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Résumé. — Un nouveau fluide magnéuque antsotrope. appelé ferrosmectique., est obtenu loisque
nous utthsons un ferroflurde. ¢ est-a-dire une suspension collordale de particules magnétiques de
taille miéncure au micron. comme composant dans la tabrication d’une phase smectique de
membranes flurdes. Ces phases adoptent des comportements spécifiques sous champ magnétuque.
et nous présentons tci une étude de Fanisotropie de leur suscepuibilité magnétique en fonction de la
concentration en particules. Nous interprétons les résultats obtenus par un mécanisme microscopi-
que basé sur ITexistence dlune géne sténique entie membianes et particules.

Abstract. — A new anpsotropic magnetie flutd. called ferrosmectic. 18 obtained when using a
collondal suspension ot submicronic magnetic particles (fenothuid), as a component m a smechic
phase of fluird membranes. These lamellar phases present specitic magnetic properties. The
nisotropy of their magncetic susceptibilitics as a function of particles concentratton 1s studied and
mierpreted @ a mictoscopie mechanism mvolvimg o sterie hindrance between particles and
membranes s used to understand the experimental results,

Introduction.

Ferrosmectic phases are hybrid systems constituted of layers of organic ferrotluid separated by
surfactant sheets : they are obtained by dispersing ferrimagnetic particles into a lyotropic
lamellar phase [1. 2]. Recent studies ot the structure ot these phases by small-angle neutron
scattering [3] and ot therr hydrodynamic modes by quasi-elastic light scattering [4] have
demonstrated the existence of interactions between solid particles and fluid membranes in a
terrosmectic phase [5]. One of the most striking consequences of this coupling between
particles and membranes s observed in the very specttic response of ferrosmectic samples 1o a
weak magnetic field [1. 6]. This behavior may be summarized as follows : when an external
field larger than a threshold of a few tens of Oersted is applied perpendicularly to the layers of
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an oriented ferrosmectic. instabilities corresponding to a rotation of the lyotropic structure
develop, leading to a reorientation of the lamellae parallel to the field. The rotation of the
structure in the field shows that ferrosmectic phases possess a magnetic anisotropy which is
related to the layering of the system, and that their lining up parallel to the field 15 energetically
favored.

In order to interpret this instability, the magnetic anisotropy of the system and its variation
with the relevant parameters have to be determined, as well as the magnetic properties of the
constituent ferrofluid. A ferrofluid suspension is an isotropic superparamagnetic medium
described by a scalar susceptibility x but. once this suspension incorporated into a smectic
phase, the magnetic properties of the anisotropic system have to be described by a tensor of
susceptibility. The ferrosmectic being a uniaxial material, two numbers are sufficient for its
characterization and the tensor of susceptibility can be written as :

x, 0 0
x=10 x O
0 0 xi

where x| 15 the susceptibility parallel to the lamellae, and x, the perpendicular one. The
magnetic anisotropy is measured by the value of the anisotropy of susceptibility :

Xa= XL —XI -

In the following, we present measurements of the susceptibilities x; and x, of the
ferrosmectic as a function of the particle volume fraction. The experiments have been
performed with oriented samples, in two different geometries. We have to underline that the
orientation of these liquid samples is fragile towards flow or magnetic field : this happened to
be a major difficulty in our experiments.

1. Sample characteristics.

1.1 FERROFLUID. — The colloidal particles are made of a ferrimagnetic iron oxide
(maghemite) characterized by a bulk magnetization M_ = 3.8 x 10°A.m~' They are small
enough to be magnetic monodomains and thus bear a permanent moment m = M_rt. where t is
the volume of the particles. These particles are dispersed in cyclohexane. where they are
stabilized by a shell of surfactant molecules physisorbed on their surface. The volume v and, in
the following, the diameter D refer to the solid core of the particles. and do not take the
surfactant shell into account. The particle volume fraction is of the order of a few percents. In
zero magnetic field, the colloidal suspension exhibits no magnetization because of thermal
motion. When an external field is applied. the particle moments align parallel to the field either
by Brownian rotation (the whole particle rotates in the surrounding fluid) or by Néel relaxation
(the magnetization direction changes with respect to the crystalline structure of the particle)
|7. 8]. Both mechanisms lead to a ferrofluid magnetization curve that follows a Langevin
paramagnetism behavior : the ferrofluid is said to be superparamagnetic. The superparamagne-
tic susceptibility y. given by the initial slope of the law M (H ), 1~ proportional to the particle
volume fraction.

