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Magnetic particles are used as nanoscopic tools to probe locally the carrier in which they
are suspended. In very dilute systems, the experimental detection of a field-induced optical
birefringence alows to test liquid solutions, viscoelastic mcdia and a liquid flow. Two
examples are here developed: a study of the sol-gel transition of a chemical system and a
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vorticity measurement in aliquid sample experiencing a solid rotation.

l. Introduction

If spectacular effects are observed with concentrated
Magnetic Fluids (MF), with unexpected instabilities
(starfishes)(] or surprising properties (negative mag-
netic viscosity)!?, very dilute magnetic fluids also de-
serve agrowing interest. If a very small amount of mag-
netic particles is dispersed in a carrier medium, these
nanoscopic objects can be used as rheological probes
to investigate local properties of the medium. The
strengths of such a method are that:

- thesystem isnot perturbed by the nanoscopic tool,
which occupies a volume fraction of the order of a few
10* (indeed thisrequires initial chemical work, to make
the surface of magnetic particles fully compatible with
the external medium)®:4],

- the magnetic field, used as an external parame-

ter to monitor the movement of the particles, does not

* Affiliation: Université Paris 7
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perturb the carrier medium, if this one is an ordinary

liquid, a polymer solution or a gel.

Standard magnetic measurements could not be eas-
ily perforrned with such a small amount of magnetic
particles. We use here a well known property of parti-
cles, chemically synthesized using Massart's method!4:
they bear an intrinsic birefringence which allows a very
accurate optical detection of their rotation. Different
kinds of particle rotations can induced with different
kinds of exciting fields (static, pulsed, alternating, ro-
tating). Here we shall only present some examples of
what it is possible to probe with a static field and a

pulsed one.

Depending on the carrier medium, birefringence re-
sponse to a static magnetic field is ruled by a balance
between different energies: in asimpleliquid, itisa bal-

ance between magnetic and thermal energies; in a gel,
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magnetic energy is compared to the elastic one. In the
same order of ideas, by applying to an external static
field to a Aowing liquid, doped in magnetic particles,
it is possible to measure a vorticity through a balance

between the magnetic torque and the viscous one.

In each case, a pulsed magneticfield allows an anal-
ysis of the dynamical response of the system: in asim-
ple liquid, for example, it is a test of the viscosity of
the solution. Another quality of the present probing is
the spatial scale of the measurement. In any viscome-
ter, it is possible to define a length d, characteristic
of the device, at which the viscosity measurement is
performed (in a Couette viscometer, d is the distance
between cyclinders; in a capillary viscometer, d is the
capillary diameter). Insuch usual viscometers, the vis-
cosity rneasurement is always rnacroscopic: d >> a, a
being a characteristic length of the probing system. In
asingleliquid, a is the size of the individual molecules
(afew A); in agel, ais the mesh size of the polymeric
array. In our system, d is the size of the magnetic par-
ticles, i.e. of the order of a few nanometers. We can
either make a macroscopic measurement, either a meso-
scopic one, either a microscopic one depending of the
hierarchy between a and d. In asimpleliquid, the mea-
surement is macroscopic (d >> a). In a semi-dilute
polymeric solution the measurement can be mesoscopic
(d ~ a). In avery wesk gel, it is possible to make a
microscopic measurement (d << a) using a very small
perturbing magnetic energy: it alows studies close to

a sol-gel transition.

If particles probe the carrier medium at their own
spatial scale, an optical device performes the birefrin-
gence measurement through an average over the whole
extens,on Of the laser beam.. Using well collimated

beams, it is possible to map a sarnplein 2D or 3D:

-in a gel, inhomogeneities of elastic constants in a
sample near a solid wall or a free surface can be ex-

plored.
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-in aflowing liquid, vorticity maps can be also per-
formed. We present now three examples of studies

which can be performed with these nanoscopic probes.

