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Rdsumk. Les phases ferrosmectiques sont des phases lamellaires gonfldes non-conventionnelles

qui contiennent, au sein des couches liquides, des particules colloidales magndtiques. Ces

systbmes, rdcemment mis au point, sont dtudids par diffusion des neutrons aux perils angles. Apr~s
de premibres expdriences effectudes sur la suspension magndtique tridimensionnelle pour

ddterminer [es conditions de contraste approprides h cette Etude, nous analysons [es param~tres de

la phase lamellaire en fonction de son taux de gonflement et de la concentration en particules. Un

des rdsultats )es plus remarquables est l'dvolution de l'intensitd diffusde au pic de Bragg et aux trbs

petits angles, qui est trks diffdrente de ce qu on observe dans [es phases lamellaires habituelles.

Ces rdsultats permettent de condure que l'interaction stabilisatrice effective n'est peut-Etre pas la

rdpulsion d'Helfrich like aux fluctuations des membranes, mars une interaction modifide par la

prdsence des particules.

Abstract. The ferrosmectic phases are singular swollen lamellar phases whose peculiarity is to

contain colloidal magnetic particles in their layers. A study of these newly invented systems by
small angle neutron scattering is presented here. After a prior determination of the appropriate

contrast conditions performed on the bulk magnetic suspension, we analyse the smectic features of

the phases when varying the swelling ratio and the particle concentration. One of their most

striking trends is the evolution of the Bragg and small angle scatterings, which are very different

from conventional lamellar phases. We conclude from these results that the usual Helfrich

repulsion related to the membrane fluctuations might be modified here by another stabilizing effect

due to the presence of the particles.

Introduction.

The ferrosmectic iS a new lamellar system whose existence and stability have been esIablished

[1, 2] recently. It is constituted of lyotropic lamellar phase in which submicronic particles of

(*) URA-CNRS 0792.

(**) Laboratoire commun CEA-CNRS.
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magnetic iron oxide are incorporaIed. The lamellar Structure of the hybrid system has been

checked under polarizing microscope where typical oily-streak defects [2, 3] are observed, as

well as by preliminary X-ray scattering experiments. These systems, in addition to their optical
anisotropy, exhibit a magnetic anisotropy [1, 4], as shown by the reorientation of the lamellae

under a magnetic field.

These new materials are interesting from several points of view [5]. To our knowledge, the

ferrosmectics are the first example of compatibility between a spatially organized liquid and a

solid colloid [6] secondly, they may be considered as stackings of bidimensional magnetic
fluids and lastly, they are smectic phases which exhibit a very low threshold field in magnetic
instability (104 times less than what is predicted in conventional smectics [7]).

For all these reasons, it is essential to acquire a precise knowledge of the structural features

of the ferrosmectics. To this purpose, the small-angle neutron scattering method is an

appropriate tool insofar as the contrast variation technique allows different parts of the system

to be seen independently. Moreover, the analysis of the spectra will provide valuable

information on the nature of the stabilizing interactions in the system, which is indeed a crucial

problem both in general and in this new hybrid material. This analysis allows us to compare the

ferrosmectic system with the case of conventional lamellar phases in which the stabilizing

processes, intensively studied in the last few years, can be of two different types, the

membranes being maintained apart either by an electrostatic or by a steric repulsion (Helfrich),

depending on the nature of the constituents.

This article presents a comprehensive study, by a neutron scattering technique, of the

structure of the ferrosmectics and of its evolution when varying the relevant parameters.
In the first paragraph, we describe the physico-chemical features of the ferrosmectic phase.

In the second one, we describe the experimental conditions and specially the contrast condition

which had to be previously determined. The third paragraph displays the experimental results

on ferrosmectics, which will be discussed and tentatively interpreted in the last paragraph.

1. Description of the ferrosmectic phase.

1. THE LYOTROPIC LAMELLAR PHASE. In order to achieve a convenient adaptability of the

liquid crystal phase to the magnetic colloid, we choose a quaternary mixture composed of

water, oil (cyclohexane) and two surfactants, namely sodium dodecyl sulfate (SDS) and

pentanol. The phase diagram of this system presents a wide lamellar region [8] in particular,
the smectic phase is stable for a large range of oil content, which allows us to vary the

periodicity of the lamellar phase we can thus
«

swell
»

the phase from a few nanometers up to

50 nm. We call ~fi~ the swelling ratio, which will be one of our relevant parameters :

~~ merr~/r~~~~~ume

We define the membrane as the layer formed by the water and the surfactant molecules. We

have set the water/surfactant ratio equal to 2.5 in weight, which corresponds to a membrane

thickness of 5 nm [9]. The periodicity of the smectic phase will be called d.

t.2 THE FERROFLUID.- The ferrofluid, synthesized by Cabuil [lo, 11], is a colloidal

suspension of maghemite (y-Fe20~) particles in cyclohexane, stabilized against aggregation

by a shell of organo-phosphorated surfactant molecules. The maghemite is a ferromagnetic

iron oxide, whose saturation magnetization M~ is equal to 3.8 x
10~ A.m~ ' The particles, of

size about lo nm, are magnetic monodomains and the suspension exhibits a superparamagnetic

behaviour [12].

