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Outline

• Soft condensed matter

§ easily deformed by thermal fluctuations

§ self-organisation into mesoscopic structures

§ macroscopic behaviour depends on mesoscopic structures

• Landau models for phase transitions and complex fluids

• Lattice-Boltzmann simulation method

• Microfluidics of nanoparticle-liquid crystal composite materials



• Scalar order parameter

• Free energy functional

limits of metastability for supercooling and superheating

a ∝ (T − T∗)

Landau Theory 1st Order Phase Transition
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measures ”the order” S ∈ R
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T ∗, T ∗∗
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Discontinuous change of      at             Tc
<latexit sha1_base64="mvE9xJROpgmzZs0CqtRpC993tzU=">AAACEXicbVBNS8NAEN34WeNX1KOXYCmIh5L0ongqePFYoV/QhLDZTNulm03c3Qgh9Bd49Jd4VC/i1bMH/43bNodqfTDweG+GmXlhyqhUjvNtrK1vbG5tV3bM3b39g0Pr6Lgrk0wQ6JCEJaIfYgmMcugoqhj0UwE4Dhn0wsnNzO89gJA04W2Vp+DHeMTpkBKstBRYNS+EEeUF3HMsBM4vpmY7IKYHPFrSAqvq1J057FXilqSKSrQC68uLEpLFwBVhWMqB66TKL7BQlDCYml4mIcVkgkcw0JTjGKRfzN+Z2jWtRPYwEbq4sueqWVsaKXAsZR6HujXGaixXzJn6rznI1PDKLyhPMwWcLHYNM2arxJ7FY0dUAFEs1wQTQfW5NhljgYnSIZo6B/fv16uk26i7Tt29a1Sb12UiFXSKztA5ctElaqJb1EIdRNAjekav6M14Ml6Md+Nj0bpmlDMn6BeMzx/k2py8</latexit><latexit sha1_base64="mvE9xJROpgmzZs0CqtRpC993tzU=">AAACEXicbVBNS8NAEN34WeNX1KOXYCmIh5L0ongqePFYoV/QhLDZTNulm03c3Qgh9Bd49Jd4VC/i1bMH/43bNodqfTDweG+GmXlhyqhUjvNtrK1vbG5tV3bM3b39g0Pr6Lgrk0wQ6JCEJaIfYgmMcugoqhj0UwE4Dhn0wsnNzO89gJA04W2Vp+DHeMTpkBKstBRYNS+EEeUF3HMsBM4vpmY7IKYHPFrSAqvq1J057FXilqSKSrQC68uLEpLFwBVhWMqB66TKL7BQlDCYml4mIcVkgkcw0JTjGKRfzN+Z2jWtRPYwEbq4sueqWVsaKXAsZR6HujXGaixXzJn6rznI1PDKLyhPMwWcLHYNM2arxJ7FY0dUAFEs1wQTQfW5NhljgYnSIZo6B/fv16uk26i7Tt29a1Sb12UiFXSKztA5ctElaqJb1EIdRNAjekav6M14Ml6Md+Nj0bpmlDMn6BeMzx/k2py8</latexit><latexit sha1_base64="mvE9xJROpgmzZs0CqtRpC993tzU=">AAACEXicbVBNS8NAEN34WeNX1KOXYCmIh5L0ongqePFYoV/QhLDZTNulm03c3Qgh9Bd49Jd4VC/i1bMH/43bNodqfTDweG+GmXlhyqhUjvNtrK1vbG5tV3bM3b39g0Pr6Lgrk0wQ6JCEJaIfYgmMcugoqhj0UwE4Dhn0wsnNzO89gJA04W2Vp+DHeMTpkBKstBRYNS+EEeUF3HMsBM4vpmY7IKYHPFrSAqvq1J057FXilqSKSrQC68uLEpLFwBVhWMqB66TKL7BQlDCYml4mIcVkgkcw0JTjGKRfzN+Z2jWtRPYwEbq4sueqWVsaKXAsZR6HujXGaixXzJn6rznI1PDKLyhPMwWcLHYNM2arxJ7FY0dUAFEs1wQTQfW5NhljgYnSIZo6B/fv16uk26i7Tt29a1Sb12UiFXSKztA5ctElaqJb1EIdRNAjekav6M14Ml6Md+Nj0bpmlDMn6BeMzx/k2py8</latexit><latexit sha1_base64="mvE9xJROpgmzZs0CqtRpC993tzU=">AAACEXicbVBNS8NAEN34WeNX1KOXYCmIh5L0ongqePFYoV/QhLDZTNulm03c3Qgh9Bd49Jd4VC/i1bMH/43bNodqfTDweG+GmXlhyqhUjvNtrK1vbG5tV3bM3b39g0Pr6Lgrk0wQ6JCEJaIfYgmMcugoqhj0UwE4Dhn0wsnNzO89gJA04W2Vp+DHeMTpkBKstBRYNS+EEeUF3HMsBM4vpmY7IKYHPFrSAqvq1J057FXilqSKSrQC68uLEpLFwBVhWMqB66TKL7BQlDCYml4mIcVkgkcw0JTjGKRfzN+Z2jWtRPYwEbq4sueqWVsaKXAsZR6HujXGaixXzJn6rznI1PDKLyhPMwWcLHYNM2arxJ7FY0dUAFEs1wQTQfW5NhljgYnSIZo6B/fv16uk26i7Tt29a1Sb12UiFXSKztA5ctElaqJb1EIdRNAjekav6M14Ml6Md+Nj0bpmlDMn6BeMzx/k2py8</latexit>