I1. Birefringence properties in a magnetic lig-
uid: Competition between Magnetic and Ther-

mal Energies

It is well-known since more than 10 years that some
magnetic fluid possess birefringent properties. In spite
of controversy about the origin of this birefringence,
a lot of applications are already possiblel>=7). This
birefringence can come from a crystalline origin or a
shape origin, but experimental measurements fit very
well with theoretical laws including a log normal size
distribution®°l; Except for a normalizationfactor, this
theoretical law does not depend on the microscopic ori-
gin of this birefringence if measurements are concerned
with individual behaviour. In some cases, chains of par-
ticles can be formed; under the applied field this effect
is then tested through the shape of the experimental

We have verified that birefringence effects occur
only if the particle turns mechanically and follows the
magneticfield. It means that we need rigid-dipole par-
ticleswith KV > kgT where K is the anisotropic con-
stant, V volume of the particle, k5T thermal energy;
in this case, the optical axisis parallel to the magnetic

moment. The dielectric tensor is:

€k = ng(Six + 16Sik) (1)

where ny is the isotropic index of the magnetic fluid at
zero magneticfield, v is the optic anisotropy of the par-
ticles, ¢ its volumefraction and S;; is a tensor describ-
ing the orientation ordering of optical anisotropy: with-
out magnetic field, S;z = 0 and ¢4 = ngé,-k. If afield
H = HA (h unit vector) is now applied, magnetization
of the solution follows a Langevin law: M = m,¢L(£)

where € = popuH [kT. (uo vacuum permeability, ¢ mag-
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netic moment of particles, L(<) is Langevin function:
L(§) = coth(¢)—¢~! and m, the particle magnetization.
If A = (1,0,0)ispointing in thesame plane asthe polar-
_fyy)/Qng

is obtained from a thermal average < ejex >:n of the

ized light beam, birefringence An(H) ~ g,

microscopic tensor, introducing orientational distribu-
tion function W0(e) of optical axes in Fokker-Planck

equation(!?). At equilibrium it leads to:
An(H) = 6n,$S(€) | ()

with

ong = Z’-no'y
and S(¢) = 1- 3L(§)/€. Such an expression fits well
experimental measurementsof static birefringence, pro-
viding that a size distribution of finite width is intro-
duced in the treatment!3°],

The analysis of dynamical birefringence, as a re-
sponse to a pulse of magnetic field, can be used to
measure the viscosity of the liquid carrier. This power-
ful method working in alarge range of viscosities (10~3
Paxs to 10% Paxs) is described in{'1) and briefly recalled

in next part for a simple colloid.

I1. Birefringence properties in a magnetic gel:

Competition between Magnetic and Elastic En-
ergy

The most important problem isto incorporate mag-
netic particles in the gel. Roughly speaking, two types
of gel exist; chemical gels where the polymerization and
the cross-link of monomers are irreversible with time
and physical gels where the cross-links are reversible
with temperature. With our method, we are able to
study such transitions, caled sol-gel transitions, usu-
aly well described by a percolation theory; for example
the viscosity in the sol-phase increases in the vicinity of
the transition with a critical exponent and the elastic
constant in the gel phase vanishes critically.

This kind of experiments has been made some years

ago in a physical gel (gelatin) and a critical exponent
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has been measured!!?). We describe now the critical
behaviour of a chemical gell!3l: an alumino-silicate in
a mixture of water and isopropylic alcohol (:Pr OH).
The dynamical response to a pulse of magnetic field is
analysed during the sol-gel transition4. For a given
temperature, the control parameter is the time: fol-
lowing the preparation, the gel time can be monitored
from an hour to a week. A very small amount of mag-
netic particles (volumefraction 3 x 10~%) isintroduced
in the initial sol phase in order to test the medium
without perturbing it. In the sol phase, critical varia-
tion of the viscosity is obtained through a measurement
of the characteristic time of birefringence relaxation at
the field switching off. In the gel phase, the intensity
of the birefringent signal and its relaxation time de-
pend on elastic constant and friction coefficient. The
experimental set-up used here is a standard ferrofluid
viscometer devicel!!). A pulse of magnetic field leads to
a pulse of transmitted light intensity.