1.2 FERROSMECTIC PHASES. — Ferrosmectic phases are obtained by combining two colloidal
systems : the first one is the ferrofluid described above. and the second one a quaternary
lamellar phase water-sodium dodecylsulphate-pentanol-cyclohexane. The lamellar phase is
composed of membranes of amphiphilic molecules and water. of constant thickness 5 nm,
organiszed with a smectic order in a cyclohexane solvent. In the case of a ferrosmectic. the
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cyclohexine solvent 1s replaced by ferrofluid : the parameter characterizing the amount of

solvent (ferrotluid 1n this case) s called «swelling ratio » and is defined by @ =
ferrofluid volume

membrane volume
ferrofiuid fayer thickness plus the membrane thickness. The last relevant parameter describing
this layered wnd doped system s the particle volume fraction ¢. In order to compare
ferrosmectic and ferrofluid samples, the particle volume fraction ¢ is defined as the ratio ot the
particle volume to the roral volume of the smectic sample.

The samples used for these measurements are ferrosmectic phases with a periodicity ranging
between 200 and 400 A, and whose volume fractions in particles range between 0.004 and
0.03. We also measure for comparison the susceptibility of isotropic ferrotluid sampies of
volume fraction 0.011 and 0.023,

It 15 equivalent to define the lamellar periodicity ¢, which is equal ro the

1.3 SAMPLE ORIENTATION. — The ferrosmectic phase 15 a umaxial medium. which spon-
taneously tends to align in capillaries because of the existence of an anisotropic anchoring
energy on glass walls. Two different configurations are obtained. according to the shape of the
container, which are easily recognizable by observation under a polarizing microscope.
When the sample is placed in a capillary of rectangular cross-section (cf. Fig. 1), the
anchoring conditions are favorable to a so-called fiomeotropic orientation in which the lamellae
are parallel to the walls, When the cross-section of the capillary is square or has a small aspect
ratio, homeotropic anchoring is no longer tavored and the sample presents a planar

vibration axis

\ 4

—
H

(2) (b)

Fig. 1. — Geometry of the vibrating device eaperiments : parallel (a) and perpendicular (b) configur-
ations are both obtained with a homeon opic orientation ot the smectic tn the rectangular capillary (the
lamellae orientation 15 drawn 1n thin lines).
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orientation. in which the lamellae are perpendicular to the glass walls and to the axis of the
capillary (cf. Fig. 2a).

(a) (b)

Fig. 2 — Geomeuy of the Squid experiments - the perpendicular conhiguration (a) s obtained when the
smectic presents a planar orientattion m the square capillary. The parallel configuration 15 1epresented
mn (b

In the following experiments. sample orientation has been enhanced when needed. either by
& thermal treatment. or by the action of an external magnetic field prior to the measurement.
This will be specified in the description of each experiment.

1.4 DEMAGNETIZING FIELD OF THE SAMPLES. — As was mentioned above. the glass capillaries
containing the ferrosmectic phases may present a non-negligible shape anisotropy. This shape
wmisotropy is responsible tor a demagnetizing field etfect which 1s superimposed to the intrinsic
anisotropy of the fluid. With the (crude) assumption that the magnetization is homogeneous
throughout the sample, one can use the relation between the trinsic susceptibility
x, and the measured susceptibility x to derive yx,:

X\

A

In this relation, D is the demagnetizing factor :
2 ht
D = = Arctg (—:—d) .
7 AN G b

where /1. £ and 1 are the three dimensions of the sample, 7 corresponding to the dimension in the
field direction. This correction is systematically taken into account i the following, so that the
results given in the third paragraph correspond to intrinsic susceptibilities.
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2. Magnetic measurements.

Two experimental methods have been used which both present advantages and drawbacks.

2.1 MEASUREMENTS WITH THE VIBRATING SAMPLE DEVICE. — These measurements were
carried out thanks to the kind hospitality of Dr. Philippe Monod. at the Laboratoire de
Physique des Solides, Université Paris Sud. Orsay. France.