We will use q7 to denote the volume fraction of particles in cyclohexane.
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In section 2 the characteristics of the size distribution of the particles and the surfactant shell

surrounding them are given from SANS experiments on the bulk ferrofluid.

1.3 THE FERROSMECTIC PHASE. By combining the two previous systems, we build a new

phase in which the solid particles are confined within the oil layer between two membranes.

This is fulfilled by swelling the lyotropic phase with the ferrofluid instead of pure cyclohexane.
Because of the size matching of the solid particles and lamellae on the one hand, and the

chemical compatibility of the components on the other hand, the ferrosmectic phase does

exist ; it is stable for a volume fraction in particles
q7 varying from 0.3 to 4 fb, and for a smectic

periodicity d in the range of 16 to 45 nm [13]. The swelling ratio ~fi~ is now defined by

Figure I schematically represents the ferrosmectic phase. Note that this system is composed
of two types of objects, the particles and the membranes, which are characterized by different

coherent scattering lengths per unit volume. By selective deuteration of the solvent, one is able

to vary the contrast in order to detect the scattering from either the particles alone or the

membranes. The preliminary contrast variation experiments on the bulk ferrofluid presented in

the next section are devoted to the determination of the zero contrast conditions for the

particles.

~ ~ ~ ~

~~l ~
~

i~~

a~

Fig. I. -Structure of the ferrosmectic phase: membranes made of water and surfactant separate

ferrofluid regions. Typical dimensions are d
=

35 nm, 2 r 7 nm, a =

5 nm.
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2. Experimental features.

2.I NEUTRON SCATTERING EQUIPMENT.-The experiments were performed in the

Laboratoire Ldon Brillouin (Orphde reactor, Centre d'Etudes de Saclay, France) on the neutron

line PAXY equipped with a two-dimensional detector. The non-polarized neutron beam has a

wavelength A
=

7i. The distance between the sample and the counter is kept equal to

5 meters. In our experimental conditions, the wave vector ranges from q =

6 x 10~ ~ l~ ' to

q =

6 x
10~~ h~

~, with a resolution Aq
=

3 x
13~~ i~ ~. The samples are held in cells of

thickness mm. Absolute scale spectra are obtained by taking into account the incoherent

scattering of water.

2.2 DETERMINATION OF THE zERo-CONTRAST CONDITION OF THE PARTICLES. In order to

analyse the small-angle signal scattered by the membranes and be able to compare it to

classical lamellar phases, we first have to determine the contrast condition under which the

particles are matched by the cyclohexane.
Several contributions to the contrast between the particles and the solvent have to be taken

into account : the nuclear contribution of the solid core, the nuclear scattering of the surfactant

shell and the magnetic scattering (due to the interaction between the moment of the neutron and

the magnetization of the matter) of the iron oxide. These three contributions are displayed in

figure 2 which represents the profile of scattering density of a ferrofluid particle in a 50 %-

deuterated solvent, as a function of the distance r to the center of the particle.
In order to determine the matching conditions, let us consider a sphere of radius R and

effective density of scattering length n~~~ (which contains both the nuclear and magnetic
contribution of the iron oxide), coated by a shell of thickness t and density of scattering length

n~, and surrounded by a solvent of density of scattering length n~,j. The amplitude scattered by
this object can be written :

~ (q)
"

I(lleff
llo,1) ~~~'~ d~ + (ll~ lloil ~~~ ~ d~

sphere shell

n(r)

maghemite core surfactant solvent
n

a

nail

~mag

ns
~

R R+t

Fig. 2. Profile of the density of scattering length of the ferrofluid particles in 50 %-deuterated solvent

as a function of its radius. The dashed line corresponds to the magnetic scattering, whereas the

continuous line represents the nuclear scattering. The values of the scattering length densities are

n~ =

7.0 x
10'° cm~~

n~~j =

3.3 x
10'° cm~~

n~~~ =
I.I x

10'° cm~~
n, =

0.4 x
10'° cm~ ~
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In the limit where qR « I, and if t is small compared to R, one can deduce from this

expression the global zero contrast condition :

~(~
~

°
"

~/
[(~eff ~$,l) (~~)

+ (~~ ~$il) ~ t
(~~) l

"

° ~~~

where n(,j is the scattering density of the solvent which will match the particles.

n~~~ can also be expressed [14] by :

n~i~ =

~/n(
+ n$~~

sin~
a

with n~~~ =

1.913 p~
'~

~
4 arM~ (3)

2 ark

where n~ is the nuclear contribution in the density of scattering length of the core, a is the angle

between the magnetic moment of the particle and the wave vector q, M~ is the magnetization of

the bulk maghemite, p~ is the nuclear magneton and m is the mass of the proton.

