TECHNISCHE
@ UNIVERSITAT
DRESDEN

Euromech Colloquium 526

Patterns in Soft Magnetic Matter

Book of abstracts







' TECHNISCHE
@ UNIVERSITAT 4) o~

DRESDEN

Euromech Colloquium 526

“Patterns in Soft Magnetic Matter”

held in Dresden from the 21st to the 23rd of March 2011

is organized with the kind support of the

EUROPEAN
MECHANICS
SOCIETY







18:

09:

00-21:00

00-09:15

plenary talk

09:

09:

10:

10:

11:

11:

12:

12:

13:

14:

15:

15:

16:

15-09:50

50-10:15

15-10:40

40-11:30

30-11:55

55-12:20

20-12:45

45-13:15

15-14:45

45-15:15

15-15:40

40-16:05

05-16:30

Sunday, 20th of March 2011

registration, get together

Monday, 21st of March 2011

opening

J.-F. Berret

M. Belovs, A. Cebers

S. Jager, S. H. L.
Klapp

coffee break

A. Lange, S.
Odenbach

A. P6hlmann, I.
Rehberg, R. Richter

M. Reindl, S.
Odenbach

lunch
poster session
coffee break

M. Klinkigt, Taisia
Prokopyeva, R.
Weeber, S.
Kantorovich, C.
Holm

R. Weeber, S.
Kantorovich, C.
Holm

A. O. lvanov, O. B.
Kuznetsova, |. M.
Subbotin

Controlling the shape of supracolloidal
assemblies using magnetic fields:
towards the generation of highly
persistent nanorods

Synchronization phenomena in dipolar
systems

Structure formation and dynamics of
dipolar colloids in rotating fields

Patterns of thermomagnetic convection in
magnetic fluids subjected to spatially
modulated magnetic fields

Measuring the onset of the Rayleigh-
Taylor instability in rotating magnetic
fields

Influence of magnetic fields on some flow
patterns of ferrofluids in a Taylor-Couette
system

Suspension of particles with shifted
magnetic dipoles

Computer models for the study of
magnetic gels

Magnetic Properties of Ferrofluid

Emulsions: Model of Non-interacting
Droplets

page

13

23

26

31

32

24

41

21



plenary talk

09:

09:

10:

10:

11:

11:

12:

12:

13:

13:

14:

14:

16:

16:

16:

19:

00-09:35

35-10:00

00-10:25

25-11:30

30-11:55

55-12:20

20-12:45

45-13:15

15-13:40

40-14:05

05-14:30

30 — 16:00

00 — 16:25

25 —16:50

50 - 17:15

00 — 23:00

Tuesday, 22nd of March 2011

M. Zrinyi

T. Lang, M.
Krekhova, H.
Schmalz, I. Rehberg,
R. Richter

D. Laroze, J.
Bragard, L. M.
Perez, J. Martinez-
Mardones, H. Pleiner

Magnetic gels in magnetic fields: a
fascinating alliance
Magnetophoretic transport in
thermoreversible ferrogels

Thermal convection in viscoelastic
magnetic fluids

coffee break, poster session

G. Bossis, M. T.
Lopez-Lopez, A.
Gomes-Ramirez, A.
Zubarev

V. B6hm, R.
Gartner, V. A.
Naletova, J. Popp, I.
Zeidis, K.
Zimmermann

L. Chevry, F. Gerbal,
J.-F. Berret

lunch

M. Pichumani, W.
Gonzalez-Vihas

C. Girler, M.
Vaidyanathan, H.
Jiang, A. Schmidt
C. A. Bushueva, K.
G. Kostarev

coffee break, poster

H. Knieling, 1.
Rehberg, R. Richter
F. Boyer, E. Falcon

A. Baumgartner, I.
Rehberg, R. Richter

conference dinner

Inversion of Magnetic Interactions in
Strongly Bidisperse Magnetic Fluids

Ferrofluid and Ferroelastomer Based
Locomotion Systems - Theory,
Experiments and Prototypes

Mechanical properties of magnetic
nanowires

Spin-coating of magnetic colloids in a
magnetic field

Cobald particles with tuned pattern
formation with and without external
fields

Experimental study of the behavior of a
thin horizontal ferrofluid layer on a
liquid substrate under the action of
magnetic fields

session

Localized states on the surface of
magnetic liquids

Wave turbulence on the suface of a
ferrofluid

Taming magnetic snakes in an annular
cage

MY,

page
42

25

27

43

15

19

38

10

34



plenary talk
09:00-09:35

09:35 - 10:00

10:00 — 10:25

10:25 — 10:50

10:50 — 11:30

11:30 — 11:55

11:55 -12:20

12:45 — 13:00

Wednesday, 23rd of March 2011

P.J. Camp

V. Socoliuc, D. Bica,
Vekas

—

. N. Spyropoulos,
. G. Papathanasiou,
. G. Boudouvis

. Lavrova, V.
evikov, L. Tobiska

o >»>>

coffee break

D. J. B. Lloyd

T. Friedrich, 1.
Rehberg, R. Richter

closing

The effects of magnetic fields on the
microscopic structures of ferrofluids and
ferrogels

Magnetically induced phase
condensation in an aqueous magnetic
colloid

Competing spikes in the Rosensweig
instability

Numerical study of the Rosensweig
instability in a magnetic fluid subject to
diffusion of magnetic particles

A theoretical understanding of two-
dimensional localised patterns:
challenges and mysteries of
ferrosolitons and localised ferropatterns
Magnetic spatial forcing of the ferrofluid
layer

page
12

39

28

30

17



poster sessions

Monday
Tuesday

simulation phenomena

1.

2
3.

P. J. Camp

M. Belovs, A. Cebers
S. Jager, S. H. L.
Klapp

M. Klinkigt, Taisia
Prokopyeva, R.
Weeber, S.
Kantorovich, C. Holm
A. O. lvanov, O. B.
Kuznetsova, |. M.
Subbotin

G. Bossis, M. T.
Lopez-Lopez, A.
Gomes-Ramirez, A.
Zubarev

R. Weeber, S.
Kantorovich, C. Holm

volume phenomena

8.

9.

10.

11.

12.

13.

14.

M. Zrinyi

V. Bohm, R. Gartner,
V. A. Naletova, J.
Popp, |I. Zeidis, K.
Zimmermann

T. Lang, M. Krekhova,
H. Schmalz, I.
Rehberg, R. Richter
D. Laroze, J. Bragard,
L. M. Perez, J.
Martinez-Mardones, H.
Pleiner

A. Lange, S.
Odenbach

A. Péhlmann, I.
Rehberg, R. Richter
M. Reindl, S.
Odenbach

13:15-14:45
10:25-11:30, 14:30-16:30

The effects of magnetic fields on the microscopic
structures of ferrofluids and ferrogels
Synchronization phenomena in dipolar systems
Structure formation and dynamics of dipolar
colloids in rotating fields

Suspension of particles with shifted magnetic
dipoles

Magnetic Properties of Ferrofluid Emulsions:
Model of Non-interacting Droplets

Inversion of Magnetic Interactions in Strongly
Bidisperse Magnetic Fluids

Computer models for the study of magnetic gels

Magnetic gels in magnetic fields: a fascinating
alliance

Ferrofluid and Ferroelastomer Based Locomotion
Systems - Theory, Experiments and Prototypes

Magnetophoretic transport in thermoreversible
ferrogels

Thermal convection in viscoelastic magnetic
fluids

Patterns of thermomagnetic convection in
magnetic fluids subjected to spatially modulated
magnetic fields

Measuring the onset of the Rayleigh-Taylor
instability in rotating magnetic fields

Influence of magnetic fields on some flow
patterns of ferrofluids in a Taylor-Couette system

VI

page
12

13
23

24

21

43

41

42

25

27

26

31

32



surface phenomena

15.

16.

17.

18.

19.

20.

21.

22.

23.

A. N. Spyropoulos, A.
G. Papathanasiou, A.
G. Boudouvis

T. Friedrich, 1.
Rehberg, R. Richter
O. Lavrova, V.
Plevikov, L. Tobiska

H. Knieling, I.
Rehberg, R. Richter
D. J. B. Lloyd

A. Baumgartner, I.
Rehberg, R. Richter
F. Boyer, E. Falcon
P.-B. EiBmann, A.
Lange, S. Odenbach

C. A. Bushueva, K. G.
Kostarev

structure phenomena

24.

25.

26.

27.

28.

29.

30.

J.-F. Berret

L. Chevry, F. Gerbal,
J.-F. Berret

C. Girler, M.
Vaidyanathan, H.
Jiang, A. Schmidt

M. Pichumani, W.
Gonzalez-Vifas

V. Socoliuc, D. Bica, L.

Vekas

T. Borbath, D. Bica , I.
Potencz, I. Borbath, T.

Boros, O. Matrinica, L.
Vékas

P. A. Ryapolov, A. M.
Storogenko, V. M.
Polunin

list of participants

Competing spikes in the Rosensweig instability

Magnetic spatial forcing of the ferrofluid layer

Numerical study of the Rosensweig instability in
a magnetic fluid subject to diffusion of magnetic
particles

Localized states on the surface of magnetic
liquids

A theoretical understanding of two-dimensional
localised patterns: challenges and mysteries of
ferrosolitons and localised ferropatterns

Taming magnetic snakes in an annular cage

Wave turbulence on the suface of a ferrofluid
Numerical simulation of the conical meniscus of a
magnetic fluid in the field of a current-carrying
wire

Experimental study of the behavior of a thin
horizontal ferrofluid layer on a liquid substrate
under the action of magnetic fields

Controlling the shape of supracolloidal
assemblies using magnetic fields: towards the
generation of highly persistent nanorods
Mechanical properties of magnetic nanowires

Cobald particles with tuned pattern formation
with and without external fields

Spin-coating of magnetic colloids in a magnetic
field

Magnetically induced phase condensation in an
aqueous magnetic colloid

High magnetization magnetizable fluids in
rotating seals

On the estimation of the ferrofluids particle size
distribution on the acoustomagnetic effect base

maps of TU Dresden campus and way to the conference dinner

Vil

page

17

28

34

30

16

10

15

38

19

39

36

45

47



VI



Taming magnetic snakes in an annular cage

A. Baumgartner!, I. Rehberg!, R. Richter!

L Experimentalphysik V, Universitit Bayreuth, 95440 Bayreuth, Germany

Introduction

At a liquid-air interface magnetic micro-
particles self-assemble to patterns support-
ed by capillary surface waves. Driven by
a vertical alternating magnetic field, the
microparticles spontaneously form snake-
like structures [1]. Large-scale vortex flows
propel asymmetric snakes to move around
erratically [2]. In the present study the
complexity of the pattern is reduced by
imposing cyclic boundary conditions in a
quasi 1-D geometry.

Experimental setup

Spherical nickel particles of ~ 90 um di-
ameter are dispersed on the surface of de-
ionized water. They float due to surface
tension. For 2-D experiments a circular
glass dish of 80 mm diameter and 9 mm
depth is used. The 1-D experiments are
carried out in an annular channel milled
into a Macrolon disc. The channel has
an outer diameter of 74mm, a width of
5mm, and a depth of 10 mm. The chan-
nel width is designed to be roughly half
of the pattern wavelength.