The ferrosmectic samples are held in sealed capillaries of rectangulur cross section
0.2 x 2 mm. in which the spontaneous homeotropic orientation has been enhanced by thermal
annealing. The general principle of the experiment is as follows : the sample is placed between
two polar pieces of an electromagnet wnd submitted to 1 horizontal external field
H . . it is vibrating vertically. 1.e. perpendicularly to the field H .. whith a frequency
f = 50 Hz, and an amplitude of a few centimeters. The value of the magnetization M of the
sample is obtained from the component of the electromotive force induced at the same
frequency f n two coils surrounding the sample. The parallel or perpendicular configurations
are obtained by rotating the capillary around its axis (cf. Fig. 1).

Varying the external field H,,, between zero and a few tens of Oersteds, we plot the sample
magnetization M as a function of H_,,. For all the phases studied, which are superparamagnetic,
the plots exhibit a linear part for small fields. whose slope 15 the susceptibility of the sample.

A quasi-perfect homeotropic orientation is achieved in our capillaries, but the vibration of
the sample may induce shear fields inside the capillary and butld up detects. In these
disoriented regions, the anisotropic properties are averaged so that we can only be sure to
measure a value smaller than | x,|. In order to avoid this problem. we have undertaken
experiments with a device handling the sample more smoothlv.

2.2 MEASUREMENTS WITH THE SQUID DEVICE. — A commercial SQUID magnetometer
(Quantum Design Inc.) equipped with a superconducting magnet us used to measure the
sample magnetization for discrete values ot the field ranging between 0 and 40 Oe. The
measurement process is smoother than previously but the gecometry of the experiment is less
favorable : because of reduced available space mside the magnetometer. the capillary can only
be positioned with 1ts main axis parallel to the ficld. This implies that, in order to measure both
X and x; — which means to have the layers either parallel or perpendicular to the field —.
one has to be able to produce two ditferent orientations of the layers with respect to the
capillary. As 1t is important for the measurements to be pertormed on the same sample. we
have chosen to use capillaries with a square cross-section | x I mm. for which the
spontaneous orientation ot the lamellae 15 perpendicular (o the capillary axis. This so-called
planar mitial orientation is enhanced by the action ot a rotating magnenc hield (~ 107 G). In
order to obtan the other contiguration. we apply a strong tield along the captllary axis, which
reorients the lamellae parallel to it (cf. Fig. 2). We have checked that there 15 no relaxation
towards the spontaneous planar orientation on the time scale ot the measurements. Moreover.
the effect of the demagnenizing field due 1o the shape amisotiopy of the capillary 1s neghgible in
this case.

One disudvantage of this method is the existence ot defect regions along the edges of the
capillary due to detavorable anchoring conditions on the glass walls @ once again, we can only
be sure to measure a value smaller or equal to |x,]|.

3. Results.

The two sets of experiments give consistent results : however. the measurements made with
the SQUID device show better experimental accuracy.

In a first step. we measure the magnetization of the bulk isotropic ferrotluid. The
susceptibility x, is obtained from the imitial slope ot the curve M (H): in the present
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concentration range 1t is. s expected. proportional to the volume fraction in particles and we
obtain x,, = a, ¢. with @, = 13.3.

In the case of ferrosmectic samples, the plot of My versus H,,, is also of a Langevin-type and
its hinear part allows the determination of yy. From the magnetization curve M| . we deduce in
a similar way xy _ which s always smaller than xj. However. in this case, a change of <lope
takes place : this second regime occurs for a field corresponding to the threshold of
reorientation of the lamellae parallel to the tield. The slope is different because the
susceptibility measured above this value is now a combination between y , and xj.

From the two susceptibilities. we deduce the value of x = x, — xy. The measurements
have been made for a whole set of samples. varying two parameters : the lamellar periodicity d
and the particle volume fraction ¢. For all the samples, x, is negative and its relative value

EA
2 15 constant and equal to 13 %.

Xl

More precisely, the characteristics of the susceptibilities x, and x; are the following :

1) Evolution of the susceptibilities with the particle volume fraction .

The measurements of x _ wnd xy versus ¢ are plotted at constant swelling ratio. Both the
parallel and perpendicular susceptibilities exhibit a hinear variation with the volume fraction ¢
in the explored range (cf. Fig. 3): the slopes of these plots will be called oy wnd
a, xp = and y, = w_ ¢,

04 ] =t
Xy
© =]
0.3 -
L ]
. Q
L)
0.2 -
0.1 A
0 1 T T 1 T T T F =
0 0.01 0.02 0.03 0,04 ¢
Fig. 3. — Evoluton of the paallel and perpendiculan susceptibiliies (SQUID measurements)  tor

tertosmecuc phases of volume hiaction m partucles mereasmg from 0.006 o 0 03 and for a constant
swelling ratio & = 3.6.

i) Effect of the lamellar periodicity .