With m =
1.7 x

10~~~ g, p~ =

5.0 x
10~~~ erg/G, h

=

1.05 x
10~~~ erg-s, M~

=

380 G,

one finds that the magnetic contribution of the scattering density of the particle is

n~~~ =

I. x lo ~° cm~ ~, which is to be compared with the nuclear term n~ =

7.0 x lo '° cm~ ~

We can finally write the zero contrast condition

2 2 ~
( )/~~

~
3 ~~~g ~ ~S

~~j

0 (~)~°"
j j~2j

+ 3 t j(~ )

where the coefficient comes from the averaging over the angles a.

Whereas the pure nuclear scattering from iron oxide particles would be matched in a

completely deuterated-solvent (n~
=

7.0 x lo '° cm~~,
nc ~ =

6.7 x lo '° cm~ ~), the match-

ing condition will be obtained our case with a partially deuterated cyclohexane solvent.

The contrast variation experiment has been performed on ferrofluid samples of particle
volume fraction q7

=1fb in which the deuterated/hydrogenated cyclohexane proportion is

varied. Then, by plotting ,~
versus this ratio (Fig. 3), we have determined that the

contrast is equal to zero for a 51fb-deuterated ferrofluid. We have checked that this zero-

contrast condition, which has been obtained at small wave-vectors q, remains valid on our

whole range of q.

Besides, the study of the intensity scattered with the fully hydrogenated samples allows us to

determine the two characteristics of the size distribution of the particles, which are the mean

diameter and the standard deviation, since the contrast between the surfactant and the

hydrogenated solvent is very low.

A log-normal type distribution for the diameter D of the particles is generally assumed [2] :

P (D ) oz exp ln~ ~

,

(5)
D 2

«
~ Do

where In Do is the average value of In D and « is the standard deviation.

From the analysis of the neutron scattering spectra I (q), one can obtain

Do
=

55.81 and
« =

0.47

We will use this size distribution of the
«

naked
»

particles in the following.
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Fig. 3. Plot of the square root of the intensity scattered, at small wavevector, by the bulk ferroflui( as

a function of the fraction of deuterated solvent. The scattered intensity is zero for a 51%-deuterated

solvent (zero-contrast conditionj.

Since we now have experimental determinations of the zero-contrast solvent composition

n$,j and the particle size distribution, we can obtain from equation (14) the value of the

thickness t of the surfactant shell coating the particles. With n(~j=3.3 x10'°cm~~,

jj~3j j~~
,

~ ~

j = ~
e~ ~ "~

=

48.6 A [15] and n~ =

0.4 x
10'° cm~ -, one obtains t

=

16.2 A. This
Ill )
value corresponds to what can be expected for the size of our surfactant whose aliphatic tail

contains about 30 carbon atoms and has a non-fully stretched configuration.
This preliminary study allows us to conclude that the particles are globally matched,

including the magnetic scattering which is isotropic in the absence of a field, in a 51§F-

deuterated solvent. All the experiments on ferrosmectics presented here are carried out under

this matching condition all the features of the spectra are thus only due to the lamellae

(cf. Appendix).

2.3 FERROSMECTIC SAMPLE PREPARATION. The experiments were performed on ferrosmec-

tic samples of different values of particle volume fraction q7 ranging from 0.8 to 3.6 %, and for

which we varied the swelling ratio ~fi~ between 2.2 and 5.0 (corresponding to periodicities

between 20 and 40nm), and on non-doped lamellar phase samples whose swelling ratio

~P~ was varied between 2.0 and 5.2 (I.e, periodicities between 16 and 35 nm).

In these anisotropic phases, the orientation of the lamellar structure is essential. The samples

are held in square capillaries with a cross-section I x mm and in this geometry, the doped or

non-doped lamellae tend to orient perpendicular to the axis of the capillary. However, thi~

spontaneous orientation is not satisfactory enough for our experiments.
In the ferrosmectics, owing to the magnetic anisotropy [I] of the material, it is easy to

enhance this orientation by the action of a weak rotating magnetic field parallel to the layer
plane I-e- perpendicular to the capillary axis. All the ferrosmectic spectra will be compared

under the same conditions of orientation. Let us underline that the orientational effects are

indeed very large, since the experiments have shown that the peak height is multiplied by a

factor 50 when the orientation is achieved.

A difficulty arises when we want to compare the magnetic phases to the non-doped phases
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which are insensitive to the magnetic field and for which it is difficult to monitor the quality of

orientation. In order to have comparable information in this case, we have chosen to work with

powder samples. This was achieved by quenching the phases from the isotropic high-

temperature state. We check after this treatment that the neutron spectra are totally isotropic. In

figure 4, are shown the spectra corresponding to an oriented and a powder sample of

ferrosmectic.

~7 ~7

IBragg *
2i la-u-) IBragg "

578 (a.u.)

o ?i<s ~7 o 7oB8 ~7

(a) (b)

Fig. 4. Two-dimensional spectra obtained on the PAXY line of the Laboratoire L. Brillouin (Orphde

reactor, Centre d'Etudes de Saclay, France), on a ferrosmectic phase @,
=

2.9, w =

2.6 fb) a) powder

sample quenched from isotropic state b) oriented sample obtained by application of a rotating magnetic
field.