Either the dish or the channel is placed in
the midplane of a Helmholtz pair of coils.
The frequency of the magnetic field can
be adjusted between 50 and 100 Hz, with
an amplitude of up to 14mT. In the ex-
perimental area the field is homogeneous
with 97 % accuracy. The structures are
observed from above by a charge-coupled-
device video camera (Lumenera) which is
connected to a computer. For illumina-
tion we utilize an electroluminescent film
mounted below the transparent vessel.

I?I CCD camera

—

I @ power supply

electroluminescent film

Figure 1: Sketch of the experimental
setup.

2-D pattern

A variety of complex and time dependent
arrangements of interacting snake patterns
can be observed in two dimensions. Fig-
ure 2 shows a snapshot. The complexity

Figure 2: Snake pattern for a driving am-
plitude (RMS) of B = 11 mT, and a driv-
ing frequency of f = 60Hz. Exposure
time 10 seconds.



of the patterns is likewise fascinating, and
a hindrance for a quantitative description
of the basic properties.

Reduction to 1-D

Due to the channel dimensions (circum-
ference ~ 45 x channel width) a quasi 1-
D system with cyclic boundary conditions
is obtained. This reduces the complexity
of the system considerably and enables
the determination of the pattern wave-
length as a function of the frequency of
the magnetic field.

Figure 3: An annular snake pattern in the
channel for a driving amplitude (RMS) of
B =9 mT, and a driving frequency of f
= 50 Hz. The inset shows an enlarged
view of a section in the fourth quadrant.

Results in 1-D

For driving frequencies ranging from 50 Hz
to 130 Hz pictures similar to Fig.3 have
been recorded. For each frame the annu-
lar channel is divided into 720 segments.
Next the spatially averaged intensity of
each segment is plotted versus the azimu-
thal angle. This yields a cyclic closed
variation of the gray scale. From the max-
imum in the power spectrum of this curve
we determine the wave number k. Plot-
ting the driving frequency f versus the
wave number k gives the dispersion re-

lation of the magnetically excited surface
waves. We compare it with the dispersion
relation of water waves in an infinitely
deep container

wzzgk—l—gk?’. (1)
p

Here g denotes the acceleration of the earth,
o the surface tension, and p the density of
the carrier fluid. In our contribution we
discuss the implications and conclusions
from this modeling.
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Controlling the shape of supracolloidal assemblies using magnetic fields:
towards the generation of highly persistent nanorods

J.-F. Berret

Matiere et Systemes Complexes, UMR 7057 CNRS Université Denis Diderot Paris-VII Batiment
Condorcet, 10 rue Alice Domon et Léonie Duquet, 75205 Paris, France

The emergence of novel materials and pro- Mater. 20, 3877 (2008)
cessing at the nanoscale has set the condi-

tions for the fabrication of a wide range of
nano-objects and multilevel nanostructured

networks. In this communication we report

a simple and versatile waterborne synthesis

of magnetic nanorods following the innova-

tive concept of electrostatic “desalting tran-

sition”.  Highly persistent supermagnetic

nanorods are generated from the controlled

assembly of oppositely charged nanoparti-

cles and polymers [1,2]. The rods have di-

ameters around 200 nm and lengths com-

prised between 1 mm and 1/2 mm, with ei-

ther positive or negative charges on their sur-

face. The rods are rigid (their persistence

length is of the order of 1 meter) and able

to reorient via the application of a magnetic

field. We also review recent results on the

toxicity and uptake of these rods by murine

fibroblasts and human lymphoblasts. Our

studies reveal that the physico-chemical char-
acteristics of the aggregates play an impor-

tant role in the interactions with living cells.

The rods are finally tested as probes for pas-

sive and active microrheology experiments.

The mechanical responses of the intracellu-

lar medium of cells is presented and com-

pared to that of model viscoelastic liquids.

[2] J. Fresnais, E. Ishow, O. Sandre, J.-F.
Berret, Small 5, 2533 (2009)
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Ferrofluid and Ferroelastomer Based Locomotion Systems —
Theory, Experiments and Prototypes

V. Bohm', R. Gartner', V.A. Naletova®, J. Popp*, I. Zeidis', K. Zimmermann'

! IImenau University of Technology, Faculty of Mechanical Engineering, 98693 Iimenau, Germany
“Moscow State Lomonosov University, Department of Mechanics and Mathematics, Moscow, 119992, Russia

Introduction

Starting with macro experiments in 2001
first approaches of modelling of peristaltic
motion systems, which have the earthworm
as a living prototype, were made at the
IlImenau University of Technology. A defi-
cit of these first biologically inspired ro-
bots was the low level of autonomy of the
systems [1]. In order to work efficiently in
pipelines or areas that have been hit by an
earthquake, the communication and power
supply both need to be wireless. The use of
ferrofluids and ferroelastomers whose
properties can be controlled using magnetic
fields present a new solution to this prob-
lem. The initiator of motion in such de-
vices is an alternate controllable magnetic
field, which forms to exterior sources
(electromagnetic system or motion perma-
nent magnets).

Fig.1 A ferrofluid filled capsule (left) and
an artifical ferroelastomer worm (right) at
different moments in a travelling magnetic
field

The type of locomotion realized in 2004
with the elastic capsule filled with ferro-

fluid [2] and the magnetic elastomer [3] is
a snake-like motion called ‘concertina mo-
tion’ (Fig. 1). We like to emphasize that
our work follows first mechanical methods
and mathematical framework and after that
practical experiments. Hence, we start our
research with a well-founded mathematical
theory, including numerical simulation,
which give us the answer to the question:
Why does it moves?

Thus, in connection with the issue of peri-
staltic motion, the problem of a plane flow
of an incompressible viscous magnetic
fluid layer along a horizontal surface in a
non-uniform magnetic field is currently
analyzed [4].

Ferroelastomer Based Locomotion Sys-
tems with integrated micro-coils

The use of ferroelastomers allows the re-
alization of simple locomotion systems
without internal moving parts, wear and
friction (Fig. 2).

a) b) C)
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Fig.2 Selected realized ferroelastomer
based locomotion systems - a: prototype
for locomotion in the plane with 6 electro-
magnets; b, c: uniaxial locomotion systems
with one micro-coil

The locomotion of these systems is caused
by a periodic deformation (generated by



integrated micro-coils made by Wairth
Elektronik GmbH & Co. KG) of a compli-
ant magneto-sensitive elastomeric body. A
periodically alternating magnetic field
causes an oscillation of the compliant
body, the friction force between the sup-
porting surface (ground) and the system
changes periodically and locally repeating.
The oscillation mode can be variied in de-
pendence of the pulsing frequency in a
wide range.

The qualitative description of the mechani-
cal performance of the systems was pro-
vided by transient dynamical analyses by
means of the Finite Element Software
package ANSYS. Fig. 3/a shows exempla-
rily the obtained results focusing on the
velocity of the centre point “vm” of the
system in Fig. 2/a for symmetric electro-
magnetic excitations and Fig. 3/b selected
results for the displacement of the centre of
mass of the system in Fig. 2/b in depend-
ence on the actuating frequency.

pulsing frequency [Hz] |,

P

=N Z IS8
-8 10 12 14 16 18
cycle period

_' . pulsing frequency 10 Hz _: Wwwwl

2 4 6

5 10 15 20 25 30 35 40 45
cycle period

Fig. 3 Average velocity of the system’s
centre point in Fig. 2/a and displacement of
the centre of mass of the system in Fig. 2/b
in dependence on the actuating frequency

The numerical simulations prove the loco-
motion of the prototypes.

The results of the theoretical and experi-
mental analyses show, that it is possible to
realize ferroelastomer based uniaxial and
planar locomotion systems where the direc-
tion of locomotion can be controlled on a
simple way by means of the actuating fre-
quency.

Conclusion

Based on theoretical investigations, several
prototypes of ferroelastomer based uniaxial
and planar locomotion systems with inte-
grated micro-coils were realized. The pro-
totypes achieve maximal velocities up to
15 mm/s.
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High magnetization magnetizable fluids in rotating seals

T. Borbath®”, D. Bicat?, I. Potencz®,
|. Borbath®, T. Boros! , O. Marinica®, L. VVékas?

"ROSEAL Co.,Nicolae Balcescu street, no. 5/4, Odorheiu Secuiesc, 535600, Romania, office@roseal.topnet.ro
? Lab. Magnetic Fluids, Center for Fundamental and Advanced Technical Research, Romanian Academy, Timi-
soara Branch, Mihai Viteazul Bvd., no. 24, Timisoara, 300223, Romania, vekas@acad-tim.tm.edu.ro
National Center for Engineering of Systems with Complex Fluids, University Politehnica Timisoara, Mihai

Viteazul Bvd., no. 1, Timisoara, 300222, Roman

Magnetic fluids for sealing applications
have to be tailored in such a way to ensure
high magnetization, low viscosity, low or
very low vapor pressure and excellent col-
loidal stability in intense and strongly non-
uniform magnetic field. These conditions
are difficult to be satisfied all at the same
time. In some cases to overcome large
pressure differences, the magnetization of
the sealing fluid has to be increased an
order of magnitude compared to usual
magnetic fluids.

Extremely bidisperse magnetizable fluids,
in particular micron range iron particles
dispersed in a ferrofluid [1,2], due to in-
creased magnetorheological effect com-
pared to usual MR fluids [3], offer new
solutions for magnetorheological dampers.
and in some particular cases also for low
rotation speed magnetic seals. Very high
magnetization nano-micro composite fluids
were prepared [4], which show good stabil-
ity in magnetic field [5]. The magnetization
curves for a high magnetization nanofluid
(MF/UTR40_Fe304), as well as for a se-
ries of CMFs obtained from this magnetic
fluid used as carrier for micron sized Fe
particles, are given in Fig.1.
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Fig.1. Magnetization curves of MF and
CMF samples, fitted with Frohlich-
Kennelly relationship;

In Fig. 2. the sealing capacity, i.e. the burst
pressure measured for a single stage MF
seal, is given for increasing values of the
saturation magnetization Ms.
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Fig. 2. sealing capacity of various sealing
magnetic fluids and CMFs (D1, D3)

In Figs. 3 and 4 two examples of applica-
tions of high magnetization fluids are rep-
resented for a combined mechanical-
magnetofluidic rotating seal and for a pres-
surized gas valve.
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Fig. 3. Mechanical- magnetic fluid com-
bined seal for liquefied gas pump

1 - shaft; 2 - mechanical seal; 3 - magnetic
fluid seal; 4 - inlet for cooling and lubrica-
tion fluid; 5 - system for escaped process
fluid evacuation

NPT 1/7

NPT /T

Fig. 4. Gas valve equipped by magnetic
fluid or CMF seal; 1 - Body; 2 - Valve
seat;

3 — Guide; 4 - Magnetic liquid (or CMF)
seal; 5 - Bar (Valve stem); 6 - Stuffing box;
7 - Valve Handle; 8 — Screw; 9 - Spiral
elastic suspension pin;
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Competing spikes in the Rosensweig instability

A. N. Spyropoulos’, A. G. Papathanasiou’, A. G. Boudouvis'

! School of Chemical Engineering, National Technical University of Athens, 15780 Athens, Greece

The horizontal free surface of a magnetic
liqguid pool turns unstable when the
strength of a vertical and static magnetic
field exceeds a threshold. The instability,
usually called the normal field instability
or the Rosensweig instability, is accompa-
nied by the formation of liquid spikes ar-
ranged in hexagonal or square patterns [1].
In large diameter pools the main issue is to
illuminate the mechanism of selection bet-
ween regular hexagonal or square patterns.
In smaller diameter pools, which can only
accommodate a few spikes, the question
under study is their number and their rela-
tive position. Single spikes compete
against 2-, 3-, or 4-fold spike arrangements
and their appearance is affected by the
pools size, the field strength and its variati-
on speed, as experiment showed — cf. Fig.
1.