We have investigated the variation of the susceptibilities with the swelling ratio. or
equivalently with the lamellar periodicity  of the ferrosmectic phases. We summarize the
evolution of the x, (¢ ) when the periodicity is varied by plotting in figure 4, the values of the
slopes @) and «, versus d. We observe that a, slightly increases with d. whereas
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Fig 4. — Evolution of the patallel and perpendicular slopes «, ol the y, (¢ ) plots (SQUID measure-
ments) for terrosmectic phases as a function of the penadicnty o

a| remains almost constant. This corresponds to a slight decrease of y, with d, of the order of
the experimental accuracy.

We will come back to this small variation with  later : but neglecting it in a first
ipproximation. we plot the values of x and x, as a function of ¢ for the whole set of samples
studied. The slopes of the x (¢ ) plots are: «) = 1.8 and a, = 10.3. The corresponding
x.(¢) plot is given in figure 5.

4. Discussion.

4.1 BULK FERROFLUID. — If M_ is the saturation magnetization of bulk maghemite and t the
volume of one particle. the magnetic susceptibility of an isotropic suspenston of density N in
particle is :

7o
to

1 M
X":i'u“ I}

r

N

in the low field linut of the Langeyin paramagnetsm calculation. N s related to the particle

volume traction by : N = ¢/r.
In the present case. we have n addition to take nto account the particle diameter

distribuvion. which follows a log-normal law :

P(D)x—[l)—cxp(A ! 1ln3li ) .

R4 0

where In D is the average value of In D and 15 the standard deviation. We use the moment of
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Fig. 5 — x (¢ ) plot for the whole set of samples (SQUID measurements). The lime corresponds to the
aftine tunction @y, = 1.5 ¢. Since x 15 obtamed by the ditference between x| and y;. the ervor bais are
large © Ay, = = 0.01.
: Ctr e o,
order n of a log-normal distribution : {D"Y = D{jexp ( 5 rr‘) and then calculate the

susceptibility, which is expressed as a tunction of the density N :

_t K(”)JI)UN*[ SL‘E)N 18 or”
Xu—zlin/\T 6 ( _?#”W‘— exp (I8 o). |
(@]
where Uy = z Dti)
6
or as a function of the volume fraction ¢:
] M (D" l M, >
Xo= 3R e oy ¥ T3 RIS e

Taking for D, wd ¢ the values determined by small-angle scattering experiments :
Dy =58 Aand o = 0.4, we tind a, = 13.4. which 1s in good agreement with the experimental
value «a, = 13.3.

4.2 ANISOTROPY OF THE FERROSMECTIC PHASES. — The present experiments confirm the
existence and sign of the magnetic anisotropy of ferrosmectic phases. which accounts for the
instabilities observed in a magnetic field [6]. Besides. they show that the anisotropy depends in
a linear way on the particle volume fraction. Although it may seem intuitive that magnetic
anisotropy exists in a layered medium, the microscopic interpretation of this effect 5 1 fact
delicate enough to be discussed in detail : the nature of the coupling occurring between the
smectic structure and the particles can « priort be of several types, wnd it is necessary to
analyze the different possible mechanisms to identity the actual predominant one.
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4.2.1 Dipolar field. — The dipolar field created by a magnetic particle s anisotropic. We first
consider the consequences of this anisotropy in the case of an assembly of magnetic particles
distributed 1n layers : each particle is submitted to an external field. plus the dipolar field
created by its neighbors., which is different whether the external tield is parallel or
perpendicular to the layer: this is the equivalent of a demagnetizing field effect in two
dimensions 9. 10]. Only the neighbors in the same layer are considered in a first step.

