Fundamentals of Condensed Matter
(lecture 5)
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CONDENSED MATTER
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Content of the Liquids part (lectures 1-6)

e Recap thermodynamics and phase diagrams

e Recap statistical mechanics and classical statistical mechanics
e Second virial coefficient and model liquids

e Structure of liquids and compressibility relation

* Ornstein-Zernike relation and link to (scattering) experiments — .  Today’s lecture (5)

e Relation g(r) with interactions and thermodynamics and recap



Today’s lecture (5)

e Ornstein-Zernike relation
— Direct correlation function

— Fourier transform of Ornstein-Zernike

e Link to thermodynamics, interactions, structure and scattering

e Scattering and microscopy experiments (on liquids)
— Light scattering and Rayleigh ratio
— Scattering by small, large and many large particles

— The structure factor

— Measuring structure factors and radial distribution functions



Orstein-Zernike equation

link pair potential to structure

|

Split total interaction in direct and indirect part

hi2 = c12 + ,O/d73013h32

direct part indirect part




Direct correlation function c(r)
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range c(r) much shorter than g(r) and h(r), but similar to ¢(r)



Link structure and pair potential

hi2 = c12 + ,O/dT3C13h32

Very difficult, non-linear integral equation

closure relations

relate c(r) to ¢ (r) and/or h(r)
C(?") — g(?“) (1 — eﬁ(b(r)) Percus-Yevick

c(r) = —pFo(r) Mean Spherical Approximation



Results for hard spheres
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Today’s lecture (5)

e Ornstein-Zernike relation
— Direct correlation function

— Fourier transform of Ornstein-Zernike

¢ Link to thermodynamics, interactions, structure and scattering

e Scattering and microscopy experiments (on liquids)
— Light scattering and Rayleigh ratio
— Scattering by small, large and many large particles

— The structure factor

— Measuring structure factors and radial distribution functions



Fourier transform of Ornstein-Zernike equation

Links to scattering and compressibility

hia = c12 + ,O/d73013h32
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Thermodynamics K7 = (1/p) (Op/0Op)+
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Fourierltransform

Structure h(r)=g(r) —1
Interactions c(r) <> ¢(r)
iL(K) — é(K) e pé(K)iL(K) Scattering 14+ piL(K) = S(K)
Rearrangel
A 1 1+ pfAL(K) — S(K) (structure factor S(K), 2" hour)
1+ ph(K) = - < .
1 — PC(K) 1+ ph(K — ()) — pl{BT/{,T (compressibility x7at K = 0)
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— Measuring structure factors and radial distribution functions



The electric field of light
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Origin of ligh
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Rayleigh ratio R(6)

0 : angle between incident and scattered light
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* independent of apparatus constants /,, R and V, (scattering volume)

* Rayleigh ratio: measure for intensity scattered light



Scattering vector K
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Today’s lecture (5)

e Ornstein-Zernike relation
— Direct correlation function

— Fourier transform of Ornstein-Zernike

e Link to thermodynamics, interactions, structure and scattering

e Scattering and microscopy experiments (on liquids)
— Light scattering and Rayleigh ratio
— Scattering by small, large and many large particles

— The structure factor

— Measuring structure factors and radial distribution functions



Scattering by small particles: Rayleigh scattering

)\0 >d ol charges oscillate in phase scattered intensity: — X 17

Almere Netherlands Phot bJesper Albers

Tyndall effect




Scattering by large particles
Ao < d

1. Particle = collection of Rayleigh scatterers
2. Spatial distribution of Rayleigh scatterers
3. Phase differences between scattered light

4. Interference - total scattered light

Interference due to scattering within a particle

Form factor P(K)



Scattering by many large particles: structure factor

Interference due to scattering by different particles

Structure factor S(K)



Rayleigh ratio for scattering in concentrated systems

R(K) = R(K — 0)P(K)S(K)
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R(K = 0): forward scattering

\ 4
Interference due to scattering within a particle

Form Factor P(K)

\ 4
Interference due to scattering by different particles

Structure Factor S(K)




Structure factor for concentrated systems

R(K) = R(K — 0)P(K)S(K)

with
structure factor S(K)
2y _ 1 iR-(Ri—R;)
S(K) = 5 <Z
(2¥,

Interference due to scattering
by different particles




S(K) for homogeneous systems (like liquids)

—

S(K)=1 +,0/ lg(r) — 1] BT dF

For very dilute systems:

g(r)—)l
S(k)—>1



Link between S(K), h(r) and c(r)
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S(K)=1 —I—p/ lg(r) — 1] "™ "di

S
~
Fourier transform of h(r)
B 1
1 — pe(K)

* S(K) is related to the Fourier transform of the total correlation function h(r) = g(r) -1

e ...and also to the Fourier transform of the direct correlation function c(r)



Link between S(K) and thermo at K 2 0

—
—

S(K)=1 —I—p/ (g(r) — 1] e TdF

S(K — 0) = 1+,0/h(r)d77

Combine with compressibility relation (from lecture 4):

S(K — O) == ,OkBTKJT

dp
p— T —
o <3P)T



Links structure factor and statistical mechanics

Ornstein-Zernike and scattering provide link between

e Thermodynamics: compressibility 7
e Structure: total correlation function h(r)
e Interactions: direct correlation function c(r)

e Experiments (and simulations): structure factor S(K)

—

S(K) = 1+,0/[g(7“)—1] e S(K —0) = 1+p/h(7“)df’

=1+ ph(K) = pkpTltr
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Example: equation of state for hard spheres

I(K) « P(K)S(K)
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Actually ... microscopy also works ...

... for colloidal liquids!

We know all the single particle coordinates ... so we can directly compute g(r) and S(K)
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ial distribution function
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Equation of state from g(r)

For (2D) hard spheres: P = pkBT [1 + 2¢g(7“ = O‘)]

Scaled Particle Theory
O Experimental data
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A.L. Thorneywork, R. Roth, D.G.A.L. Aarts and R.P.A. Dullens, J. Chem. Phys. (2014)



Structure factors
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Content of the Liquids part (lectures 1-6)

e Recap thermodynamics and phase diagrams

e Recap statistical mechanics and classical statistical mechanics
e Second virial coefficient and model liquids

e Structure of liquids and compressibility relation

e Ornstein-Zernike relation and link to (scattering) experiments "

e Relation g(r) with interactions and thermodynamics and recap —  Nextlecture (6)

* Problems 13 — 15 of problem set 3 are associated to lecture 5