The underlying mechanisms of single or
multi-spike formation as well as the sym-
metry of the entire deformation are studied
by solving the equations of capillary
magnetohydrostatics. They give rise to a
nonlinear free boundary problem, which is
discretized with the Galerkin/finite element
method in two- or three- dimensional do-
mains [3]. The field distribution and the
free surface shape are computed simulta-
neously in a compact numerical scheme
based on Newton iteration. Realistic pre-
dictions require at least medium scale
computations which reveal the multiplicity
of the emerging equilibrium deformations
near the onset of the instability — a case of
multiple bifurcation [3]: branches of solu-
tions which carry deformations shapes with
2-, 3-fold and 4-fold symmetry all bifurcate
at approximately the same critical value of

the applied field strength from a solution
branch corresponding to axisymmetric de-
formations. Computational predictions are
tested against experimental measurements
showing remarkable agreement.

S
D =860 mm D= 104 mm
() (d) (€

Fig. 1. Free surface deformation of cylin-
drical magnetic liquid pools of different
sizes; D is the diameter of the pool.
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Wave turbulence on the surface of a ferrofluid
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The archetype of wave turbulence is the ran-
dom state of ocean surface waves, but it ap-
pears in various systems over a wide range
of length scales: Alfvén waves in solar winds,
atmospheric waves, spin waves in magnetic
solids. Wave turbulence theory, also called
weak turbulence, assumes that the transfer
of energy is governed by resonant interac-
tions between waves leading to an energy

cascade from large (forcing) scales up to small

(dissipative) ones. Although this weakly non-
linear theory provides analytical solutions for
the wave energy spectrum as a power law of
the spatial scale [1], few well controlled lab-
oratory experiments exist. Recent experi-

mental studies of wave turbulence have shown

new observations such as intermittency, fluc-
tuations of the energy flux, and finite size
effect of the system [2]. Several theoret-
ical questions are open, notably about the
validity domain of the theory and the possi-
ble existence of solutions for non dispersive
systems. In this context, finding an experi-
mental system where the dispersion relation
of the waves could be tuned by the opera-
tor should be of primary interest to test the
wave turbulence theory.

In contrast with usual fluids, the dispersion
relation of surface waves on a ferrofluid de-
pends on the amplitude of the applied mag-
netic field [3]. Thus, one can easily tune the
dispersion relation of surface waves from a
dispersive to a non dispersive one with just
one single control parameter. We will talk
about the first observation of magnetic wave
turbulence on the surface of a ferrofluid sub-
mitted to a normal magnetic field [4]. We

have shown that magnetic surface waves arise
only above a critical field. Their power spec-
trum displays a frequency-power law which
is experimentally shown to involve a 4-wave
interaction process. The existence of the regi-
mes of gravity, magnetic and capillary wave
turbulence is reported in the phase space pa-
rameters as well as a triple point of coexis-
tence of these three regimes. Most of these
features are understood using dimensional
analysis and the dispersion relation of the
ferrohydrodynamics surface waves.
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Experimental study of the behavior of a thin horizontal ferrofluid
layer on a liquid substrate under the action of magnetic fields

C. A. Bushueva', K. G. Kostarev'

YInstitute of Continuous Media Mechanics1

Introduction

The work presents the results of experi-
mental investigation of a two-layer liquid
system with a stable rupture of the upper
layer caused by the action of ponderomo-
tive forces. Such a system has only re-
cently been explored [1]. A distinguishing
feature of the system is that the layer rup-
ture exists in the absence of any external
force and has the shape of a circle, inside
which the fluid of the lower layer comes
into contact with gas. Due to the absence of
contact with solid surfaces the rupture is
highly sensitive to the external effects and
therefore can deform and move even under
the action of arbitrarily small forces. Thus,
in the case when the upper layer is formed
by a ferrofluid, the application of the ex-
ternal magnetic fields to the system can
cause a displacement of the rupture and a
change in its shape. In this case the mag-
netic field orientation and the degree of its
homogeneity influence on the surface de-
formation of a thin horizontal ferrofluid
layer placed on a liquid substrate [2].

The preliminary experiments revealed the
dependence of the diameter of rupture on
the thickness of the breaking layer and the
dependence of their critical values on the
cuvette size in the absence of the magnetic
field. Due to the dependences received we
came to a conlusion that the behavior of
ruprure of ferrofluid is comparable to that
of other homogenious liquids.

The subsequent experiments showed, that
the magnetic field had a twofold effect: it
could generate a rupture by deforming the
integrity of the layer and could close a sta-
ble rupture of the ferrofluid layer.

10

Horizontal magnetic field

The use of the magnetic field applied paral-
lel to the layer surface caused a redistribu-
tion of ferrofluid along the field direction.
This led to a displacement of the rupture
with respect to the cuvette center which
was accompanied by the change of its
shape from a circle to that of an ellipse.
With a further increase in the field intensity
the rupture rapidly approached the cuvette
wall and took the form of a trapezoid pro-
vided that the initial diameter of the rupture
was larger than the cuvette radius. In the
opposite case, with increase of the field
intensity the rupture took the form of a
“drop” and then closed.

The results of our studies are well consis-
tent with data obtained in [3], describing
the deformation of a single gas bubble in
the volume of magnetic fluid in the trans-
parent thin duct under the action of drug
and magnetic forces. Unlike this experi-
ment two-layer horizontal system let to
avoid the effect of gravity in our experi-
ment.

Vertical magnetic field

The non-uniform magnetic field directed
perpendicular to the layer surface could
have a twofold effect: it could deform the
stable rupture by increasing its diameter or
provoke rupture formation in the case of
layer integrity. In this situation, application
of the magnetic field caused first a redistri-
bution of the ferrofluid in the upper layer.
Then, as the field intensity increased to the
critical value, the layer deformation spread
deep into the layer until it reached the sur-
face of the liquid substrate. At this point



there occurred a threshold rupture of the
layer in the form of a circle, the diameter
of which is determined by the initial layer
thickness, the ferrofluid density and the
difference in the surface tension of the flu-
ids.

The use of the uniform magnetic field di-
rected perpendicular to the layer surface
provokes the instability [4] of the ferrofluid
layer. In the case of an entire ferrofluid
layer the application of the vertical mag-
netic field leads to the appearance of the
relief in the form of hexagonal cells,
which, as soon as the magnetic field
reaches the critical intensity, form separate
drops. A further increase of the field inten-
sity transforms the drops into the cones
submersed into the fluid of the substrate.
The wave number of the arising drop sys-
tem decreases monotonically with the
growth of the initial layer thickness.
Application of the magnetic field to the
layer with already existing stable rupture
also leads to the formation of periodic
structures. However, in this case the evolu-
tion of the layer deformation depends on
the dimensions of the rupture.

Note, that along with the initial size of the
rupture the value of ferrofluid magnetiza-
tion is also of considerable significance for
evolution of the layer deformation. Thus,
the formation of drop structures in a ferro-
fluid with lower magnetic susceptibility is
observed at much higher values of the field
intensity.

During our investigation we determined the
dependence of different characteristics of
ruptures and drops on the field intensity
and the value of ferrofluid magnetization.

Conclusion

It has been found that a non-uniform mag-
netic field normal to the layer surface can
cause the deformation and rupture of the
layer. As soon as the action of the field
ceases the rupture can collapse or remain
open if the initial layer thickness is below
the critical value. However, the existing
stable rupture of the layer can be closed by
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a homogeneous magnetic field applied to
the layer in the longitudinal direction. Ap-
plication of the normal uniform magnetic
field leads to the development of the or-
dered structures due to destruction of a
horizontal layer of.
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The effects of magnetic fields on the microscopic structures of ferrofluids
and ferrogels

Philip J. Camp

School of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ,
United Kingdom

The effects of magnetic fields on the micro-
scopic structures of ferrofluids and ferrogels
are examined using computer simulations.
Simple microscopic models capture the es-
sential characteristics of magnetic nanopar-
ticles and the suspending medium (fluid or
gel). Monte Carlo and molecular dynam-
ics simulations of these models yield macro-
scopic properties in good agreement with ex-
periment and simultaneously offer unique in-
sights on the microscopic organisation of the
particles. Three situations will be discussed:
the generation of highly complex structures
in a ferrocolloid monolayer using a perpen-
dicular magnetic field, the determination of
particle-size polydispersity in a ferrofluid us-
ing the magnetisation curve, and the mechan-
ical anisotropies of ferrogels induced by uni-
form magnetic fields.
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Synchronization phenomena in dipolar systems

M.Belovs!, A.Cébers!

YUniversity of Latvia, Zellu 8, LV-1002

Synchronization plays an important role in
nature [1]. Far from full list includes pace-
maker cells, colonies of fireflies [1], mag-
netic dipoles in rotating field [2,3]. Recently
it was found that synchronization phenom-
ena play an important role in a swimming of
microorganisms [4].

There are similarities which exist between
the synchronization phenomena in living and
dipolar systems. So, for example, infinite
period bifurcation [1] observed for magnetic
dipoles in a rotating magnetic field [2,3] leads
to a step-like behavior of the dipole phase
angle near the critical frequency if the ther-
mal fluctuations are present [5], similarly to
that observed in the beating of flagella [4].
Synchronization of the rotation of dipolar
particles causes a liquid flow due to the “neg-
ative viscosity effect” in the suspension of
dielectric particles in a liquid with low con-
ductivity [5] or magnetic liquid in an AC
magnetic field [6]. Synchronized rotations
of dipoles cause liquid flow [7] similarly to
ciliated microorganisms [8].

Here we study the synchronization of two
interacting dipoles floating on the surface of
liquid in an AC magnetic field. Equations
of motion of two magnetic dipoles m; o, =
mmn o with radius vectors 7 and 7 in the
plane with normal 7/ = (— sin «, 0, cos &) in
the vertical AC field are

—<ﬁ1Xﬁ1+mﬁ1XH+mﬁ1XH12:O,

(1)
—Cﬁg X ﬁ2+mﬁ2 X H+mﬁ2 X Hgl =0.
(2)
Here
= Moy 3r1a(May - Th2)
H12,21 - 3 5
12 T'12
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is the magnetic field strength acting on the

particle and created by its neighbor and 75 =
7?1 - 7?2.