Following Widom |9]. we consider the lamellae as monolayers of particles : the number of
particles by unit surface is 1, and each particle bears a moment m. We note 5 the total diameter
of the particles. including the surfactant layer : & corresponds to the distance at contact and is
equal to 9 nm [3]. The dipolar field /i is:

i,
ne [Am((mryeomy A
1 7 mor ) om 4 b

W

when the external tield is parallel to the lamellae

and

when the external field is perpendicular to the lamellae.

n,om . .
The magnetization is M, = = XolH o +h)=x, H., witht = # or L. and thus we find
[4
to the second order in ¢:
v wy o+ d s
= < —— X PT
T Ca e T TR0
Qg ¢ o Bl ]
= — ~ — (¥
X S T agednh 0¥ 3¢
el ~ 5 e
X 3p 0

In this expression, the dependence of x, on ¢ 15 quadratic. This quadratic variation is also
obtained in a bulk demagnetisation field calculation, and is due to the fact that the mean dipolar
(or demagnetising) tield in the sample is proportional to the density ot moments. Moreover.
even a more sophisticated model taking into account the particle correlations, such as the one
developed by Widom and Zhang [10]. gives the same quadratic dependence, which appears
thus as intrinsic to the dipolar field model. On the contrary. the numerical prefactor is strongly
dependent on the approximations of the model. nd is in particular decreased when considering
the effect of neighboring layers in the above calculation : a4 numerical estimation leads to a
decrease of the relative anisotropy | x,|/x; of a 2 %-ferrosmectic phase from 55 to 2 % when
taking 2 000 adjacent layers mto account.

Coming now to the comparison with our experimental values. we see that this calculation
does not agree with the linear law observed. We conclude that the dipolar field eftect. which
certainly exists n the system, is not dominant in the range of volume fraction investigated
here, wnd that the experimental accuracy does not allow us to measure it.

Since a model simply relying on an anisotropic repartition of magnetic dipoles is inadequate
to describe the interactions occurring in our system at a microscopic scale, we consider, 1n a
further step, the even more anisotropic case of particles with a shape anisotropy.
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14.2.2 Anisotiopic paticles. — In a ferrofluid. there are « priori several mechanisms that may
account for the existence of anisotropic objects. such as for instance the magnetic attraction
between particles resulting n the formation of temporary pairs. This point will be caretully
discussed Jater. In a first step, we will caleulate the effect of anisotropic objects on the
susceptibiltties of the system.

We assume that a fraction of the particles. whose number per umit volume is Ny 15
1ssociated in pairs. whereas NV, is the density of single particles. This description with two
different populations leads [10] to 1 ferrotfluid susceptibility which 1v different from
expression (1) :

S b

] M
Xo = 3 YHq

R bl
1 ) M7 15

N,+%y,u(.—,N1. where ¥y = exp (18 o). (2)

~

AT

In the ferrosmectic phases. we assume that the existence of layers moditics in an anisotropic
way the superparamagnetic properties of those few chained particles © we assume that the
paired particles are prevented {from freely rotating because of the confining membranes around
them. In the paallel (resp. perpendicular) contiguration. the orientational Boltyzman distri-
bution of particle moments considered in the Langevin calculation has to be truncated at a
value 6, which is the maximum (resp. minimum) angle allowed between the moments and the
external tield. This angle 6 is related to the size of the paired particles and the periodicity of
the lamellar structure (cf. Fig. 6). In this case. the ferrosmectic susceptibilities are :

L M (1 Doy, M
Xl\—37#u T 1 Y -%/ )/vL() T 2
1 M: i 2 L Ml
X1 :§7#|ITN| +§Y/" #()I\—TNJ
with p = cos 6y,
. - . ) M? e
The anisotropy is finally given by : x, = (o~ — 1) Yo V2
vl 30 -pHN,
and thus = -
X Ni+ 3 —-=p N,

In order to determune the anisotropy x,. the two densities N, and N, have now to be
evaluated. Two different mechanisms tor pair formation are successively considered.

The first one directly ensues from the thermodynamic equilibrium of a colloidal suspension.
The stability of a ferrofluid 15 achieved by preventing aggregation due to attractive inter-
particles interactions. On the one hand. the van der Waals attraction. which is significant at
very short distances only. i~ non-effective because the particles are protected by a surfactant
coating. On the other hand, the long-range magnetic dipolar attraction is balanced by thermal
agitation, and leads to a thermodynamic equilibrium between isolated particles and a small
population ot chained aggregates. This equilibrium 15 characterized by a coupling parameter A,

which compares the magnetic and thermal energy |7, 11]: A = . where £ is the energy of

¢
2AT
dipolar interaction between two particles at contact. For a monodisperse suspension of

particles of magnetic volume t = % D and total volume t, = —g— h* including the surfactant
layer. this coefficient 15 :
Mf v
= My SAAT /7 .
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Frg. 6. — Sketeh of a panr ol patucles prevented trom hieely rotating by the presence ol hindering

membianes.

and for a real ferroffuid with a log-normal size distributton :

Mf Uy D(‘:
244T p)

A =pugenp(l3.5a?)