S
<latexit sha1_base64="cJoZSqbmGyRm4jqQv3kj0grXQpQ=">AAACDHicbVDLSsNAFJ34rPFVdelmsAjioiTdKK4KblxWtA9oQ5lMbtqhk0mcmQgh9APc+CtuXCji1g9w5984bbOorQcGDuecy517/IQzpR3nx1pZXVvf2Cxt2ds7u3v75YPDlopTSaFJYx7Ljk8UcCagqZnm0EkkkMjn0PZH1xO//QhSsVjc6ywBLyIDwUJGiTZSv1zp+TBgIocHQaQk2fnYvrN7III5xaScqjMFXiZuQSqoQKNf/u4FMU0jEJpyolTXdRLt5URqRjmM7V6qICF0RAbQNVSQCJSXT48Z41OjBDiMpXlC46k6P5GTSKks8k0yInqoFr2J+J/XTXV46eVMJKkGQWeLwpRjHeNJMzhgEqjmmSGESmb+iumQSEK16c82JbiLJy+TVq3qOlX3tlapXxV1lNAxOkFnyEUXqI5uUAM1EUVP6AW9oXfr2Xq1PqzPWXTFKmaO0B9YX7/FrJtk</latexit><latexit sha1_base64="cJoZSqbmGyRm4jqQv3kj0grXQpQ=">AAACDHicbVDLSsNAFJ34rPFVdelmsAjioiTdKK4KblxWtA9oQ5lMbtqhk0mcmQgh9APc+CtuXCji1g9w5984bbOorQcGDuecy517/IQzpR3nx1pZXVvf2Cxt2ds7u3v75YPDlopTSaFJYx7Ljk8UcCagqZnm0EkkkMjn0PZH1xO//QhSsVjc6ywBLyIDwUJGiTZSv1zp+TBgIocHQaQk2fnYvrN7III5xaScqjMFXiZuQSqoQKNf/u4FMU0jEJpyolTXdRLt5URqRjmM7V6qICF0RAbQNVSQCJSXT48Z41OjBDiMpXlC46k6P5GTSKks8k0yInqoFr2J+J/XTXV46eVMJKkGQWeLwpRjHeNJMzhgEqjmmSGESmb+iumQSEK16c82JbiLJy+TVq3qOlX3tlapXxV1lNAxOkFnyEUXqI5uUAM1EUVP6AW9oXfr2Xq1PqzPWXTFKmaO0B9YX7/FrJtk</latexit><latexit sha1_base64="cJoZSqbmGyRm4jqQv3kj0grXQpQ=">AAACDHicbVDLSsNAFJ34rPFVdelmsAjioiTdKK4KblxWtA9oQ5lMbtqhk0mcmQgh9APc+CtuXCji1g9w5984bbOorQcGDuecy517/IQzpR3nx1pZXVvf2Cxt2ds7u3v75YPDlopTSaFJYx7Ljk8UcCagqZnm0EkkkMjn0PZH1xO//QhSsVjc6ywBLyIDwUJGiTZSv1zp+TBgIocHQaQk2fnYvrN7III5xaScqjMFXiZuQSqoQKNf/u4FMU0jEJpyolTXdRLt5URqRjmM7V6qICF0RAbQNVSQCJSXT48Z41OjBDiMpXlC46k6P5GTSKks8k0yInqoFr2J+J/XTXV46eVMJKkGQWeLwpRjHeNJMzhgEqjmmSGESmb+iumQSEK16c82JbiLJy+TVq3qOlX3tlapXxV1lNAxOkFnyEUXqI5uUAM1EUVP6AW9oXfr2Xq1PqzPWXTFKmaO0B9YX7/FrJtk</latexit><latexit sha1_base64="cJoZSqbmGyRm4jqQv3kj0grXQpQ=">AAACDHicbVDLSsNAFJ34rPFVdelmsAjioiTdKK4KblxWtA9oQ5lMbtqhk0mcmQgh9APc+CtuXCji1g9w5984bbOorQcGDuecy517/IQzpR3nx1pZXVvf2Cxt2ds7u3v75YPDlopTSaFJYx7Ljk8UcCagqZnm0EkkkMjn0PZH1xO//QhSsVjc6ywBLyIDwUJGiTZSv1zp+TBgIocHQaQk2fnYvrN7III5xaScqjMFXiZuQSqoQKNf/u4FMU0jEJpyolTXdRLt5URqRjmM7V6qICF0RAbQNVSQCJSXT48Z41OjBDiMpXlC46k6P5GTSKks8k0yInqoFr2J+J/XTXV46eVMJKkGQWeLwpRjHeNJMzhgEqjmmSGESmb+iumQSEK16c82JbiLJy+TVq3qOlX3tlapXxV1lNAxOkFnyEUXqI5uUAM1EUVP6AW9oXfr2Xq1PqzPWXTFKmaO0B9YX7/FrJtk</latexit>