The behavior of dipoles besides the inclina-

tion angle of the liquid interface « is con-

trolled by two parameters ¢ = (w7) ™!, which
characterizes the ratio of the period of the

AC field and the characteristic relaxation time
of the dipoles 7 = ((mH,)~! and the pa-

rameter A = m(r3H,)~! that characterizes

the ratio of the magnetic field of neighbor

particle to the amplitude of an applied ex-

ternal field. For small A\ there are two time

scales in the problem and time averaging may
be applied. Analysis of the slow variables

in dependence on time in the case of simple

model (77 » are confined to the plane defined

by vectors ©/ and H) shows that for small

¢ dipoles synchronously oscillate with the

frequency of the AC field. At ¢ ~ 1.265

(o = m/4) the behavior changes qualita-

tively and regime of synchronous rotation

of dipoles by the infinite period bifurcation

appears. The time dependence of the az-

imuthal orientation angle of dipoles is shown

in Fig.1. Period of synchronous rotation in

dependence on the parameter ¢ is shown in

Fig.2. By comparison Fig.1 and Fig.2 one

may see that a duration of oscillations is in

agreement with the period of synchronous

rotation regime.

Analysis of the general case shows that the

regime of confined synchronous rotation of

the dipoles is unstable in some intermedi-

ate range of the parameter . In this regime

the azimuthal angles are synchronized as for

particular initial conditions it is illustrated in

Fig.3.



The developed approach is applied to an en-
semble of the dipoles and arising flow of a
liquid is analyzed.

550 600 650 700 750 800 850 900 950
t

Figure 1: Synchronous rotation regime at
e = 2 and A = 0.01. Step-like oscillations
are due to slow change of angle in the bot-
tlenecks between the null isoclines for slow
variables.
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Figure 2: Period of synchronous rotation
in dependence on the parameter €. Dashed
line - the simple model of the confined syn-
chronous rotation of the dipoles. Solid line -
according to the full set of equations for the
slow variables (o« = 7/4, A\ = 0.01.)
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Figure 3: Synchronization of the azimuthal
orientation angles for some arbitrary initial
conditions. € = 1.4 and A = 0.01.
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Mechanical properties of magnetic nanowires

L. Chevry, F. Gerbal and J.-F. Berret
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loudjy.chevry@univ-paris-diderot.fr

The dialysis of maghemite nanoparticules (y-Fe;Os) and oppositely charged polymers,
under a magnetic field, leads to the formation of one-dimensional anisotropic
aggregates. These aggregates are nanowires with diameters around 400 nm and lengths
comprised between 1 and 100 um. It was shown recently that the nanowires are
superparamagnetic, i.e. they acquire a macroscopic magnetic moment in the presence
of an external magnetic field [1,2]. The wires are also characterized by enhanced
mechanical properties, which are investigated in detail in the present communication.

glass substrate

2
)
(o)
%‘:
®

Figure 1: Superimposition of two

solvent microscopic images (top view) of a

nanowire stuck on a cover slip in presence

and in absence of magnetic field. With the

B magnetic field applied (B = 28.3 mT), the
— wire bent toward the field direction.
—— B=283mT

The flexural rigidity of nanowires was studied by optical microscopy using a
home-made set-up mounted on an inverted microscope. The wires are fixed by one
extremity on a glass substrate, the other part dangling in the solvent. A constant
magnetic field (B = 10 — 50 mT) is then applied to the wire, and the deflection is
recorded as a function of the field orientation and intensity (figure 1). By analogy with
polymers, the bending modulus of the nanowire expresses as : C = EI, where E is the
Young modulus and I the second moment of inertia. The persistence length Lp is then
calculated from the equation Lp = C/kgT. Writing the equality between the curvature
and magnetic energies of a bent nanowire at equilibrium, an expression of the contour
length is determined and compared to the experimental data. The agreement between
theory and experiments is excellent and allows to retreive values of the persistence
lengths (LP ~ 2 m) and Young modulus (E = 300 MPa). This high rigidity has been
confirmed by fluctuation measurements. In conclusion, we anticipate that these wires
represent a promising class of nanomaterials for cell manipulation and microrheology.
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Numerical simulation of the conical meniscus of a magnetic fluid in the
field of a current-carrying wire

P.-B. Eimann, A. Lange, S. Odenbach,

TU Dresden, Institute of Fluid Mechanics, Chair of Magnetofluiddynamics, 01062 Dresden, Germany

Introduction

Placing a vertical current carrying wire in a
horizontal layer of magnetic fluid forms a
simple, but striking setup to test the capa-
bilities of a magnetic field to influence the
free surface of the magnetic fluid. Analyt-
ical [1] as well as experimental studies [2]
have already been done. These studies indi-
cate the strong influence of the contact angle
¢1, formed by the fluid at the rim of the wire,
on the shape of the meniscus.

The analytical study was done without tak-
ing into account the conservation of mass
because an unlimited size of the system was
considered in [1]. The experimental study
[2] in turn did not show the whole surface
profile of the meniscus due to the experi-
mental setup. Both drawbacks can be cir-
cumvented in a numerical study presented
here. Additionally, the influence of the con-
tact angle ¢ of the fluid at the wall of the
beaker can be studied numerically, too. This
quantity has neither been examined in [1]
nor in [2].

Numerical Model

The numerical simulation was done by the
commercial software FLUENT. The used nu-
merical model is based on the experimental
setup in [2]. The Kelvin force density

Fx = o (Mgrad) H (1)

was implemented as a source term in the
Navier-Stokes equation by using so called
”User Defined Functions”. Figure 1 shows
a surface profile of the meniscus for two dif-

ferent contact angles ¢». Particularly the pro-
file for ¢ = 40° indicates the far reaching
influence of ¢, over the entire range of the
surface.
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Figure 1: Surface profile {(r) against the
distance from the wire with R = 0.95 mm
for the magnetic fluid EMG 909. The dotted
line shows the profile for ¢, = 40° and the
triangles the profile for ¢, = 90°.
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Magnetic spatial forcing of a ferrofluid layer

Th. Friedrich!, I. Rehberg! and R. Richter!

LExperimentalphysik V, Universitit Bayreuth, Germany

Introduction

Historically, spatial forcing of a pattern form-
ing system was first studied experimentally
in electroconvection [1]. More recently, in-
clined layer convection was measured un-
der the influence of lamellar surface corru-
gations [2]. In both cases, stripes are the first
convection pattern beyond a threshold.

The Rosensweig instability in a layer of fer-
rofluid can provide a primary instability to
hexagons if a homogeneous magnetic field
normal to the flat surface is applied [3,4].
In case of a tilted magnetic field, a primary
instability to stripes can be observed [5]. As
a consequence, switching between these two
basic types is possible in one single system.
We explore how both configurations respond
to a stripe like modulation of the magnetic
induction.

Setup

To apply the spatial modulation, a grid of
live wires (see Fig. 1) generates an inhomo-
geneous magnetic field, which can be su-
perimposed to the homogeneous field of a
Helmholtz pair of coils. This way we get a
sinusoidal magnetic field with independently
tunable offset and amplitude. The wavelength
is given by the design of the lattice. Figure 2
shows an example of the spatially modulated
field measured using a hall probe, moved
along the arrow sketched in Fig. 1.

To detect the fluid’s response to the different
configurations of magnetic fields, an x-ray
imaging technique [6] is used. The recorded
data is analysed by means of a 2D-FFT.

Figure 1: Photograph of the grid of wires
to produce the spatially modulated magnetic
field. The arrow indicates the path of the
hall probe for the field measurement shown
in Fig. 2.
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Figure 2: Measured spatial modulation of
the magnetic field.



Stripes vs. Hexagons

The impact of stripe-forcing on a system with
a primary instability to hexagons [7] has not

been measured so far. We apply a static mag-

netic stripe-forcing to the Rosensweig insta-

bility and demonstrate first experimental re-

sults.

Stripes vs. Stripes

The tilted field instability which causes a stripe

pattern of liquid ridges, can also be forced
with another kind of stripes, enabling var-
ious scenarios. For example, the ridges of
the tilted field instability can be forced with
a spatially modulated magnetic field with a
wavevector parallel to the ridges, but dif-
ferent from the intrinsic one. In this way
comensurate to incomensurate transitions can
be explored.

Moreover the direction of forcing can be ori-
ented perpendicular to the liquid ridges. This
will favour a rectangular pattern instead of a
hexagonal one.

All in all, surface instabilities in ferrofluids
can conveniently be forced in space. In this
way the impact to patterns of different sym-
metry can be explored quantitatively for the
first time.
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Spin-coating of magnetic colloids in a magnetic field
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Fabrication of magnetic thin film devices is
gaining research and commercial interests
[1,2]. By varying the size of the magnetic
particles, their applications can be classified.
Of many ways, self assembly of magnetic
particles is interesting due to less complex-

ity during fabrication and comparatively high

quality structures [3,4]. Spin coating of col-
loidal dispersion has a great advantage in
producing resultant morphologies at a short
span of time [5-7].

By controlling the spinning rate and the ini-
tial concentration of the dispersion the kind
of final morphologies can be tuned. In this
work, we will focus first on the study the
spin-coating of micron sized magnetic col-
loids with external axial magnetic field. The

superparamagnetic colloids are obtained from

Polysciences, Inc. of concentration 2.52%.
They are polydisperse with diameters rang-
ing from 1 to 2 pm.

We experimentally investigate the coating pro-

cess by pouring 120 pl of the suspension on
a spinning substrate at 2000 rpm. We per-
formed the experiments with magnetic field
(0.033 T and 0.066 T) and without it. At
these experimental conditions (for applied
field), deposits of colloidal particles are sub-
monolayer, mainly formed by clusters of par-
ticles. Figure 1 shows the average area (A)
(in fact, the area of projection on the sub-
strate) of clusters at several distances from
the center of rotation. It can be seen that the
mean area of clusters is much bigger than
the case of not having an applied field. Also,
in the cases where we apply a field, there is
a relative maximum due to the deflection of
the poured suspension. Thus, it does not hit
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onto the center of the rotating substrate and
gives a relatively depleted region around the
center.
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Figure 1: Average area of clusters as a func-
tion of distance from the center of rotation.
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Figure 2: Number of clusters per unit area
as a function of distance from the center of
rotation.

Also, we measured the density of clusters at
the above mentioned distances (figure 2). In



this case, we also observe a different behav-
ior in the case of having field compared to
that without field.

Microscopic image of the dried substrate at
an applied field of 0.033 T is shown in figure
3. To compare this situation, we include the
corresponding image without applying mag-
netic field (figure 4). The other experimental
conditions are unchanged.

Figure 3: Image of the dried substrate at 4
mm from the center. During the spinning,
the applied field was 0.033 T. Scale bar is
0.1 mm.

-

e

Figure 4: Image of the dried substrate at 4
mm from the center. Without applied field.
Scale bar is 0.1 mm.

We also study the effect of the rotation rate
of the substrate in the corresponding forma-
tion of colloidal patterns, and we character-
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ize the geometry and orientation of the clus-
ters.
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Ferrofluid emulsion is a colloidal suspen-
sion of ferrofluid droplets suspended in an
immiscible liquid [1,2]. An applied mag-
netic field induces a magnetic dipole mo-
ment in each droplet, since the ferrofluid
becomes magnetized. So, the induced drop-
let magnetic moment is dependent on the
droplet volume and the magnetization be-
havior of the bulk ferrofluid. In case of
weak external field, the droplet magnetic
moment is a linear function of applied field
strength Ho.

