 -6 -5.5 -5
U/N

[Schrgder et al., arXiv:1004.5145 (2010), paper V]



Liquid-solid coexistence, the liquid phase

) 0 T T I 7 ; | T I|/ 7 /"
Generalized L}, _ A L JiigdF

: m=127,77, ) 6 1 7

Single Component ol e i ;l!:/, /'
////// /7 m=121ff;// / /

i i 41 S8y o 1) .
Simulation results Z e A Ju s =T
from Ahmed & Sadus: 5 | 777 7 /7 |Z | I ]
[JCP 131, 174504 (2009)] ==38-"%" 7 2

~— - s T %, s

. —eee ,/o’/ - . . ,,,f /; i

_--..___.._.- —

A~ 0f -
Lines: [ T —-eee~ I _
. . g 10 . | ! | . - | . | .
Isomorphic prediction 08 I 1.2 08 I 12
P p

m/3-2
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Understanding isomorphs and isochores leads to an equation of state:

W/N =pV/N -k T

Ulp,T)= ..

p’ | T =~ constant

Wip,T)= ..

Isomorph prediction:
Shape of isomorphs in U,W diagram
(for generalized L) models)

[Schragder et al., arXiv:1004.5145 (2010), paper V]

' ! ' | ' I & |
| > =
8~ Points: MD simulations. K -
Kob & Andersen Binary LJ. %OQ
- N=1000, NVT. > T=09_ | Isomorph prediction:
s L —
T=0.550 oAy W=W,+yU
61~ <} | onisochores.
o
n 0z i
\10 . . .
na B S _| | Last ingredient in
P equation of state:
i ‘ | lu=U,+aT™”
T=0.466 o Full lines: Equation of state. on isochores.
- T—04 ' Parameters c;alculated from — [Rosenfeld & Tarazona,
e fwo state pOlntS. Mol PhyS (1998)]
o 4+ |( Does not hold for
Wahnstrom BLJ )
0 - [Pedersen, PRL (2010)]
! I ! I ! I I ! I
-7.2 -7 -6.8 -6.6 -6.4 -6.2
U/N
IPL: W=y U
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Conclusion

Two state points: (p;, T;) and (p,, T,)

Considering pairs of micro-states related by:
1/3_(1 1/3_(2 :
Pl/ 5, ) = p2/ I'z( ) (1=1,..N)

State points are isomorphic if all “physically relavant”
pairs of mlcro states fullfill;

(1) (2) (2)
e U(I‘ ’. )/k' T 0126 (1 ’" )/kBTQ

From this assumption follows a number of properties:

« Invariant on an isomorphic curves in state diagram:
= Excess entropy, $.,=5—5 40

= Structure (in reduced units, I, = o 13y, —— ™ Shape of isomorphs
= Dynamics (in reduced units, t = tp1/3\//fT/m in generalized L) systems

including high-order correlation functions. L
« W(t) and U(t) are strongly correlated. |
* [sochores are straight lines in W,U-plot. » Equation of state

* Jumps between isomorphic state points
are instantenous!

 The isomorphic filter, e.g: D#ZD,exp(—A/TS,)
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O Rho=1.10
| 0 Rw=-11 Making Adam-Gibbs
A Rho=1.25
i < Rho- 135 pass the. ,
— o0429exp(-1.062/TS.)|  Isomorpic filter:
0.1 0386 exp(-1.186/TS,.) .
- . 0.432exp(-1.495/TS,.) D=Dexp(—A(p)/TS,)
[ — 0.468 exp(-1.814/TS_.) " 13 1
l~) 0.01 L S S 0.573exp(-2.679fTSE) D=Dp (kT/m)
4O §
i NN~ 1 Data from:
0.001 L 3 %, o S . i [Sastry, PRL (2000)]
- ™ S Expectation:
i ] Y
0,0001 | I 1 I 1 I 1 I 1 I 1 I | A(p) p
0 1 2 3 4 5 6 7
li‘TSc 0,6: L L I 1T 1 1T T T T 11 1T 1T 1T 1T 1T 1
, = -~
Very recent collaboration: osE [F- 02299845053 % x o~ 3
[Sastry & Schrgder, KITP (2010)] ™" prad -
<k _e” -
- — S 02F =
Vi find: Y =5.05 o E o E
3 [ E
Thermodynamics gave (p=1.2 ): e E
y :5°16 EIJFI/I L1 1 1 1 I L1 1 1 1 1 1 1 1 | L1 1 1 1 1 1 1 IEt
0 0,05 0,1 0,15

log10(p)



Thank you for your attention!

34



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34