We have determined experimentally the parameters mvolved n this expression for the
ferrofluid used in this study and we cun calculate : A = 0.5, which means that we are n the
case of a weak coupling between particles. The magnetic interactions between particles are
small enough to be overcome by thermal agitation. wd there is 1n fact no temporary
thermodynamical pairing.

We should now consider permanent anisotropic obgects. to which the saume mechanism of
hindered rotation due to the lamellar contining is applied. and whose existence may result from
the synthesis of the ferrofluid. It must be emphasized that the methods we use to characterize
the ferrofiuid do not show any evidence of the existence ot such anisotropie objects. so that
thetr number. if any. 1s very small. These anisotropic particles will be described as permancent
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pairs. Their relative amount does not vary when the ferroflud 1s diluted. so that the density of
pared particles N 5 is proportional to ¢. The relation between the density of paired particles and
the total partucle density s written N, = «¢N_ with ¢« < 1.

The anisotropy of magnetic susceptibility of the terrosmectic phases becomes :
M2 l.'J]

~

AT

1

X, =7 = Lypy

and 15 now proportional to the volume fraction in particles ¢.
. i . . .
With the estimate p= ~ 0.5, one can calculate the amount of pairs corresponding to the value

X, .
——"— = (.13. We obtain ¢ = 0.10 : and we can thus successtully account tor the terrosmectic

X

misotropy by the existence and confining of only five percent of pairs (i.c. ten percent ol
paired particles). By the small-angle scattermy technique that we use for the characterization of
the ferrofluid 12]. 1t 15 not possible to discriminate between form and size polydispersity. so
that a small amount ot anisotropic pair-like particles can be hidden by the large-size part of the
log-normal distribution of particle diameters. Nevertheless, the existence of field induced
biretringence 1 similar ferrotfluids [12] can be considered as an indication ot the presence ot
misotropic objects.

It 15 interesting to point out that the argument of restricted rotation also accounts for the
observed variation of y, with the lamellar periodicity ¢ : when the periodicity increases. so
does the available space between membranes and x| is expected to decrease. These predictions
are in qualitative agreement with our results. In fact. the model predicts the existence of a
cross-over towards a non-hindered rotation regime when ¢ is large enough. but the
approximations that have been mude in the calculation — shape of the anisotropic particles
approximated by the shape of a pair and out-of-plane fluctuations of the membranes neglected
— mahke a quanttative analysis of this cross-over delicate.

Finally. a model based on the existence of a small amount of permanent pairs in the system
weurately describes the behavior of the magnetic susceptibility of a ferrosmectic phase. The
other mechantsms that have been considered should nevertheless contribute (o the anisotropy
ot the suscepubility and one can expect to confirm their relevance by performing experiments
for larger particle volume fractions. where x, should be quadratic with ¢.

&

Conclusion.

Ferrosmecnics, which are lamellar phases with magnetic particles inserted between their
layers. awctually achieve bidimensional magnetic fluids. As such. they possess an anisotropy of
magnetic susceptibdity. whose experimental study 15 reported here. Both the parallel and
perpendicular susceptibilities of these phases are high. as expected from a superparamagnetic
system. nd their ditterence 1s large. of the order of 13 %, showing that the system is indeed
strongly anisotropic.

Surprisingly enough. the variation ot the anisotropy of susceptibility with the traction of
particles cannot be interpreted in the tframework of mean-field-type processes. involving the
anisotropy of the dipolar magnetic field or magnetic coupling ot particles. On the contrary. the
experimental results are successtully explamed by the existence of a very small population of
permanently paired particles in the suspension, whose rotation is hindered by the lamellar
structure.

In conclusion. tferrosmectic phases present very specific features. by comparison to
inalogous systems such as thermotropic smectics, whose diamagnetic susceptibilities and
relative anisotropy are several orders of magnitude smaller. Additional work is currently under
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wity to study the even more anisotropic objects obtained by inserting magnetic particles in the
cylinders of a lyotropic hexagonal phase |13].
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