A droplet shape is greatly dependent on the
value of the surface tension; all droplets are
spherical in zero magnetic fields. For ferro-
fluid emulsions with strong surface tension
the droplets could be regarded as spherical
even in rather strong magnetic field [1,2].
Here the emulsion magnetic permeability
e might be constant in a wide range of
magnetic field strengths. Really, the emul-
sion magnetic permeability could be de-
fined as

ﬂe:1+4”M%|O- @)

Here M. is the emulsion magnetization,
which is the product of the droplet concen-
tration ng and the induced droplet magnetic
moment mg: Me = ng Mg, for simplicity we
consider the surrounding liquid as totally
nonmagnetic. Assuming a linear magneti-
zation, for a spherical droplet we get

3x¢VaHo
mg = xtVgHyg ZW’ )

where y; stands for a ferrofluid initial mag-
netic susceptibility, Vyq has a meaning of
the droplet volume, and Hq is an internal
magnetic field inside the ferrofluid droplet.
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Combining expressions (1) and (2), we
easily obtain:

. =1+ 4r ndmd(HO) _
Ho
127y ¢

7

3)

=l+p——————
¢3+47r;(f

This well-known expression for the perme-
ability of a mixture is valid for low concen-
trated emulsion, and we may call this ap-
proach as “the model on non-interacting
droplets” because we suggest that droplets
do not influence each other.

The behavior is much more interesting for
emulsions, the interfacial tension o on the
droplet surfaces of which is rather weak.
Here the surface forces cannot stabilize the
spherical shape of droplets, and an applied
magnetic field tends to elongation of drop-
lets along the filed direction. In a simplest
way the droplet shape might be considered
as elongated ellipsoid of revolution with
major semiaxes aand b, a> b, a|| Ho || Oz.
The expression (2) converts to

ZtVaHo

A R T
z

(4)

where n, is the demagnetization factor of
an ellipsoid in the magnetic field direction.
Thus, the effective emulsion magnetic
permeability is determined as

. =1+ 4r ndmd(HO) _
Ho
Arcy ¢

Y7

(5)
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The demagnetization factor of stretching
ellipsoid varies from the value n, = 1/3 (for
a sphere, a = b) to zero (for an infinitely
elongated ellipsoid, b/a — 0). For this kind
of ferrofluid emulsions the magnetic field
induces both the droplet magnetic dipoles
and the droplet elongation. And the de-
magnetization factor is a decreasing func-
tion of applied field strength. It means that
the effective emulsion permeability in-
creases with magnetic field.

The ellipsoid elongation is determined by
the minimization condition for the droplet
free energy [3-5], as a sum of surface en-
ergy Fs and magnetic energy Fn, with re-
spect to semiaxes ratio ¢ = a / b. The result-
ing elongation is governed by the dimen-
sionless magnetic Bond number B, =
(3Vg/4n)"*Ho’/4 zo-and the ferrofluid mag-
netic susceptibility y . The well-known
distinctive feature of curves c(Bp) is the
occurrence of hysteresis loops in the case
of sufficiently high values of y ~ 10. In
this area the ferrofluid droplet undergoes a
jump-like elongation; the main features of
such process have been experimentally
studied in Refs. [3,4,6]. The ellipsoidal
droplet becomes high-elongated (c >> 1)
when the Bond number By, exceeds a cer-
tain value, less or approximately equal to
unity. For micron-sized droplets and low
surface tension the jump-like elongation
could be realized even in weak magnetic
fields. This elongation results in rapid
growth of the emulsion magnetic perme-
ability (5) due to a decay in droplet de-
magnetization factor n,[c(Ho)] — O.

The following magnetic field strengthening
is accompanied by a decrease of ferrofluid
susceptibility. And we get the changeover
in emulsion permeability behavior: the
field induced growth of permeability
changes to its decrease. The correct theo-
retical description of this non-monotone
dependence needs the solution of droplet
elongation problem with account for
nonlinear droplet magnetization.
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Structure formation and dynamics of dipolar colloids in rotating fields
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Dipolar particles and in particular induced

dipolar particles can be brought to self-assemble

in a variety of ways. In static fields such par-
ticles form chains, in biaxial rotating fields
they tend to form layers [1], and triaxial fields
can result in a multitude of different struc-
tures [2, 3].

We focus on suspensions of colloidal par-
ticles with permanent dipoles that are ex-

posed to external rotating fields. We are mainly

Figure 1: Snapshot of a layered system.

interested in the dynamics of the colloidal

particles and the question for which field strengths

and frequencies layer formation occurs. To
explore these matters, we primarily employ
computer simulations, most notably Brown-
ian (Langevin) dynamics simulations, which
we supplement by semi-analytical consider-
ations. In particular, we propose a simple
theory that describes layer formation in a
density functional framework [4].

23

References

[1] M. E. Leunissen et al., Adv. Mater.,
20009.

[2] J. E. Martin et al., Phys. Rev. E, 2004.

[3] N. Ostermann et al., Phys. Rev. Lett.,
2009.

[4] S. Jager and S. H. L. Klapp, in prepa-
ration.



Suspensions of particles with shifted magnetic dipoles
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In previous study we investigated the ground
state for systems of particles, magnetic mo-
ment of which was shifted from the centre of
particle, and pointed always outwards radi-
ally, using the combination of Monte Carlo
simulations and analytical calculations. We
showed that antiparallel orientation of mo-
ments becomes the most favorable configu-
ration when the shift approaches the parti-
cle radius. Thus shift influences greatly the
microstructure at low temperatures [1]. Our
preliminary analysis of relatively small sys-
tems at room temperatures also showed a lot
of interesting features.

To study larger systems one have to use molec-

ular dynamic simulation to reach better per-
formance. Therefore, we implemented our
model in ESPResSo [4], that allows us to
use the P3 M algorithm for dipolar long range
interactions in systems with periodic bound-
ary conditions in three dimensions [2]. Re-
cently implemented M D LC [3] gives us the
possibility to simulate monolayers with pe-
riodic images in two dimensions.

Magnetization and cluster formation

The behavior of a suspension of particles
with shifted magnetic dipoles in the pres-
ence of an external magnetic field is strongly
influenced by the shift factor. The tendency
of parallel orientation of the magnetic mo-
ments for low shift leads to a magnetiza-
tion curve with large initial susceptibility.
Whereas the initial slope decreases for larger
shift parameters. For higher magnetic inter-
action parameter \ for particles with shifted
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dipole we find initial slopes lower then the
associated Langevin curve. To understand
the microscopic properties of our system bet-
ter, we are developing new methods to an-
alyze the clusters which magnetic particles
form for different shift values. In the present
work we develop the algorithm which al-
lows for the presence of antiparallel pairs
and triangular conformations.

Outlook

Currently, analytical calculations are performed

in order to obtain magnetization curves for
different shifts using perturbation theory in
both 2 and 3 dimensions. We also work on
the cluster formation theory. The tunable
anisotropy of such a system will allow to
control the process of cluster formation at
room temperatures and crystallization at low
temperatures.
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Magnetophoretic transport in thermoreversible ferrogels
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Figure 1: Two coils are arranged in a Maxwell
configuration, creating a field of constant gradi-
ent (symbolized by the dashed line). The sample
cell and temperature bath are made of two coax-
ial plexiglass cylinders.

B(x)

Introduction

The viscoelastic properties of thermorever-
sible ferrogels [1] can be tuned via the tem-
perature, making such gels an exciting type
of magnetic soft matter [2]. Preliminary stud-
ies with these materials showed a separa-
tion effect of gel and ferrofluid. So far mag-
netophoresis was studied by optical means,
and limited to dilute magnetic fluids [3]. With
our x-ray based technique [4], we are able
to investigate magnetophoretic transport in
any kind of magnetic fluid as well as in fer-
rogels.

Experimental Methods

The setup shown in Fig.1 is used to charac-
terize the magnetophoretic behaviour, such
as the transport velocity, the mobility and
the saturation effects. The constant field gra-
dient created by the coils can be raised to a
maximum value of about 0.75 T/m. In or-
der to measure the density of magnetic parti-
cles the absorption of x-rays is used [4]. The
sample cell is made of a plexiglass tube with
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an inner diameter of 0.73cm. This allows
for convenient preparation and non-destruc-
tive extraction of the sample after the mea-
surement. The outer plexiglass tube enables
temperature control of the setup via a water
bath.

Ferrogel samples

Most recently, we were able to synthesize
cobalt ferrite hydrogels [5]. These thermore-
versible hydrogels have cubic and hexago-
nal mesophases which are tunable via the
temperature. As a consequence, the magne-
tophoretic transport in different phases can
be studied as a function of the viscoelas-
ticity. For a further characterization of the
samples, magnetometric and magneto-rheo-
metric measurements have been carried out.
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Fluidic systems which are driven out of equi-
librium by the temperature dependence of
the density of the fluid have been long stud-
ied with respect to the emerging patterns and
their stability and belong now to the set of
classical pattern forming systems [1,2]. By
using a magnetic fluid (MF) as working sub-
stance an additional ways opens up to gen-
erate patterns. Thus, in a horizontal layer of
MF subjected to a vertical gradient of tem-
perature and a vertical magnetic field con-

vection can be initiated in two different ways.

The temperature dependent magnetization,
whose gradient is antiparallel to the temper-
ature gradient, is that other cause for trig-
gering convective motion. If now a fluid el-
ement with magnetization M (hot region)
is adiabatically moved to the cold region,
where the magnetization M —AM is present,
a difference in the magnetization between
the fluid element and the surrounding fluid
exist. This difference interacts with the gra-
dient of the inner field to a resulting mag-
netic force. That force can generate a desta-
bilization of the fluid layer which leads to
a convective motion, called thermomagnetic
convection. The strength of the force is con-
trolled by the strength of the magnetic field.

An analysis of the thermomagnetic convec-
tion in a layer of MF subjected to a spatially
and symmetrical modulated magnetic field
is presented. For any nonzero magnetic field
the base state is a convective one formed by
a double vortex which reflects the symmet-
rical modulation. The influence of long- as

well as short-wavelength modulations is dis-
cussed. The linear stability analysis [3] re-
veals that the threshold for the stability of
the base state increases with increasing mag-
netic driving. An analytical expression for
the threshold is derived which shows the char-
acteristic feature of sudden jumps of the
threshold at particular values of the mag-
netic driving.
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Figure 1: Plot of the double vortex flow
field.

References

[1] M. C. Cross and P. C. Hohenberg, Rev.
Mod. Phys. 65, 851 (1993)

[2] S.Chandrasekhar, Hydrodynamics and
hydrodynamic stability, Dover Publ.,
New York (1981)

[3] A. Lange and S. Odenbach, submitted
to Phys. Rev. E



Thermal Convection in Viscoelastic Magnetic Fluids

D. Laroze'? J. Bragard®, L.M. Perez*, J. Martinez-Mardones®, H. Pleiner!

"Max Planck Institute for Polymer Research, Germany.