3. Ferrosmectic phase : experimental results.

3.I MAIN FEATURES OF THE SPECTRA. Typical spectra obtained by small-angle scattering
experiments performed on both conventional and doped powder samples are shown in figure 5.

The meaningful features of the I (q spectrum are the small-angle scattering signal (SAS) and

the quasi-Bragg [16] peaks of first and possibly highest order which are the signature of the

smectic structure. The position of the first Bragg peak qo allows the determination of the

smectic periodicity d along the relation q~ =

~ " We can already notice pronounced
d

differences between a doped and a conventional phases having the same swelling ratio : for the

conventional lamellar phase, the SAS and the Bragg intensities have the same order of

magnitude and there is no second order peak ; for the ferrosmectic phase, the small-angle
scattering diminishes, the Bragg-peak is strongly enhanced and a second-order shows up.

Let us now evaluate the influence of the form factor on this signal. For a unidimensionally
periodic system, the intensity scattered in the direction of periodicity (q

=

q=) can be written

/ (q )
=

(F (q ))2 s (q (6)
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Fig. 5. Comparison of the spectra of non-doped and doped lamellar phases at the same swelling ratio

~fi,
=

4.I for powder samples. The lines are guides for the eye.

where (F (q))~ is the form factor of the scattering object which is the square of the Fourier

transform of the scattering density n (r) over one period, and S(q is the structure factor which

represents the inter-lamellae structure.

We are interested in the lamellar structure whose characteristics appear in the structure factor

S(q). We thus need to take into account the form factor (F (q))~ to analyse the experimental
I (q). The form factor can be calculated in a simple model in which the lamellar structure is

assumed to be composed of perfectly flat and infinite lamellae and the scattering density profile
of each lamella is approximated by a square function (cf. Fig. 6a) representing the respective

densities of the solvent, the aliphatic tails of the surfactant molecules, their polar heads and the

water. This form factor, although neglecting the membrane fluctuations, is relevant for the

Bragg peak intensities. Figure 6b is a plot of (F (qo))~, the squared Fourier transform of the

scattering length density n(.r), at the value q = q~, as a function of qo. Since the variation of

(F (q~) )~ is small on the interesting q-range, the evolution of the peak intensities when varying
the swelling ratio of the phase, described in the following, concems indeed the smectic

structure.

Notice that it is not possible to proceed to extract physical information from the lineshape
analysis because the width of the quasi-Bragg peak is of the order of the resolution of the

apparatus Aq
=

3 x
10~~ i~ ', which is thus the limiting factor.

We will now discuss quantitatively the evolution of the main features of the spectra, namely
the small angle scattering (SAS) and the diffraction peaks, as a function of two relevant

parameters : the swelling ratio ~P~ and the volume fraction in particles q?. We will particularly

compare our results on ferrosmectics with what we obtain with our non-doped lamellar phases,
along with results conceming other comparable systems whose studies are described in

references [17-20].

3.2 EFFECT OF THE SWELLING RATIO ~P~. -When we vary ~P~, keeping q7 constant, both the

position and the intensity of the Bragg peaks are modified (cf. Fig. 7). The shift of the Bragg
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Fig. 6. Form factor of ferrosmectic phases when matching the contrast of the particles a) Profile of

the density of scattering length n(x) of one lamella. The values of ~r~,
which indicates the respective sizes

of the water layer, the polar heads of the surfactant molecules, their aliphatic tails and the periodicity of

the phase, are x, =

141,
x~ =

20 I,
x, =

30 I,
>.~ =

d/2. b) Form factor values (F (qo))~ obtained by

squared Fourier transform of n(x), as a function of the Bragg peak position qo.
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Fig. 7. Evolution of the spectra when varying the swelling ratio at constant particle volume fraction

w =

2.6 fb. The lines are guides for the eye.

peak is obviously related to an increase of the periodicity when we swell the lamellar phase.
This increase of the periodicity d is larger than what would predict a simple swelling law for

flat membranes : d
=

3 (1 + ~P~), with 3 the membrane thickness.

Considering now the intensity at the peak maximum, its evolution is less straightforward as
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it first increases (in contrast to what is observed in conventional lamellar phases) and then, for

the highest attainable swelling ratio (~P~
=

5.0, q7 =

2.6 %), decreases. Moreover, a second-

order peak appears clearly and its intensity follows the same evolution.

The SAS remains more or less constant, which is again different from conventional lamellar

phases. Let us also notice that the SAS is weakly anisotropic.

3.3 EFFECT OF THE VOLUME FRACTION OF PARTICLES q?. Let us first underline that the

pronounced modifications of the spectra between undoped and doped phases, described in

paragraph 3. I appear as soon as a small amount of particles is added to the phases the Bragg
peak intensity sharply increases and we observe a significant fall of the SAS, even for very low

concentrations (q7
=

1fb).

