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Introduction
@00
Smart materials

Anisotropic complex plasma crystals?

Anisotropy is the property of being directionally dependent, i.e. systems
with axis along which isotropy symmetry is broken

v

Why study anisotropic systems?

o scientific interest (phase diagrams, collective phenomena,. . .)
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Smart materials

Anisotropic complex plasma crystals?

Anisotropy is the property of being directionally dependent, i.e. systems
with axis along which isotropy symmetry is broken

v

Why study anisotropic systems?

o scientific interest (phase diagrams, collective phenomena,. . .)

@ buzzword: smart materials: materials with properties that can be
changed in a controlled fashion
o well known: liquid crystals (i.e. LCD)
o here: electro- and magnetorheological systems (ER / MR)
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Smart materials

Electro- and magnetorheological Systems

A short retrospection:
permanent dipoles embedded in media (also called: Stockmayer-fluids)

Interaction: o oo
vapa(i,j) = LN D e )
Dipolar fluids:
© o° o e
()
Q S () o
“s 0
£ R o

no external field applied external field
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Smart materials

Electro- and magnetorheological Systems

Electro- or magnetorheological fluids: particles with induced moments
(may be both magneto or electrostatic) in media:

Interaction:
g .a ) —
Urheo(1,]) = —mQ((ezer'% = —d%Pz(COSQ)

ER/MR fluids:

® o © 0 0 () o )

0
) ® " o O : ¢ o
weak external field strong external field

no external field
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Applications

Applications | Mechanics

ER/MR fluids can be switched to fluid or solid state:
o Adaptive shock absorbers?
o Electrostatic switchable valves and hydraulic flow control
o Lock-less breaks (hydraulic bridge circuits)?

2R Stanway et al. , Smart Materials 5 (1996) 464
bS B. Choi et al., Smart Materials 14 (2005) 1483
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Applications | Medical Science

Magnetofection

drug coupled particles

particle with
induced or permanent
magnetic moments

OH O NHCHINHICH),0H

o~P/0 OOH O NHCHNHCHLOH

o on
B trigger
drug is delivered by an activated trigger
molecule

@ a tool for biological chemistry
and medicine °

@ Intention: place drugs only in
affected tissues

@ Use nano-sized particles as a
vehicle(+tigger) (colloidial
MR-fluid)

o affected tissue is exposed to
external magnetic fields

2C. Plank et al.,Biological Chemistry

384 (2003) 737
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Applications | Photonic crystals

@ Photonic crystals control the way
electromagnetic waves (modes) propagate
e in no way restricted to visible light
o open issue: design and manufacturing
(i-e. lithographic methods), usually
anisotropic structures

o ER / MR systems provide tunable crystals
Blue-Morpho-Butterfly (a ?

natural PhoC, no colored 3R. Tao, D. Xiao, Appl. Phys. Letters 80 (2002)
pigments) 4702

v
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Electrorheological plasmas

@ Basic principle: Application of RF-discharges: (PK-3)!

@ Applied RF-amplitude: tunable dipolar-dipolar interaction:

exp(—r/A) 7dM%-/\2
r r3

W(r,0) = Q? ( P;(cos 9))

lonldrifi L + (
ks +' ¢ ) @7\

1R. Kompaneets, PhD-Thesis (2007)
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Electrorheological plasmas

e Discovery of electrorheological plasmas in PK-32
o Advantage: interaction is determined by plasma parameters
o Experimental results: string fluids, observations on the kinetic level

U=31.0V

Experiment

Simulation

3 10
=
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o =3 @

2A.V. Ivlev et al., PRL 100 (2008) 095003
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Introduction

Theory of ER/MR - Systems

Simulations

Monte Carlo simulations and molecular

£ (Vium) dynamics:
‘ Z @ MC simulation using almost 300 particles

EA
g @ sophisticated problem: dipol-dipol
Z interaction causes lattice sums to be
5 conditionally convergent
S

Gring) b ) iy @ thus every sweep requires an Ewald

o1l (string) fluid .

summation (DFT)
0 J

Also: Molecular dynamics (Goyal et. al.: step

potentials®)

2PRE 77 (2008) 031401
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Introduction

Variational approach

Alternative: Bogoliubov-Inequality

@ Bogoliubov inequality provides an upper limit for the Helmholtz free
energy F
@ assuming the free energy Fo of a reference system Hy is known:

F=—p [dren(-pH) =7

F < Fo+ (H— Ho),

@ a reference system for classical solids: Einstein-Model
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Introduction

Variational approach

Variational free energy:

N

= 1 3

Pa(x)) F=F+ Ee; W(x§) — ENkB
i#

W(xj) :/dx,—dxj B <) ea(x)

« 3/2 0y2
N (2 —ou(Xj—X]
Palxi) (7r> €

P. Brandt, A. V. Ivlev, G. E. Morfill Anisotropic complex plasma crystals



Theory
[e]e]e] Jelele]

Introduction

Variational approach | Model

Approximated interaction

@ binary particle-particle interaction
separation:

| V(r) = e[pi(r) +Epa(r, 0)]

z @ sophisticated: dipol-dipol interaction
o r=3 (conditionally convergent lattice
sums, divergences r — 0) requires an
approximation (chosen here GCM):

¢I(r) — %e—n(r/a—l)
pa(r,0) = exp(—(55)?)P2(cos )
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Introduction