In asimplecolloidsuch as the doped reagent and
if the pulse length is long enough to reach a birefrin-
gence maximum, the relaxation of light intensity I(t)

writest1]:

I{t) = Igexp(—t/TR) 3

with

Ig = I(t = 0) xex An(H)?. (4)

- The relaxation is a simple exponential, if the size
distribution is thin enough;

- Origin of time, t = 0 denotes the end of the mag-
netic pulse.

- Therelaxation time rg is 7 = 75/6, 75: Brown-
ian relaxation time, 7 = 39V, /kT, n: carrier viscosity,
Vit hydrodynamic volume of particles, ¥T": thermal en-

ergy.



130

In a gel phase, there is a competition be-
tween magnetic and elastic energy!?!: the birefringence
An(H) also depends on thelocal elastic constant. If we
admit that all magnetic grains are blocked in the ge
network and if B, is the angle in zero field between H
direction and the particle optical axis, the equilibrium

angle 8, in the limit x << 1, is given by:

uppH sinf = CV,(8 — Bo) , (5)

where C is the local shear elastic constant and V, the
elastic perturbed volume. The value An(H, C) isgiven
by a complex formula obtained after both a statistical
average on Sy and a thermal average. The decay time

is obtained from:

JVe +CVe(B—Bo) =0, (6)

where f isthe friction coefficient between the polymer
network and the solvent leading to the characteristic

time:

TR f/C . (7)

In the sol-gel system, a simple exponential law
does not fit correctly the experimental relaxation and

has to be replaced by astretched exponential one:

I(t) = In exp(—(t/r)") (8)

characterized by a relaxation time rg, the expo-
nent accounting for the spatial inhomogeneities of the
system!®! during the gelation process. Indeed a is a
function of 8: the time spent from the initial blending
to the moment of measurement, and a(¢ = 0) = 1. Ex-
perimental timest and 7 are always small with respect
to variations of 4. Three kinds of plots are presented in
figure 1:

- alinear plot of I(t) (figure la) leading to deter-
minations of Iy = 1(t = 0) and & from the condition

[(t=171r) = Iu/e;

J.-C. Bacri et al.

- aplot of In(I(#)) as afunction of t (figure Ib), to
show that during the sol-gel process, a simple exponen-

tial fit cannot work;

- alog-log plot of - In(I(t)/Ix) asafunction of t/Tr
(figure Ic). In such a representation, experimental re-
sults exhibit a linear behaviour, expressing that they
can be described by a stretched exponential relaxation,
the slope of straight line being equal to the exponent

.

In short, asafunction of time 8, three quantitiesare
extracted from this stretched exponential treatment:
initial intensity 7y, characteristic time s and expo-

nent a.

Preliminary results obtained with alumino-silicate
system are presented in Figs. 2 and 3. It must be
pointed out that 7z begins to increase drastically from
itssol valuefar before Iy begins to decrease and that its
divergence occurs during I decrease (cf fig. 2). Note-
worthy variations of both Ig and rr are thus shifted
from each others. Another point is that a varies all
along the gelation process, from a = 1 at the begin-
ing (8 = 0), through a = 0.42 at T divergence and
blocks itself at a value a = 0.3 at the end of the ex-
periment (see Pig. 3). Then, in a regime which is not
explored here, a simple stretched exponential analysis
cannot work anymore; the relaxation presents two co-
existing and very distinct behaviours. a quick elastic

answer and along time relaxation.

During the gelation process, clusters more and more
numerous are growing, leading to an increase of the
mean viscosity of the system. In the experiment, this
induces an increase of characteristic time 7r by more
than three orders of magnitude and a decrease of expo-
nent afrom itsinitial value 1, by more than afactor of
two. At the gel point 8, an infinite cinster is created
and viscosity diverges: we may associate this to the g

divergence.
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The Ig decrease simply expresses that a larger and
larger proportion of magnetic particles, trapped in large
clusters, are not ableto align completely along thefield.
After rr divergence, if somefree magnetic particlesstill
remain in solvent pockets, they are less and less numer-
ous with time and the dominant contribution becomes
the elastic answer of tlie network whicli leads to a de-