When varying the volume fraction
q7

of particles at constant swelling ratio ~P~, we observe

that the Bragg peak is displaced. This implies that the periodicity varies whereas the phase
contains the same quantity of oil (cf. Fig. 8a). More precisely, the periodicity is always larger

than in the undoped phase of same swelling ratio, and the relative increment
~~

first increases
d

and then decreases for the highest particle concentrations. Note that this effect is much larger
than the experimental uncertainty as the relative variation goes up to 15 %.

Similarly, the intensity of the Bragg peak exhibits a non-monotonic variation (cf. Fig. 8b),

with a change of slope for the same value of q7 as for the periodicity. We also have to emphasize
the existence of the second order harmonic, which is never observed in conventional oil

swollen lamellar phases of the same range of periodicity. The intensity of this second-order

peak follows the same variation law as the first one.

@.=3.6

-
f=oax;d=3o91

--+--
f=I.I % ;d=3121

-.- §~=2B% ;d=3421

a.-f=32% ;d=)
..6 f=3.6%

; d=

o

z
O
P
o
Ul
m
i~
m '

O
x
o

o
o

~ ~h-i>

Fig. 8 a

Fig. 8. a) Evolution of the spectra when varying the particle volume fraction at constant swelling ratio

@,
=

3.6. The lines are guides for the eye. b) Plot of both the variation of the periodicity d of the doped

lamellar structure (taken as the relative difference to the undoped corresponding phase) and the crms-

section «~ at the Bragg peak, normalized by a reference, as a function of the particle volume fraction q7,

for two series of samples at W,
=

2.9 and W, 3.6. The straight lines are guides for the eye.
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3.4 CoNcLusIoN. Let us summarize the three main results from the experimental study :

I) the spectra are radically different from what is found in conventional lamellar phases,
conceming the evolution of the first peak intensity with the swelling ratio, the existence of a

second-order Bragg peak, the weakness of the SAS. These differences clearly show a specific
effect of the presence of the particles

iii the variation of the smectic periodicity with the swelling ratio is not trivial and depends

on the particle volume fraction ;

iii) the non-monotonic variations of the peak position and intensity imply the existence of

two regimes depending on both ~P~ and q?.

The results are summarized in table 1.

Table I. Recapitulation of the ei,olution of the lamellar periodicity d and the intensity of the

first Bi-agg peak I with the two parameters of the feriosmectic phase ~P~ the swelliiig ratio

and q7 the particle i,olume fi.action. The dashed line is a tliaik of the bolder betw>een the first
and second regimes. For instance, for ~P~ =

4.3, the change fi.om fit-St to second ieg1tlie

occurs for
q7 =

2.6 %.

2.2 4l~ ~
5.0

0.8

l~ mid~ ~ and
41~

first regime
,'

d~ ~ViUJ ~ and
4~~

'

/

/

/

/

/

,

' second regime

/
1~ ~vifll ~ and 4l~

3.6
,

' d~ ~viu~m~

' d~ ~vi& ~
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4. Discussion.

In the first three paragraphs of this chapter, we will discuss the results obtained in what we will

call the first regime, I-e- for not too large values of
q7

and ~P~, by comparison with conventional

lamellar phases, and propose a tentative interpretation. The fourth paragraph will be devoted to

considerations about the existence of a second regime for larger values of q7 and

~P~, a quantitative definition of the two regimes will be given there.

4. I INTRODUCTORY CONSIDERATIONS ON SMECTIC LYOTROPIC PHASES. The general trends

of the spectra can be deduced from the expression of the free energy density of smectic-A

lyotropic liquid crystal [2 ii, which involves the thermal fluctuations of both the position of the

lamellae u(r) and the membrane concentration 3c

F
= (B (V,u)~

+
K(V(

u )~ +
3c~

+ 2 C 3c V-u (7j
2 X

In this expression, z
refers to the direction normal to the lamella stacking, and I to the

directions within the plane ; B is the compressibility modulus at constant concentration ; K is

the lamellar phase bending modulus, which can be related to the membrane bending modulus

K X is the osmotic compressibility of the membrane ; and C is a coupling constant between the

surfactant concentration and the position fluctuations of the lamellae.