Binary Fluid: Order Parameter

• Phase-separating binary liquid: phase A, B, e.g. block-copolymers

φ = ρA − ρB

• Free energy functional

Landau parameters

related to surface tension

density difference 

between the two phases

• Scalar order parameter
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<latexit sha1_base64="5LQS9l/tKhMP2kC4T/QkejGSE6U="></latexit><latexit sha1_base64="5LQS9l/tKhMP2kC4T/QkejGSE6U="></latexit><latexit sha1_base64="5LQS9l/tKhMP2kC4T/QkejGSE6U="></latexit><latexit sha1_base64="5LQS9l/tKhMP2kC4T/QkejGSE6U="></latexit>

a, b
<latexit sha1_base64="bYIK1vJhDoHKyRqzk3ZVj/1My0g=">AAACEXicbVA9SwNBEN3zM55fp5Y2hyEgIuEujRYWARvLCOYDkhDmNpNkyd7eubsnHEd+gaW/xFJtxNbawn/jJrkiGh8MPN6bYWZeEHOmtOd9Wyura+sbm4Ute3tnd2/fOThsqCiRFOs04pFsBaCQM4F1zTTHViwRwoBjMxhfT/3mA0rFInGn0xi7IQwFGzAK2kg9p9QJcMhEhvcCpIT0bGLDeWB3UPQXtJ5T9MreDO4y8XNSJDlqPeer049oEqLQlINSbd+LdTcDqRnlOLE7icIY6BiG2DZUQIiqm83embglo/TdQSRNCe3OVLu0MJJBqFQaBqY1BD1SS+ZU/ddsJ3pw2c2YiBONgs53DRLu6sidxuP2mUSqeWoIUMnMuS4dgQSqTYi2ycH/+/UyaVTKvlf2byvF6lWeSIEckxNySnxyQarkhtRInVDySJ7JK3mznqwX6936mLeuWPnMEfkF6/MHp1qclw==</latexit><latexit sha1_base64="bYIK1vJhDoHKyRqzk3ZVj/1My0g=">AAACEXicbVA9SwNBEN3zM55fp5Y2hyEgIuEujRYWARvLCOYDkhDmNpNkyd7eubsnHEd+gaW/xFJtxNbawn/jJrkiGh8MPN6bYWZeEHOmtOd9Wyura+sbm4Ute3tnd2/fOThsqCiRFOs04pFsBaCQM4F1zTTHViwRwoBjMxhfT/3mA0rFInGn0xi7IQwFGzAK2kg9p9QJcMhEhvcCpIT0bGLDeWB3UPQXtJ5T9MreDO4y8XNSJDlqPeer049oEqLQlINSbd+LdTcDqRnlOLE7icIY6BiG2DZUQIiqm83embglo/TdQSRNCe3OVLu0MJJBqFQaBqY1BD1SS+ZU/ddsJ3pw2c2YiBONgs53DRLu6sidxuP2mUSqeWoIUMnMuS4dgQSqTYi2ycH/+/UyaVTKvlf2byvF6lWeSIEckxNySnxyQarkhtRInVDySJ7JK3mznqwX6936mLeuWPnMEfkF6/MHp1qclw==</latexit><latexit sha1_base64="bYIK1vJhDoHKyRqzk3ZVj/1My0g=">AAACEXicbVA9SwNBEN3zM55fp5Y2hyEgIuEujRYWARvLCOYDkhDmNpNkyd7eubsnHEd+gaW/xFJtxNbawn/jJrkiGh8MPN6bYWZeEHOmtOd9Wyura+sbm4Ute3tnd2/fOThsqCiRFOs04pFsBaCQM4F1zTTHViwRwoBjMxhfT/3mA0rFInGn0xi7IQwFGzAK2kg9p9QJcMhEhvcCpIT0bGLDeWB3UPQXtJ5T9MreDO4y8XNSJDlqPeer049oEqLQlINSbd+LdTcDqRnlOLE7icIY6BiG2DZUQIiqm83embglo/TdQSRNCe3OVLu0MJJBqFQaBqY1BD1SS+ZU/ddsJ3pw2c2YiBONgs53DRLu6sidxuP2mUSqeWoIUMnMuS4dgQSqTYi2ycH/+/UyaVTKvlf2byvF6lWeSIEckxNySnxyQarkhtRInVDySJ7JK3mznqwX6936mLeuWPnMEfkF6/MHp1qclw==</latexit><latexit