crease of both Iy and r — .
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Figure 1: Relaxation measurements at 6 = 24k49’. (a)
linear plot 7(¢) . (b) semi-log plot 7(¢). (c)loglog plot
d —In(I(t)/Ig) as afunction d t/rr. Straight line fig-
ures stretched exponential behaviour with Iy = 327 mV,
TR = 100 ms and « = 0.48.
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Figure 22 Double plot of Iy (black dots and left vertical
axis) and rr (trianglesand right vertical axis) as afunction
o 8 near tlie gd point. Full lines are guidesfor the eye.
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Figure 3: Semi-log plot of relaxation time rr as afunction
d exponent «. ¢ isincreasing from right to left. Full lineis
guide for tlie eye.

The greatest difficulty encountered in probing a
highly non-homogeneous medium with the present ex-
perimental technique, was the strongly non-exponential
dynamic response of the magnetic particles. During
the gelation process, a stretched exponendal relaxation
correctly accounts for the dynamic magnetic birefrin-
gence. In Ref. [15], a similar behaviour is observed
with electric birefringence relaxation in systems as dif-
ferent as critical binary mixtures, polydisperse micellar
solutions and dilute polyelectrolyte solutions. The «
exponent, related to local inhomogeneities of the sys-
tem is a quantity which is, exactly as the characteristic
time 7r, modified far before the gel point (see fig. 3).
This implies that during the sol-gel process, while the
mean viscosity increases, the system at the local scale
of our magnetic probes, becomes more and more in-
homogeneous with largely polydispersed clusters. In
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the present study, magnetic particles are randomly ori-
entated inside the clusters. A relaxation experiment
under a large external magnetic field®! could alow to
analyse the dynamic of large clusters with trapped-in
magnetic particles all aligned together.

III. Magnetic fluid in a flow: Competition be-
tween Magnetic and Hydrodynamic Torque

If physicists want to increase their experimental
knowledge in order to explain the route to the tur-
bulence, they need a powerful tool for vorticity mea-
surements at alocal scale. A small amount of magnetic
particlesin a liquid does not perturb the flow even with
amagneticfield. Theideaof the vorticity measurement
is to measure locally the orientation of the optical axis
of the solution which reflects the balance between the
hydrodynamicand the magnetic torques experienced by
the particules in a constant magnetic field in the flow.

We present here preliminary results(!” with a sys-
tem of constant vorticity n arotating samplein a con-
stant magnetic field perpendicular to the vorticity.

Ifin theformalismof part I,avorticity & = (0,0, Q)
is added, thermodynamical equilibrium is disturbed by
the flow, reading the new orientational distribution
function W (e) as an expansion around W°(e), steady
state solution of Fokker-Planck Eq. [10], to first order
in Q7 , leads to:

J.-C. Bacri et al.

S(f) %ers(f) 0
2Qr 5(6)  —35(6) 0 (1
0 0 35,

Six =

with ry = TB?'IZ_—_%%-EL). The tensor S;x issymmetric and
can be diagonalized through a rotation of angle p in
plane (x,y). This angle p between external field and
solution optical axisis: p = {r,. Asfidd intensity is
increased, birefringence An{H) increases. S(§) isgrow-
ing from zero to unity for £ — oo. On the contrary, p
decreases, as the relaxation time 7, which lowers from
tg in the limit £ — 0 to zero for £ — oo, where 7 be-
haves as 7y = 275 /€. An experimental measurernent
of p will alow adetermination of €.