2Instituto de Alta Investigacion, Universidad de Tarapacd, Chile.

3Departamento de Fisica y Matemdtica Aplicada, Universidad de Navarra, Spain.
4Departamento de Ingenieria Metaliirgica, Universidad deSantiago de Chile, Chile.
5Instituto de Fisica, Pontificia Universidad Catdlica de Valparaiso, Chile.

The purpose of the present work is to an-
alyze the influence of the viscoelasticity on
the convective thresholds in magnetic fluids.
To this aim an Oldroyd viscoelastic mag-
netic fluid heated from below is considered
[1,2]. The description of the system involves
many parameters whose values have not yet
been determined accurately. Therefore, we
will consider a broad range of possible pa-
rameter values. In order to be as exhaus-
tive as possible, we will analyze the linear
regime for two different sets of boundary
conditions. For the idealized boundary case,
one can explicitly calculate the threshold as
function of the parameters of the fluid. In
the case of realistic boundary conditions, an
analytical calculation is not tractable and we
numerically solve the linearized system us-
ing a collocation spectral method in order to
determine the eigenfunctions and eigenval-
ues and consequently the convective thresh-
olds. Close to the bifurcation, using the stan-
dard nonlinear analysis, we calculate the cor-
responding amplitude equations for the ide-
alized boundary conditions.

Figure 1 shows the external field dependence
of the threshold for realistic boundary con-
ditions. We observe that for strong fields,
My >> 1 the slope is —1 (dotted line). Fi-
nally, we remark that the onset of the os-
cillatory instability (not possible for New-
tonian fluids) also strongly depends on the
viscoelastic properties.

27

L L L L
0% o1 0.1 10 100

Figure 1: The critical oscillatory Rayleigh
number, Ra,., as a function of M; ~ H?.
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The present study is devoted to the Rosens-
weig instability, taking into consideration the
particle inhomogeneity in the magnetic fluid.
The spatially varying particle concentration
is an unknown quantity of the model, depen-
dent on the magnetic field inside the fluid
with a free surface.

The theoretical model with no interparticle
interactions is considered.

Mathematical Model

We consider a semi-infinite magnetic-fluid
layer with a horizontal plane free surface bo-
unded from above by air. The particles are
uniformly distributed inside of the flat fluid
layer with the constant volumetric concen-
tration Cy. The system is regarded under
the action of gravity (0,0, —¢g) and a uni-
form magnetic field normal to the plane free
surface of the layer (0,0, Hy).

A simplified mathematical model can be de-
rived for a single peak in the pattern under
the assumption of axial symmetry. It allows
us to formulate the model in cylindrical co-
ordinates in a domain [0,a] X [—o0, +00],
where a denotes half of the distance between
two nearest peaks in the pattern.

The magnetic field in the fluid is described
by the Maxwell’s equations

Ptt-o.% (1 MO ) g

with the use of the one-particle model for
the equilibrium ferrocolloid magnetization
_ 3

C
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Here L(t) = coth(¢) — 1/£. This model is

valid for dilute ferrofuids [1].

An explicit analytical solution for the steady-
state particle concentration problem was con-
structed in [3]

_ YO H)V
({w(vH)dQ

sinh(t)
t

C , Y(t) =

6]

for the fluid domain €2 of volume V. An-
other way to get (1) is an application of the
Boltzmann distribution, valid for a gas of
non-interacting particles [2].

Equilibrium surfaces are defined by the gen-
eralized Young-Laplace equation

H

H,\?

ok = —pgz—l—% (Mf) —|—uo/MdH—|—c.
0

Here o is the surface tension coefficient, C
the sum of principal curvatures, p is the fluid
density, 1o the magnetic constant.

The concentration, defined by relation (1),
influences to other unknown quantites only
through the magnetization. It brings addi-
tional nonlinearities to the field und surface
subproblems.

Numerical Treatment

An initial free-surface configuration is cho-
sen as a small perturbation of the plane sur-
face with an amplitude of around 1 % of the
wavelength. A critical value of the pattern
wavelength, predicted by the linear stability
analysis [4], A = 27/+/pg/o, is used in the
model for any applied field intensity .



The magnetostatic problem is solved by a
finite element method in a bounded domain
for the given field far from the fixed fluid-air
interface. The next step is a solution of the
Young-Laplace equation for the last com-
puted field. This is realized by a finite-diffe-
rence method, based on strategy in [5].
Switching iteratively from the field to sur-
face computations, the process can show a
damping of the initial perturbation or can
converge to a solution with a curved surface.
The latter case is interpreted as the onset of
the Rosensweig instability.

Numerical Results

Numerical calculations were performed for
the magnetic fluid EMG 901 (y = 2.2) with
the magnetic phase volume fraction of 10 %.
A dimensionless applied field v = 3y Hy /M
is chosen as a control parameter.

Zla

@=-0.2
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Figure 1: Free-surface shapes for non-

uniform (solid) and uniform (dashed) con-
centration and isolines of the potential.

The Figure shows that the non-uniform par-
ticle distribution results in a 20% higher peak
amplitude in comparison to a homogeneous
fluid. The main inhomogeneity of the par-
ticle distribution occurs in the peak region.
The relative concentration takes a value at
the peak top which is about 25% greater than
in the fluid bulk. The concentration increases
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at places with higher magnetic intensities and
takes the smallest value at the peak foot. The
magnetic fluid becomes uniform over the flu-
id volume for z/a < —1. The particle diffu-
sion mechanism is absent there and the rel-
ative concentration is constant.

The results of this study are published in [6].
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In this talk, we will explore the theoreti-
cal understanding of two-dimensional lo-

calised patterns seen in the Swift-Hohenberg

equation and other reaction-diffusion sys-
tems; see [1, 2, 3, 4, 5]. In particular, we
will look at how these results translate to
the ferrofluid problem to understand fer-
rosolitons and cellular hexagon patches of
ferrofluid. However, it is found there is
a problem with such a straight forward
translation and I will present the theoret-
ical challenges these structures present.
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If a dense fluid is supported by a less dense
fluid, the flat interface separating them is sub-
ject to the Rayleigh-Taylor instability [1-3].
The interface tension between the fluids sup-
presses the growth of all unstable modes with
wavenumbers greater than the critical one.
This gives rise to a maximum experimen-
tal interface diameter (size of boundary) at
which the flat interface is stable.

In the case of one of the fluids being mag-
netic, an azimuthally rotating magnetic field
can be used to stabilize modes with wave-
numbers smaller than the critical wavenum-
ber [4]. This allows for the preparation of
the flat interface with greater interface diam-
eters. When switching off the field, all un-
stable modes, which are not suppressed by
the size limitation of the experiment, start to
grow. Consequently, a precise study of the
Rayleigh-Taylor instability should be possi-
ble.

In our experiment a magnetic fluid is cov-
ered by a more dense transparent one. The
flat interface is stabilized by a rotating mag-
netic field (rotation in x-y-plane). The size
of the interface is restricted to a circular shape
of certain diameters. For different diame-
ters the field strength is lowered to a thresh-
old level, so that the stability boundaries can
be observed. In the instance of switching
off the magnetic field, the dynamics can be
measured.

The stability boundaries (Fig. 1) can be cal-
culated by feeding our material parameters
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Figure 1: Stability diagram at f=50Hz for
different magnetic fields and wavenumbers
of surface modes. Gray color marks the un-
stable regime.

in the calculation of Ref. [4]. We measure
the onset of the instability as a function of
driving frequency and amplitude and com-
pare it with the predictions.
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Motivation

The flow behaviour of ferrofluids under in-
fluence of magnetic fields was subject to nu-

merous rheological investigations already. How-

ever, a typical rheometric setup, featuring a
cone—plate measuring cell which is exposed
to a magnetic field, offers only a very basic
flow structure [2]. The question of a direct
influence of magnetic fields on more com-
plex flows of ferrofluids is thereby left open.
In this paper, this question is highlighted by
the investigation of typical flow structures
appearing in a Taylor—Couette system. A
Taylor-Couette system, which consists of two
rotary concentric cylinders, where the gap in
between is filled with a fluid, offers many
different flow regimes which can be stud-
ied [1].

Experimental

The fluid cell of our setup is subjected to
homogeneous axial and transverse magnetic
fields and the axial velocity components of
the flow are measured using ultrasound—
Doppler velocimetry. The ultrasound trans-
ducer is mounted on top of the fluid cell near
the outer cylinder wall [4].

If the inner cylinder rotates slowly, below a
critical rotation rate wq., the fluid near the
vertical center of the fluid gap may be con-
sidered as moving in an azimuthal direction
around the inner cylinder. With the axial ve-
locity components being absent, this results
in a “zero signal” at the measurement de-
vice. This is the ground state flow, called
circular Couette flow (CCF).
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If then the inner cylinder rotates faster than
wic, TVF is present. Here, the fluid flows in
helical lines around the inner cylinder. The
axial velocity components of the vortices then
yield a sinusoidal velocity profile, due to the
flow moving upwards and downwards at the
outer cylinder wall.

The flow pattern of a Taylor vortex flow of
finite length always consists of pairs of vor-
tices [5]. Hence, the wavenumber k, as a
dimensionless measure for the axial elonga-
tion of such a pair of vortices, is an impor-
tant property of such a flow pattern like the
Taylor vortex flow.

Influence of an axial magnetic field on the
wave number

Normally, the vertical dimension of one vor-
tex should be close to its horizontal one, which
is the gap width d [5]. Since the system pre-
sented in this work has an aspect ratio of 20,
we would expect a flow pattern consisting
of 10 vortex pairs for a non—rotating outer
cylinder and zero magnetic field. According
to equation (1), this yields a wave number of
k= 3.14.

Here, the wavenumber k& was obtained by
counting the vortex pairs over the depth of
the gap and using equation (1), which scales
the wavelength with the gap width. A di-
mensionless wave number

_ 2nd

k
h

n (D
is thus obtained, where n is the number of
vortex pairs and A is the height of the gap.

However, a wave number that is stable at



a given (or zero) axial magnetic field and
certain rotation rates of the cylinders, did
not necessarily remain stable if the field was
subsequently increased or decreased. Gen-
erally speaking, with an increase in axial mag-
netic field strength, lower wave numbers (i.e.
a flow pattern with less vortices) showed to
be preferred over higher ones [4].

This connection between the axial wave num-
ber and an axial magnetic field is qualita-
tively the same for a resting or rotating outer
cylinder, but gets shifted to higher wave num-
bers (counterrotating outer cylinder) or lower
wave numbers (corotating outer cylinder).
The surfaces in Fig. 1 give a qualitative idea
which wave numbers are stable at certain
combinations of the Reynolds—number of the
outer cylinder R, and magnetic field.

Figure 1: (Color online) Surface plot of pos-
sible stable wave numbers £ at different ax-
1al magnetic field strengths [ and rotation
rates of the outer cylinder R». The black cir-
cles denote those experimental data points
that were recorded to file.

Outlook

Beside the influence of magnetic fields on
the basic Taylor—vortex flow, the influence
on axially propagating spiral vortices and az-
imuthally rotating wavy vortices are presented
in detail at the conference.