We also have to define the effective compressibility modulus B
=

B C~
X. In the case

where the membranes are incompressible, B is the compressibility modulus at constant

chemical potential and is derived from the interaction potential V (I) between membranes per

unit surface area :

~
fi =d( [v(I)) (8)

at turd

Because of the Landau-Peierls instability [22], the structure factor of the lamellar phases is

not composed of Bragg peaks but of singularities existing at the Bragg positions

(q~,
=

nq~ where it
is the order of the peak and qo is the position of the first order peak which is

related to the smectic periodicity : qo =

~
" ), so that the intensity scattered in the directions

d

normal and parallel to the layer plane can be written [16] :

1(0> qz oo qz q,,1~ ~~ ~~ ~'

,

qi, =
nqo (9)

1(qi
>

qi, Ol q[ ~~ ~ ~~ ~' lo)

The value of the characteristic exponent n~
~ for the peak of order n is related to the elastic

constants of the smectic :

n2
~

=n2ql
~~~

(ii)

8
ar

$

Expressions (9-11) show that the existence of a first order singularity requires that ~ should

be smaller than 2 ; and the existence of a second order peak, that ~ should be smaller than 0.5

and that the values of the elastic constants K and B intervene under these conditions.

As for the peak intensities, it has been predicted [23] that the height of the first-order Bragg
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A (1- ~
j

peak should scale as
~

where the smectic penetration length [24] A
= =

is a
d B

characteristic length related to the penetration of a surface distortion in a smectic sample.
Moreover, it is possible to proceed further if one has a microscopic model to describe the

interactions stabilizing the system. Two types of long-range repulsive interactions are evoked

to explain the stability of swollen phases, one of them being the electrostatic repulsion between

charged layers and the other one the Helfrich entropic repulsion. As the initial swollen phase
used for making ferrosmectics belongs to the second category, we shall use its framework in a

first attempt to interpret our results. Let us recall its main features. The stability of such a

lamellar phase is the result of the balance between a van der Waals attraction which tends to the

collapse of the membranes, and an entropic effect due to the confinement of the thermal

fluctuations of the membranes. This entropic repulsion has been calculated by Helfrich [25]

and may be written, in the limit of high swelling

3 ar~(kB T)~
l 2)~ ~~~

j28 Kd~

per unit membrane area, where
K

is the membrane bending modulus defined before whose

typical value lies between 0.I k~ T and I k~ T [8, 19].

This has important consequences on the scattering spectra features. The expressions of K, B

and B have been calculated [26], as well as the penetration length A

A=
~ ~d
3"kBT

and the value of ~, which appears to be a constant independent of the system:

~ =

~,
in our range of periodicity [19].

3

Moreover, a pronounced and anisotropic SAS signal is observed and shown [18, 20] to be

due to the magnitude of the membrane concentration fluctuations, which is increasing when

the lamellar phase is swollen.

In summary, it has been shown that when d increases, in the case of Helfrich-type lamellar

phases,

ii the first-order Bragg peak intensity vanishes with a power-law d~~~~

iii no Bragg peak except for the first order is expected ;

iii) and the SAS increases like d.

4.2 COMPARISON WITH FERROSMECTICS. It is clear that the model based on the Helfrich

interaction is incompatible with our results, as far as the first regime is concerned : when we

increase ~P~ which implies that d increases,

ii the first-order Bragg peak increases ;

it) the second-order appears ;

iii) the SAS remains constant.

We are thus led to the conclusion that the Helfrich interaction is not dominant in our

ferrosmectic phases. In order to discuss our results, we will come back to the general features

of smectic phases.
Let us recall that the existence of the second-order peak indicates that the characteristic

exponent ~ is smaller than 0.5. This inequality is not consistent with the value predicted for

Helfrich-type lamellar phases, and allows us to say that the product KB is enhanced in the
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doped phases indeed, as compared to the corresponding non-doped Helfrich-type lamellar

phase with the elastic constants Ku, Au and ~ =

~,
we have (cf. Eq. (I1))

3

8 2Kfi~ (-) K~fi~=7K~B~. (13)

Moreover, the difference of SAS signal between a doped and an undoped lamellar phase
shows that in the first one the membrane concentration fluctuations have a much smaller

magnitude ; this is linked to larger repulsive interactions between membranes resulting in an

increase of B, which is consistent with equation (13) (*).
Moreover, the increase of the peak intensity with the periodicity d seems to indicate that A

should be quickly increasing with d A oz
dP with p m

~
m 2.

(1 ~

4.3 TENTATIVE INTERPRETATION. In order to understand the evolution of the smectic

constants when incorporating the particles, one needs a microscopic model which differs from

the Helfrich interaction for the stability of the smectic phase. The complexity of the phases
makes this task uneasy but some tracks are given in the following.

First of all, we do not put forward any magnetic mechanism to explain the stability, as the

dipolar interactions in such a dilute system are negligible [12] : the validity of this hypothesis is

confirmed by a recent study of the stability and structure of the ferrosmectic phases compared

to lamellar phases doped with non-magnetic particles which shows large similarities [13]. The

specificity of the stability of ferrosmectics results thus from the presence of solid particles