sha1_base64="bYIK1vJhDoHKyRqzk3ZVj/1My0g=">AAACEXicbVA9SwNBEN3zM55fp5Y2hyEgIuEujRYWARvLCOYDkhDmNpNkyd7eubsnHEd+gaW/xFJtxNbawn/jJrkiGh8MPN6bYWZeEHOmtOd9Wyura+sbm4Ute3tnd2/fOThsqCiRFOs04pFsBaCQM4F1zTTHViwRwoBjMxhfT/3mA0rFInGn0xi7IQwFGzAK2kg9p9QJcMhEhvcCpIT0bGLDeWB3UPQXtJ5T9MreDO4y8XNSJDlqPeer049oEqLQlINSbd+LdTcDqRnlOLE7icIY6BiG2DZUQIiqm83embglo/TdQSRNCe3OVLu0MJJBqFQaBqY1BD1SS+ZU/ddsJ3pw2c2YiBONgs53DRLu6sidxuP2mUSqeWoIUMnMuS4dgQSqTYi2ycH/+/UyaVTKvlf2byvF6lWeSIEckxNySnxyQarkhtRInVDySJ7JK3mznqwX6936mLeuWPnMEfkF6/MHp1qclw==</latexit>

κ
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Binary Fluid: Dynamics 

• HD: Navier-Stokes equation

• Stress tensor in NSE

∂t uα + (uβrβ)uα = ∂β σαβ

• OP dynamics: advection-diffusion equation

@t �+ ~r · (~u�) = M r
2
�F

��
= M r

2 µ
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mobility coefficient

chemical potential

P
chem

αβ = κ(∂αφ)(∂βφ)
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σαβ = −pδαβ + η(∂αuβ + ∂βuα)− P chem

αβ
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chemical pressure due to 

composition



Binary Fluid in Shear Flow

3D: undergoes ordering

2D: forms fluctuating 

lamellae with spatial 

heterogeneities



Mesoscopic Simulation Methods

Recent review: Ulf Schiller, Timm Krüger, Oliver Henrich, 

Mesoscopic Modelling and Simulation of Soft Matter, 

Soft Matter 14, 9 (2018)

size of atom or molecule 

mean free path

system size

typical length scale

e.g. gradient



Lattice Boltzmann Method

Kinetic Theory: Boltzmann Equation

Probability density function

Density

Momentum

Energy



Discretisation of time, configuration AND momentum space

Lattice Boltzmann Method

Discrete lattice velocities 

i = {0, . . . , 18}D3Q19:U.Frisch, B.Hasslacher, Y.Pomeau, 

Phys. Rev. Lett. 56, 1505 (1986)