Acknowledgments

We gratefully acknowledge the financial sup-
port provided by the Deutsche Forschungs-
gemeinschaft (DFG) (OD 18/11).

33

References

[1]

(2]

[3]

[4]

[5]

C. D. Andereck, S. S. Liu, H. L.
Swinney, Flow regimes in a circular
couette system with independently ro-
tating cylinders, J. Fluid Mech. 164
(1986) 155.

S. Odenbach, H. Stork, Shear depen-
dence of field-induced contributions to
the viscosity of magnetic fluids at low
shear rates, JMMM 183 (1) (1998)
188-194.

A. Leschhorn, M. Liicke, C. Hoff-
mann, S. Altmeyer, Stability of the cir-
cular couette flow of a ferrofluid in
an axial magnetic field: Influence of
polydispersity, Phys. Rev. E 79 (2009)
036308.

M. Reindl, S. Odenbach, Influence
of a homogeneous axial magnetic
field on TaylorCouette flow of fer-
rofluids with low particle—particle in-
teraction, Exp. Fluids (2010) DOI:
10.1007/500348-010-0940-y.

G. Ahlers, D. Cannell, M. Domiguez-
Lerma, R. Heinrichs, Wavenumber se-
lection and eckhaus instability in cou-
ette taylor flow, Physica 23D (1986)
202.
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Introduction

Static liquid spikes are emerging on the
free surface of a magnetic fluid (MF), when
a critical value B, of the vertical magnetic
induction is surpassed. This instability,
first reported by Cowley and Rosensweig
[1] has become a landmark for ferrofluid
research. Moreover it is of particular in-
terest for the field of pattern formation, as
demonstrated in a recent review of Rosen-
sweig patterns [2]. The formation of a
hexagonal pattern of spikes is commonly
explained as a resonant interaction of three
degenerate wave modes [3]. A different,
more ”atomistic” approach to pattern for-
mation regards the hole lattice as a crys-
tal where an individual Rosensweig spike
stands for an atom [4]. From this the
question arises, whether a spike can also
exist independently from the extended pat-
tern.

Such localized states find currently great
interest [5]. Examples comprise oscillons
in shaken fluids [6] and granular mate-
rials [4], or cavity solitons in optics [7].
For the stability of these 2D-structures a
balance of dissipation and energy gain is
essential [4], while the localized spikes, or
”ferrosolitons” [8], persist without perma-
nent energy dissipation.

Apart from a fundamental interest in their
being and stability, ”ferrosolitons” open
also up a new way to investigate growth
dynamics of surface structures. Whereas
for regular Rosensweig patterns one has
to develop special techniques [9], here a
lateral optical observation is not hindered
by surrounding spikes. Thus the growth

0 ms 125 ms 150 ms

165 ms 175 ms 185 ms

275 ms 300 ms

Figure 1: Growth of a ferrosoliton after
switching on the probe coil at ¢ = O ms.

of "ferrosolitons” can conveniently be re-
corded by a high speed camera, as shown
in Fig. 1.

Scaling of the delay times

Applying an overcritical induction B, >
B, to a probe coil mounted beneath the
vessel [8] ignites a ”ferrosoliton” in the
bistable range of the Rosensweig instabil-
ity. As shown in Fig.2(b) we observe a
delayed growth, characterized by the de-
lay time t4.

We record a series of amplitude curves for
increasing values of B,. In Fig. 3 we plot
t72 versus the rescaled probing induction
B = (B, — B,.)/Bp.. The data can well
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Figure 2: Growth measurement of a ”fer-
rosoliton”.  (a) Pulse sequence of the
probe coil. (b) Time resolved amplitude
of a spike resulting from the pulse se-
quence in chart (a) with By = 9.0mT
and B, = 1.1mT. The delay time ¢4 is
indicated by horizontal arrows.

be fitted by the scaling law
tg=a-B7Y? (1)

where a is a fit parameter. The delayed
growth and its scaling (1) is characteris-
tic near a saddle-node bifurcation. Such
a bifurcation can be induced by an im-
perfection added to the transcritical bi-
furcation describing the instability of a
rotationally symmetric spike. In the ex-
periment the imperfection is created by
B,. In numerical investigations [10] we
corroborate this bifurcation scenario to-
gether with the scaling law (1) and the
measured stability diagram By, .(Bp).
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The technique considered is based on the
analysis of the field dependence of the
acoustomagnetic effect (AME), which lies
in the investigation of an electromagnetic
wave using a column of a magnetized fer-
rofluid (FF), in which the sound wave
propagates in [1-3]. The EMF induced in
the circuit is proportional to the amplitude
of oscillations of fluid magnetization due
to variations in concentrations of dispersed
phase particles.

According to the theory of superparamag-
netism the amplitude of the induced EMF
can be represented in relative units as a
function of the parameter [4]:

_L(§)=¢-kED(E)

Pe = 1+k"E'D(E)

where D(&)=(&™" -&sh?¢), L(&) is the

Langevin function, & is the Langevin pa-

rameter, k'=qc’C,', k" =N, uynm? [k,T , q

is the thermal expansion coefficient, T
denotes absolute temperature, ¢ 1is the

speed of acoustic wave propagation, C, is

the specific heat capacity at constant pres-
sure, N, is the dynamic demagnetizing
factor defined by the shape parameter P
(the wavelength-to-sound beam diameter
ratio), » is the ferroparticles concentration,

m. 1s the ferroparticle magnetic moment.

The given expression allows the estimation
of only the limiting values of the physical
parameters of the disperse phase nanoparti-
cles and does not consider the particle size
distribution and interpartial interactions.

We used widely known theory MMF2 [5]
for the account of this moments. Expres-
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sions from work [6] were also used for
definition of parametres of allocation.

The expression for EMF, directed in the
measuring contour, gained taking into ac-
count the data [5,6] will register as:

IL(@)f(x)dx—k'ID(ge) )

Pee = Notg 7 o -1 ’
1+ T nfmi(x)E"D(E,) f(x)dx
ol o

where ¢, is the parameter of the effective

field featured in [5].
In extreme cases this formula becomes:
when H >0

(1-#)-%
Bre ="
Mg(1+N,y)
where y is the FF initial magnetic suscep-
tibility [5].
when H — o«
5, - [1_(1+k’)nk0TJ(l+(1 +k’)nk0Tj

oM s H 3uoH?
where Mg denotes MF saturation magneti-

zation.

The given expressions with the use of the
known relations published in [5,6] allow
finding the FF particle size distribution
from the data examination of the AME
amplitude dependence from the exterior
magnetic field value.

The experimental installation in detail fea-
tured in [4] has been created for examina-
tion of the FF disperse composition. Ex-
aminations were spent on samples of the
«magnetite in the kerosene» type, stabi-
lized by the olein acid, with various con-
centrations.

The FF particle size distribution curves,
gained by the atomic force microscopy



(AFM), magnetogranulometry analysis
(MFA) and the estimation on the AME
basis, are presented on Fig. 1.
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Fig. 1. The FF particle size distribution:
AME (continuous line), MGA (dashed
line), AFM (dash-dotted line)

The data was obtained for the FF sample
with the density p=1360 kg/m’, the satura-
tion magnetization M, =57.3 kA/m and the
initial magnetic susceptibility y=4.2. The
difference of the mean particle diameter
value (x)apm=11.6 nm measured by AFM
and the magnetic core diameter (x)=, spot-
ted by estimation on the AME basis is pos-
sible to explain by the presence of the sta-
bilizing shell and the thin antimagnetic
stratum on the magnetic particle surface
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Ferromagnetic single-domain particles are
of interest to combine with soft matter ma-
trices due to their strong interparticle iner-
action and high magnetic moment.
However, highly magnetic nanoparticles
such as iron or cobalt suffer from low sta-
bility against oxidation.

Various reports show that cobalt particles
are readily accessible by hot injection me-
thods®, resulting in highly monodispersed
cobalt nanoparticles in the presence of a
surfactant. We recently found that by using
polystyrene with a carboxylic acid group as
coordination surfactant after Pyun et al., ?
the obtained cores show an unexpected
oxidation stability.

In this work we investigated the influence
of reaction conditions on particle proper-
ties.

COZ{CO)a + L]

Fig. 1: Synthesis of cobalt nanoparticles decorated
with polystyrene in a one step reaction.

More precisely, we studied the influence of
tri-n-octylphosphineoxid (TOPO), and of
polymer with different molecular weight
on the properties of the cobalt particles.
For analyzing the magnetic properties of
the resulting magnetic fluids, vibrating
sample magnetometry (VSM) has been
used, and the magnetic stability of the co-
balt particles under different storage condi-
tions has been recorded over time.
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A core-shell architecture has been pro-
posed by using light scattering and AC
susceptometry experiments. The formation
of organogels from the particles is subject
to ongoing examinations.

Fig. 2: TEM image of cobalt based particles, a)
prepared with PS-COOH without TOPO. b) Pre-
pared in the presence of 6,5 mmol/L of TOPO.
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Introduction

In this paper we present the investigation
of the magnetically induced “gas-liquid”
condensation in a water based magnetic
nano-colloid with magnetite nanoparticles
of about 8nm mean diameter and 2.3%
particle volume fraction, sterically stabi-
lized with a double surfactant layer of
myristic acid and dodecyl-
benzenesulphonic acid (MA+DBS) [1].
The results from DLS, light extinction and
dichroism experiments are presented and
discussed.

Results and discussions

In Fig.1 is presented the temperature de-
pendence of the scatterer’s mean hydrody-
namic diameter from DLS experiments.
One can notice the sharp decrease of the
clusters’ diameter in the temperature range
30°C-60°C.
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Fig.1 Temperature dependence of the
primary particle clusters hydrodynamic
diameter.

The comparison between the hy-
drodynamic and physical diameter of the

magnetite particle indicates that the parti-
cles spontaneously agglomerate to form
primary, rather soft, agglomerates.

From light extinction experiments it
was found that the sample undergoes mag-
netically induced “gas-liquid” condensa-
tion with critical point: below the critical
temperature t; there’s a temperature de-
pendent critical field (Hc(t)) below which
no condensation occurs, and above which
the amount and size (in the microns range)
of the nano-particle aggregates increases
with the field intensity. Above t; no phase
condensation was observed up to the high-
est available field intensity of 3500 Oe.
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Fig.2 Temperature dependence of light
extinction.

In Fig.2 is presented the tempera-
ture and magnetic field intensity depend-
ence of the saturation extinction. Due to
the light scattering on the condensed phase
drops, elongated in the magnetic field di-
rection with a size that can range from
hundreds to thousands of nanometers, de-
pending on temperature and magnetic field
intensity, the larger the nanoparticle cluster
size and number, the larger the extinction
[2]. The sample presents a critical tempera-



ture of about 40°C above which no con-
densation occurs no matter how intense the
external magnetic field.
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Fig.3 The dependence of the critical field
on the temperature.