inside the layers and not from the own properties of their particles.

A first tentative interpretation is then to consider only the entropic effect due to the presence

of the particles. In a very crude model where the particles are contained between two rigid and

non-permeable walls, the inclusion of a translational-entropic term for the particles in the free

energy of the system results in a repulsive effect on the walls, which can be expressed as the

osmotic pressure of these particles.
Pincus suggested that such a perfect gas-type pressure [27]

3k~T
Ho~ ~97 ('4)

(where R is the particle radius) can be of the same order of magnitude as the Helfrich-pressure
deduced by the interaction potential per unit membrane area (cf. Eq. (12)) I-e-

3
gr

~ (k~ T )~
l 5NH

~

~~
~

~i

and thus be linked to an enhancement of the compressibility B of the phase. In fact, we will

have Ho
=

J7~ if the system satisfies the condition :

16
K

d ~

~ ~ j~ ~ 9~ ~
l. (j~j

(*) This is also consistent with the weak anisotropy of the SAS observed in the ferrmmectic spectra,
while a ratio of anisotropy of loo has been predicted [18] in the Helfrich cam. However, this argument i~

delicate to use as in conventional swollen lamellar phases, also, the theoretical ratio never seem~ to be

experimentally observed the current interpretation of this effect is that it is very sensitive to the quality
of orientation of the sample.



N° 7 SMALL-ANGLE NEUTRON SCATTERING ON FERROSMETIC 1035

With typical values of d
=

30nm, R
=

4nm and q7 =1%, we find
K of the order of

0.5 k~ T, which is a reasonable value [8, 19]. Notice that J7~ is all the more dominant over

J7~ as the value of
K

is increased in the ferrosmectics compared to non-doped lamellar phases.
The evaluation of this order of magnitude Ho

=
flu is interesting, but is based on a strong

restriction which is the non-permeability of the membranes. Even if it has been experimentally
proved by dynamic light scattering experiments that the diffusion coefficient of the particles
perpendicular to the membranes is equal to zero [28], some permeation has to be considered

for the system to achieve true thermodynamical equilibrium [29].

In any case, a detailed microscopic model for our complex system should take into account

specific interactions between the particles and the membranes which may link the particle
concentration, the membrane fluctuations and the periodicity of the phase, and lead to a non-

uniform concentration profile of the particles in the layers [29].

Such a model should also account for the observed behaviour of the ferrosmectic phase when

varying the volume fraction of particles
q7 at constant swelling ratio ~P~ and in particular the

evolution of the smectic periodicity when we increase the particle concentration. Indeed, this

effect is not easy to explain through simple qualitative arguments. The increase of the

periodicity d at constant swelling ratio is linked to a diminution of either the membrane surface

or the ratio between projected area and true membrane area.

The first effect could be due to a chemical mechanism corresponding to an exchange
between the surfactants of the particles and the membranes. However, this hypothesis is hardly

plausible since the sodium dodecyl sulfate is unsoluble in cyclohexane while the observed

variation of d would imply a large amount of exchanged molecules (of the order of the initial

particle surfaction).

The diminution of the ratio between projected area and surface area might be due to an

amplification of the membrane fluctuations, but this would mean a decrease of the elastic

constant K, for which we do not have any experimental evidence, nor any microscopic model.

On the contrary, the existence of an attractive interaction between the membranes and the

particles, which would partly tend to be wrapped up in the molecular film and consume some

membrane surface, would lead to the diminution of the effective area along with a stiffening of

the membranes and thus an increase of K. Though it has to be kept in mind that a large part of

the particles are free to move in the layers, as shown by light scattering experiments [29], this

hypothesis due to Pincus is interesting since it would intervene in the stabilizing process of

ferrosmectics and have many other implications such as an essential role in the behaviour of

ferrosmectics under magnetic field implying a strong coupling between particles and

membranes.

4.4 CROSS-OVER BETWEEN THE TWO REGIMES. The interpretation presented before, which

involves a new type of interactions stabilizing the ferrosmectic lamellar system, was relative to

what we called the first regime. In the second regime, the behaviour of the ferrosmectics is

modified although two «
non-Helfrich »-type features (low SAS and existence of a second

order peak) of the neutron scattering spectra remain valid (see Sect. 3).
An important fact to be recalled is that the first regime occurs for both low concentration q7 in

particles, and small swelling ratios : this can seem puzzling at first sight as it means that

swelling the phase has the same effect as concentrating the particles. However, the relevant

parameter to be considered might not simply be the mean distance between particles in the

layers L~, but rather its ratio to a typical length of the lamellar phase, such as the correlation

length of the fluctuating membranes, which is of the order of d. Now, both processes of

£~
increasing q7 or d lead to a decrease of the ratio Returning to the experimental results, one

d
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L~then notes that the cross-over between the two regimes occurs for a ratio which is close to
d

unity the effect of the particles on the lamellar phase is thus different whether they are closer

or further to each other than the correlation length. We expect to get more information for