To the third order in 27, previous calculations{t®
lead to:

tan(p) = Q7. (1 - ((8+3EL()/(2+& LN (QrL)?) .
(2)

Theferrofluid sampleis put between two glass plates
(cell thickness: e = 110um), rotating at angular veloc-
ity 2. A linearly polarized laser beam of low power
ImW (A = 0.63um), goes along the axis of rotation,
through the sample. An analyser is glued on the rotat-
ing cell. A static extemal magneticfield X, parallel to
the beam polarization and perpendicular to 2, embeds
the ferrofluid (see fig 4). Neglecting the sample dichro-
ism, the light intensity collected by the photodiode is:

I = I(cos*(Qt) + cos® (Ut — 2p) + cos¥[cos® () — cos”(Qt ~ 2p)]) , (3)

with ¥ = 27reAn(H)/A. The detected intensity is a pe-
riodic function of time, of pulsation X1 : in zero field,
it is equal to Iy = (1 + ¢0s20t). The signal is then
analysed with a lock-in ampliffer. We measure experi-
mentally the phase shift © = 2Q¢ni, of @ minimum of
I as a function of field intensity H. Minimizing | with

respect to ¢, leads to:

tan o = sin®(¥/2)sindp/(cos* (¥ /2)+sin* (¥ /2)cosdp)

(4)

where both p (cf expression (9)) and ¥ =
2mebn, ®S(€)/ A arefield dependent.

The ferrofluid samples used here are dilute colloids

(® ~ 2%) of nanometric magnetic particles in suspen-

sion in glycerol (7 = 1 Pa.s). The particles are chem-
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ically synthesized through Massart’s method[¥l, coated
with citrate ligandst®, and are made of Cobalt ferrite!®!
(Sn,=8x 107%),

Cl
D Q | N '
L1 p % DA LIA
l::]-____J[ s
M
Ay c2
(b)
(a)
(c)

Ref.

All .

Figure 4: (4a) Map in the sample plane (Q=, Qy) d unit
vectors, respectively pointing in direction of: polarizer (II,,
magnetic fiedd (&, analyser (ILa) rotating with angular%o-
locity O, sample optical axis (E,,);( E~M (E,,);and p angle
between (&); and (). (4b) Experimental set-up: L, He-Ne
laser; P polarizer; 2 angular velocity o the sample cell; ¢
and C, are polepieces d electromagnet providing us with
magnetic field perpendicular to (Q); A analyser glued on
sample; D photodiode; LIA lock-in amplifier to detect the
phase-lag. (4c) Schemad tempora dependence o detected
intensity: p is the field dependent phase shift o the mini-
mum intensity.

Fig. 5 presents variations of measured phase shift ¢
asafunction of applied field H for the three angular ve-
locities, 160, 190 and 220 rad/s. Full lineson Fig. 5 are
theoretical plots of a size distribution averaged quan-
tity: < @sqa >= f0°° ¢ P(d)dd, taking into account the
particle dispersity with a log-normal distribution P(d)
of diameters d, dn,, being the most probable diamcter
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and o the standard deviation. ¢ is given by expres-
sions (1) and (2) in which volume fraction then writes
¢(d) = ®d3/ < d® >. The best fits are realized taking
T as an independent parameter and lead to: 78 = 3
ms, dmp = 13 nm, and ¢ = 0.4 . The model devel-
oped in the theoretical part accounts correctly for the
measurements ((rp = 0.6 means Q7 < 1), 75 deter-
mination leads to an hydrodynamic diameters d), = 20
nm compatible with d,,,, value.

4

r‘lrl‘llTl'llll]lifl]llil

i ‘ e 1 1 1 1

H (kaa)

0 S 1

Figure 5. Experimental phase shift ¢ (in degres} as a func-
tion d magnetic field H for different angular velocity: from
bottom to top, 160 (+), 190 (x) and 220 rad s™* (A). The
continuous lines are theoretical fits < g.qq(H) > using pa-
rameters d,n,, = 13 nm, u = 0.4, and r—= 3 ms .

With such a sample of volume fraction of particles
of the order of 2%, the maximum phase shift is of the
order of 3 degrees (to first order proportional to Qrg).
Tousethistechnique at lower (3rg values, one will have
to adjust both particle concentration and detection sen-
sitivity. In thefuture we will extend this experiment to
ordinary flows and to vorticity mapsin 2D or 3D.

Through the few examples developed here, the
power of this simple optical method is obvious. Fu-
turc applications of this nanoscopic tool will be the lo-
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cal probing of viscoelastic media such as gels or liquid
crystals and vorticity measureinents in more compli-
cated flows.
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