Variational approach | Variation

Approximated interaction

o W) and W4 can be evaluated analytical

can be evaluated using lattice sums (by
variation)

o variational parameters: Y = /2 > 1,

Z = /axa,/a,
@ chosen here: two classes of lattices bco
(including fcc, bet, bec), and hep

@ hence: for a given lattice structure F viz. f

ly
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Introduction

Variational approach | Variation

A toy variation: (Z only)

1
1
1
1
1
1
1
1
13.71
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....... e
—¢=25
13.6
s 0.7 1.0 12 =
a Ve
d a
g a
q e g q Ve
bet 7=v(3/2)

bcc 7=1

Anisotropic complex plasma crystals

fcc Z=1//2
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Variational approach | Phase diagrams

Phase diagrams

@ Variation in the full parameter space («, ), Z): phases and regimes

@ Numerical minimization: downhill-simplex algorithm & quadratic
optimization

@ depending on the hardness r of the isotropic core ¢; at least three
different regimes of phase diagrams exist: here named as soft,
medium and hard

o Additional parameters

o p: particle number density
e &: anisotropic strength (viz. strength of the external field
o e: strength of interaction
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Phases & Regimes
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Medium

Medium regime

0.2}
% 2 4 6 8 10 12 14 6
o (k = T7) sequence of phases: fcc — hcp — bct — bco
o three fluid-solid-solid triple points
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Medium regime | A-line candidate

Phases & Regimes
o] o]

0.4} 5 003
fluid
0.2¢ 0.01
"5 o 9%

3 ‘ ‘ ‘ : ‘ ‘

0 2 4 6 8 10 12 14 S

@ a candidate for a second order (continuous) transition?

@ continous phase transition — critical phenomena
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Phases & Regimes
ooe

Medium regime | A-line candidate

o G

0.2F
0 4 6 8 10 12 14 5
YT ” 27
o specific “heat™: ¢(7) = _gg_é'

@ results: compatible with mean field critical exponents
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Phases & Regimes
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Hard

Hard regime

(@)

fec*

o Phase diagrams for k = 15 viz. Kk = 35
o fcc(*) is almost wiped out (¢ < 4 x 1073)
@ dominating phase: hcp
o
(]

new topology for high values of s “bco-lens”

likely bco is eliminated for even higher values
of k (i.e. hard spheres)
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Soft

Soft regime diagram

b
: @ phase diagram for k =1

| @ only two phases bce-bet and beo

0s @ at £ =0: bcc

0 @ here: first-order transition

oap @ speculative: tricrticial point in 1 < x < 47
* @ no other structures observed (i.e. hcp)

% 0.1 0.2 0.3 0.4 S
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Soft

Soft regime diagram | Applications?

15t 102 o defomations in terms of ), Z
shown for k = 1
1.0 .
) @ precisely tunable bct and bco
0.01 0.03 0.05 Kiad
| structures

o colloidial systems: tunable photonic

ol crystals?
a5 B

0 2 - o all these structures are accessible
Lo for quite small values of the

0 02 04 06 08 i anisotropic parameter &
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Soft

Soft regime diagram | Applications?

el g —YE)
= 2(8)
1,0;-_".}
0.6 0.8 IE

0 0.2 0.4

Anisotropic complex plasma crystal
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Soft

Soft regime diagram | Applications?

1.2 t o)
8 S —Y(®)
= 2(8)
1 uﬂ-_".l
0 0.2 0.4 0.6 0.8 lE
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Soft

Soft regime diagram | Applications?

1.2 t o)
8 S —Y(®)
= 2(8)
1 uﬂ-_".l
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P. Brandt, A. V. Ivlev, G. E. Morfill Anisotropic complex plasma crystals



Electrorheological Plasmas

Discussion
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H k=a/Apt

medium regime

Phases & Regimes
L o)

@ these results can be
mapped on the
well-known phase
diagram for plasma
crystals (Yukawa) 2°

@ acceptable results for
solid-solid line
(=~ 6%), less accurate
fluid-solid (~ 15%)

2V. E. Fortov et al., Phys.
Rep. 421(2005)1

bS.HamaguchietaL,PRE
56(1997) 4671
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Electrorheological Plasmas

Discussion

Phases & Regimes
oe

ER-Plasmas

P fobx
1.4
2 hep*
1.2
1.2] :
bee-bet beo H 1
! H bco
0.8] E 0.8
H 0.6
ol fuid fCC H N bet
o =/ ol 5
i fluid
) o1 CF] o3 o4 FI (X1
300U H H
H H 0
H H 0 2 4 3 8 10 12 [T
1000 H
bicc :
300 H H 1
: i fluid
i L 1 L i L L
00 10 20 30 40 50 60 70 80
kK=a/kp :

P. Brandt, A. V. Ivlev, G

soft regime medium regime

Morfill

il (oo e

Anisotropi




Summary

Results

Conclusions

@ ER / MR (electro- and magnetorheological) systems: enablers for
smart materials
@ complex plasmas as ER systems:

o soft and medium regime accessible
o critical phenomena research (A-line candidate)
o and a “toolbox” of solid-solid phase transitions

@ open issue: fluid phases?

Thank you for your kind attention.

P. Brandt, A. V. Ivlev, G. E. Morfill Anisotropic complex plasma crystals



	Introduction
	Smart materials
	Applications

	Theory
	Introduction

	Phases & Regimes
	Medium
	Hard
	Soft
	Electrorheological Plasmas

	Summary