discussing this interpretation from a small-angle scattering study on the order of the particles
inside and across the layers, which is currently underway.

5. Conclusion.

The aim of the small-angle neutron scattering experiments presented here was to determine the

structure of the new ferrosmectic phases quantitatively. By using conditions of contrast in

which the scattered intensity is only due to the membranes, we analyse the evolution of the

spectra with the relevant parameters of the system. This study allows us to point out some

nonexpected effects : the periodicity does not depend only on the swelling ratio ~P~ but also on

the particle volume fraction q7, there are two regimes of behaviour possibly linked to the

interparticle correlations in the layers, and finally the main features of the spectra are strongly
different from what is observed in non-doped lamellar phases.

This last point leads us, more precisely, to conclude that the dominant repulsive interaction

balancing the van der Waals attraction in the ferrosmectic phases is not the Helfrich-type
interaction which intervenes in classical lamellar phases, but is modified by the presence of the

solid particles in a way that could be related to the particle entropy. Correlatively, the values of

the compressibility modulus B as well as the product KB, with K the bending modulus, are

enhanced by the presence of the particles.
These results are very promising for two main reasons. Firstly, the new type of stabilizing

interactions found in the ferrosmectics does not involve the magnetic character of the colloidal

suspension ; we can thus imagine that the same kind of effects would be found with any solid

suspension, as far as its physico-chemical compatibility is insured. Secondly, we can hope to

swell lamellar systems for which, in the conventional situation, the Helfrich interaction is not

strong enough, as far as we replace the pure solvent by a colloidal suspension.
We finally have to indicate that a study of the signal scattered by the particles, obtained

when totally-hydrogenated cyclohexane is matching the membrane contrast, is underway and

will give us complementary information about the interparticle structure and interactions.
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Appendix.

Intensity scattered by a ferrosmectic.

We use a simplified model, where the lamellar phase is represented as a stacking of non-

fluctuating parallel layers of water (thickness d~) and oil (thickness d~).

The coordinates of a point r are p
=

(x, y ) parallel to the layers and z
perpendicular to them.

The scattering vector is also split up into a parallel component qj =

(q,,q,.) and a

perpendicular component q~. The local volume fractions of oil, water and particles are

~P~(I), ~P~(r) and ~P~(r) respectively. The respective scattering length densities are



N° 7 SMALL-ANGLE NEUTRON SCATTERING ON FERROSMETIC 1037

n~, n~ and n~. For the sake of simplicity we do not take the contribution of the surfactant into

account : neither the surfactant film of the smectic layers, nor the stabilizing surfactant sheet of

the particles. This could be included in a further development.
We have the following relations of incompressibility

: within a ferrofluid grain ~P~ jr)
=

I ;

within the oil layer ~P~(r) + ~P~(r)
=

on the whole ~P~(r) + ~P~(r) + ~P~ jr )
=

I.

The scattering amplitude is then :

a(q)
# ld~r e~~'~ jnp lPp(r + no *o(r + nw *w(r)j

At this point, we split up the local volume fractions into an average term and a fluctuating

term :

*p(r)
"

~bp(z) + 3~b~(z, p)

*o(r)
"

~bo(Z) + 3~bo(z, p

*w(r)
=

~b~jz).

Note that everywhere 3~b~(z, p + 3~b~(z, p )
=

0.

Correspondingly, the scattering amplitude breaks up into two terms :

a(q)
=

d(q) + i(q)

with fi(q) the average scattering amplitude given by

a(q)
=

d3re'~.rjn~ ~b~(z) + n~ ~b~jz) + n~ ~b~jz)j

and b(q) the fluctuating scattering amplitude written as

b(q)
=

ld~r e'~'~[n~ 3~b~(z, p + n~ 3~b~(z, p )]

=
(n~ n~ d~r e'~'~ 3

~b~
(z, p).

The expression of the average term can be further developed by taking into account the

periodicity of the lamellar structure :

N12
~ ~

fi (q
=

d~p e' ~~ ~ F (q- £ e' ~~ ~
°

~
~

,, N12

with

d~/2 dJ2 + d~
F (q~)

=

dz e'~?'(n~ ~b~(z) + n~ ~b~(z)) + dz e'~~ n~

d~/2

dJ2

The first term corresponds to the integration over the oil domains, the second to the

integration over the water domains (where ~b
~

(z)
=

I ). F (q= is the form factor of the unit cell

of the lamellar structure, which contains a contribution from the average concentration profile
of the particles within the lamellae.

The scattering intensity is also the sum of two terms, an average term f (q) and a fluctuation

term
I(q). We write I (q) as :

fiq)
=

lF(q)12s(q).
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S(q) is the classical structure factor of the smectic phase, which is non vanishing if the

scattering vector q is normal to the lamellae.

Note that (F(q)(~ is a quadratic function of the Fourier Transform of the particle
concentration profile within the lamella, which is obtainable in principle from a contrast

variation experiment.

The fluctuation term
I(q) arises simply from the intra and inter-lamellar correlations of the

concentration fluctuations of the particle density in the oil layers. Its expression is classical and

quite analogous to that of the bulk case

/(q)
=

((a(q)(~)
=

(n~ n~)2 d3re'~.r d3r'e'Q.r (6~b~(r). 6~b~(r'))

The simplest case is evidently obtained when the scattering length density of the particles
matches that of the oil phase. There is no fluctuation term anymore, and the oil layers can be

considered as homogeneous. The scattering intensity is thus directly comparable to what is

obtained with the non-doped lamellar phase.
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