Lattice Gas Cellular Automata

simplified collision rules reproduce HD

ci
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Lattice Boltzmann equation: for every discrete velocity 

Ω[{fi, f
eq
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τf

(feq
i − fi)

Collision operator

τf ∝ ν viscosity

Lattice Boltzmann Method

P. Bhatnagar, E. Gross , M. Krook, 

“A model for collision processes in 

gases”, Phys. Rev. 94, 511 (1954)

Equilibrium distribution

Continuous analogue of 
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Lattice Boltzmann Method

f∗

i (r, t) = fi(r, t) + Ωi[{f,f
eq

i }]
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fi(r+ ci, t+∆t) = f∗

i
(r, t)
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fi(r+ ci, t+∆t) = fi(r, t) + Ωi[{f,f
eq

i }]
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1. Collision step

2. Streaming step

From distributions    to macroscopic observables

Density

Momentum

Stress

ρuα =

X

i

ci,α fi

σαβ =

X

i

ci,αci,β fi

ρ =

X

i

fi

or combined

fi(r, t)
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Lattice Boltzmann Method

(Relatively) simple boundary conditions

Walls
Particles



Landau-de Gennes Free Energy Functional

Bulk terms Elasticity terms Coupling to external field
Bulk free energy constant Temperature Elastic constantA0 . . . γ . . . K . . .

F =
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d3r
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Deformations

a) splay

b) bend

c) twist

• Unit vector, aka ‘director’

• Scalar order parameter

Mesoscopic Description of LCs

• Tensor order 

parameter
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EOM of the Q-tensor order parameter (finite difference)

Advection Order-flow coupling Molecular field

(∂t + uα∂α)Q− S({∂βuγ},Q) = ΓH

Rotational diffusion constant

Navier-Stokes & continuity equation (lattice-Boltzmann)

Molecular field

Mesoscopic Description of LCs

Order-flow coupling

ρ (∂tuα + uβ∂βuα) = ∂β
�

σs

αβ + σa

αβ

�



Liquid Crystal Mesophases

Nematic

Nematic

Solid, liquid crystal, liquid

Cholesteric

Smectic A & C

Isotropic Columnar



‘Schlieren’ texture in nematic

liquid crystals under crossed 

polarisers

Defects carry a 

topological charge

Liquid Crystals: Topological Defects



Liquid Crystals: Topological Defects

Local order structure 

and appearance in 

polarised light 

microscopy



• Anchoring (preferred 

orientation) of the LC on 

the particle surface

fs = w(Qαβ −Q0

αβ)
2

• Free energy functional

F =

Z
d3r (fLdG + fs)

T. Yamamoto et al., Colloids Surf. A 334, 155 (2009)

a) weak normal

b) very strong normal

c) normal

d) planar degenerate

Liquid Crystals and Colloids

a) b)

c) d)

no defect hedgehog

Saturn ring bojum



Liquid Crystals and Colloids

Planar degenerate 

anchoring

bojum defect

Normal anchoring

Saturn ring defect



Liquid Crystals and Colloids

no non-vanishing 

continuous 

tangent vector field

on even-dimensional n-

spheres

Hairy ball or hedgehog theorem  (Henri Poincaré, late 19th century)



Multidimensional parameter space

z (flow direction)pressure
high

pressure
low

x (gap)

y

top wall

bottom wall

Walls:

• Anchoring type: normal, planar, hybrid

• Anchoring strength: strong, weak

Pressure gradient

Particles: 

• Volume fraction

• Anchoring type: 

normal, planar

• Anchoring strength: 

strong, weak

Colloid-LC Composite Material in Flow



Summary

• Thermodynamically consistent Landau models for complex fluids

• Mesoscopic lattice-Boltzmann simulation method

• Microfluidic flow of LC composite materials

Flow around 

disclination or defect 

lines in a cholesteric 

Blue Phase II (above)
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