In Fig.3 is plotted the temperature
dependence of the critical field. One can
notice the asymptotic increase of the criti-
cal field with increasing temperature. This
behavior was theoretically predicted by
Cebers [3]:

2
_ 2-kg T (1)

Lo-m Tc -T

where kg is Boltzmann constant, o is the
magnetic permeability of vacuum, m is the
magnetic moment of the magnetic nano-
particle and T, is the critical temperature.
Using eq.(1) to fit the data from Fig.3, one
obtains for the critical temperature a value
of about 42°C and an estimate for the mag-
netic diameter of the particle primary clus-
ters of Dp,=54nm.

From dichroism experiments in low
magnetic fields at 30°C it was found that
below the critical field the sample behaves
like a typically stable ferrofluid. In Fig.4 is
plotted the magnetic field dependence of
the normalized dichroism for the
(AM+DBS) water based colloid and for a
sample with magnetite particles stabilized
with oleic acid + dodecylbenzensulphonic
acid (AO+DBS) double layer and dispersed
in pentanol. One can notice that the nor-
malized dichroism curves overlap, which is
an indication that the rotation of the single
prolate nano-particles is the main cause of
the magnetically induced optical anisot-

ropy [4].
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Fig.4 Field dependence of the normalized
dichroism.

Therefore, one may conclude that
below the critical field the primary ag-
glomerates are fairly isotropic and have
little or no contribution to the magnetically
induced optical anisotropy of the sample.
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Magnetic gels, also called ferrogels, consist
of magnetic nano-particles embedded in a
cross-linked polymer network, and have po-
tential applications ranging from medicine
to engineering, e.g., drug release systems and
artificial muscles. These applications rely
on the combination of the mechanical prop-
erties of the polymer network — which can
be tuned in a wide range during synthesis
— with the ability to modify and control the
sample with external magnetic fields due to
the embedded magnetic nano-particles.
Today, many aspects of the synthesis of fer-
rogels are understood, and the properties of
gels can be characterized and tailored. How-
ever, many aspects of the microstructure and
its influence on macroscopic properties are
still unknown. Computer simulations help
in this area, because firstly, they allow com-
plete control of the system under considera-
tion, and secondly, because it is possible to
study simplified model systems which focus
on certain aspects of the material. In par-
ticular, an understanding of how a gel re-
sponds microscopically to an external mag-
netic field, and how mechanical properties
change along with it, promise to help guide
experimentalists toward building gels with
desirable properties for applications.

In this contribution, we show two computer
models, which stress two different aspects
of the deformation mechanisms in a mag-
netic gel, namely, the re-arranging of mag-
netic particles and the deformation of the
polymer matrix due to the alignment of mag-
netic particles. In this way, we identify two
mechanisms which lead to a shrinking of the
sample in an external magnetic field.
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Figure 1: Upper part: Model of a mag-
netic gel in quasi two-dimensional geome-
try. Magnetic particles form the nodes of the
network. The ends of flexible, non-magnetic
chains are glued to a specific point on the
magnetic particles’ surface. Therefore, the
network is deformed, once the magnetic par-
ticles align in an external magnetic field.

Lower part: boundary of a gel sample in ex-
ternal fields of different strengths. In the
field, the gel contracts isotropically due to

the deformation of the polymer matrix.



Magnetic gels in magnetic fields: a fascinating alliance
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A magnetic gel is a chemically
cross-linked polymer network swollen by a
magnetic  fluid. The finely divided
colloidal particles couple the shape of the
gel to the external magnetic field. The
driving force of the deformation is the
magnetic field gradient which can vary
from point to point in the space resulting in
non-homogeneous deformation. Direct
observation of non-homogeneous
deformation is reported and a theoretical
interpretation based on the coupled
magnetic and rubber elastic properties is
provided [1,2].
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Fig.1 Uniaxial elongation of a magnetic gel
cylinder in non uniform magnetic field.

Synthesis of elastomers under
uniform magnetic field can be used to
prepare anisotropic samples. The imposed
field orients the magnetic dipoles and if the
particles are spaced closely enough, mutual
particle interactions occur. Due to the
attractive forces pearl chain structure
develops. The  resulting  magnetic
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composite becomes anisotropic in terms of
mechanical, swelling and magnetic
properties. One can easily vary the
direction of the particle chains by the
direction of the applied magnetic field. The
spatial distribution of the solid particles
has a decisive effect on the stress-strain
dependence as well as on the swelling
Kinetics [2,3]
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Fig.2 Direction dependent elastic modulus
(slope of the lines) of anisotropic magnetic
polymer gel.
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As compared with the traditional magne-
torheological suspensions, compositions of
the micronsized particles in ferrofluids are
much more stable both with respect to
sedimentation and irreversible aggregation.
As a result, they are much more homoge-
neous, their properties are better repro-
ducible and predictable. This is very im-
portant for precise technologies, which
require high accuracy of the work media
behavior.
In this work we present results of experi-
mental and theoretical investigations of
structural transformations and rheological
properties of ferromagnetic microparticles
dispersed in an initially isotropic ferrofluid
(FF), which consists of nanometric mag-
nets dispersed in a carried liquid. It is well
known that upon magnetic field applica-
tion, two particles of magnetizable materi-
als which are approximately aligned in the
direction of the field experience attractive
magnetostatic forces. If these particles are
free to move, e.g. they are dispersed in a
liquid carrier, and the intensity of the ap-
plied magnetic field is large enough to
overcome Brownian motion, these particles
would attract in order to minimize their
magnetostatic energy. The minimum is
reached when the particles are in contact
and aligned in the field direction. This is
the basic phenomenon underlying the mag-
netorheological (MR) effect, which causes
a quick and important change in the
rheological properties of MR suspensions
upon application of a magnetic field.

The classical theory of electrodynamics
of continuum shows, that the force of
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of magnetic attraction between two mag-
netizable particles immersed in a para-
magnetic medium increases due to this
medium. Thus one can expect increase of
magnetorheological effect in suspension of
magnetizable particles (MRS) in a ferroflu-
ids as compared with the similar suspen-
sion in a nonmagnetic liquid.

Our experiments have demonstrated more
rich set of internal transformations and
rheological effects than the classical mod-
els predict. We used FF consisted of sus-
pensions of oleate-covered magnetite
nanoparticles dispersed in kerosene. In
order to investigate the effect of FF particle
size, the initial FF was centrifuged for 3
hours at 20000g. Particle size distribution
of both the initial (non-centrifuged) FF and
the centrifuged FF Results are shown in
Fig.1
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30
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Fig.1 Particle size distribution for the initial (non-
centrifuged) FF (dashed line) and for the centrifuged FF
(continuous line).

Microparticles of different materials (Fe,
Ni, Ag-Ni) and average sizes (between 1
and 10um) were used and a similar behav-
ior was always found. In Fig.2a we see the



presence of a zone of more concentrated
FF around the poles of the particles. In the
stationary state (Fig.2b) this concentrated
zone has the shape of a truncated ellipsoid
and fills the gap between the particles
maintaining them at a distance of about one
diameter.

Fig.2 Collision of Ni particles dispersed either in
the centrifuged FF (a, b) or in the non-centrifuged
FF (c, d), upon application of a magnetic field of
22kA/m in the indicated direction. (a, c) were taken
during the approach, and (b, d) in the stationary
state.

Microscopic observations were also
performed in the non-centrifuged FF. In
contrast to Fig.2a, in Fig.2c dense zones
of FF are observed not only close to the
microparticles but also far from them —it
IS possible to see dark lines along the
field direction in all regions. In the
stationary state, Fig.2d, the ellipsoidal
cloud of  nanoparticles  between
microparticles is considerably larger than
that observed for the centrifuged FF,
Fig.2b. Since the range of this magnetic
barrier is strongly increased in the non-
centrifuged FF, we conclude that the
observed behavior is caused by the
biggest nanoparticles inside the FF,
which undergo a phase condensation,
especially in the zone Dbetween
microparticles, where the field is higher
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Some results of measurements of rheologi-
cal properties of the systems under study
are presented in Fig.3.

200

10 vol.% microparticles in kerosene

1 —®—10vol.% microparticles in 5 vol.% of centrifuged FF
1604 —O— 10 vol.% microparticles in 5 vol.% of non-centrifuged FF
—®— 10 vol.% microparticles in 10 vol.% of centrifuged FF

1 —B— 10 vol.% microparticles in 10 vol.% of non-centrifuged FF
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Fig.3. Dynamical yield stress vs. applied magnetic
field.

In contradiction with predictions, based on
the classical theory of electrodynamics of
continuum, and in contrast with the case of
pure ferrofluids, in the compositions under
study magnetorheological effect increases
after centrifugation of the ferrofluid. The
similar results have been obtained after
measurements of storage and loss modulus
of the composition.

We present a theoretical model of the equi-
librium structures of the micronsized parti-
cles and the “stop-effect” at small distance
between them. Analysis shows that the
physical reason of this effect lies in the
phase condensation of the biggest particles
of the FF near poles of the micronsized
particles. Appearance of the dense ferro-
fluid cloud in the gap between the micron-
sized particles leads to inversion of the
force of magnetic interaction between them
— at the relatively small distance instead of
attraction it becomes repulsion. As a con-
sequence, the presence of the biggest parti-
cles of ferrofluids, in the contrast with the
case of a pure ferrofluid, decreases magne-
torheological effect in these suspensions.
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Maps

To the main station:
Tramway 3, direction
“Wilder Mann” (very 10
minutes, ride 4 minutes,
cost 2 €)

Tramway 8, direction
“Hellerau” (every 10
minutes, ride 4 minutes,
cost 2 €)

From the main station
to the TU campus:
Tramway 3, direction
“Coschutz” (verey 10
minutes, ride 4 minutes,
cost 2 €)

Tramway 8, direction
,,Sudvorstadt” (verey 10
minutes, ride 4 minutes,
cost 2 €)

foot path to the refectory

Campus:
Mollier-Bau,
Refectory

Bus 61
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Coming to the conference dinner
in the “Carolaschlésschen” use:

Bus No. 61 from Nurnberger
Platz towards Karcherallee,
Weil3ig or Fernsehturn (every
10 minutes, ride 10 minutes,
cost 2 €); leave at station
Haltepunkt Strehlen plus 10
minutes walking

Carolaschldsschen

S1 from main station towards Z00

Bad Schandau or Schéna or GroBer Garten
S2 towards Pirna (every 15
minutes, ride 3 minutes, cost 2
€); leave at station Haltepunkt
Strehlen plus 10 minutes
walking

(H) Bus 61,63,85

After the dinner:

10 minutes walking to <o
Haltepunkte Strehlen; ™Y Dres g

Bus No. 61 to Nurnberger
Platz towards

Lobtau (every 30 minutes, ride
10 minutes; cost 2 €)

B172 Pirna

Copyright: TU Dresden, Professur Magnetofluiddy namik, 2011

S1 to main station towards
MeiRen (every 30 minutes, ride
3 minutes, cost 2 €)

Please note:

Do not forget to stamp your ticket (tramway: inside; train: at the platform), otherwise it
is not valid.

If you have three or more trips a day, you should buy a Tageskarte (day ticket) for 5 €.
If you go together with a colleague for three or more trips, you should buy a Familien-
karte (family ticket) for 7 €.

With both tickets you can have as many trips as you like until 4 a. m. in the morning of
the following day.
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