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(I} General Considerations

It is a well-known fact that intermediate or
mesomorphlc phases may exist between the crystalllne and the
isotropic liquid phases. The symmetry properties of these
mesophases are intermediate between those of a crystal and a
liquid(l): order ih one or even in two dimensions coexXists

with fluidity. Liguid crystals are essentially made of aniso-

tropic.units and are clasSified(l) as thermotropic or lyotropic.

Thermotropic liquid crystals are systems constituted of

(1)

elongated ar disk—like(Z) molecules which may exhibit a few

transitions through a change of the system's temperature.

3.4

Lyotropic liguid crystals are mixtures of awphiphilic

mclecules and a sclvent (usually water) in appropriate temperature

concentration conditions. These.amphiphilic molecules form
anisotropic aggregates {(micelles) which are the basic units to
the mesophase. These systems may go through a few phase
transitions if both the temperature and the relative
concentrations of the different compounds are changed.
Accoralnq to the molecular {or micellar} order,

ligquid crystals are CLaSSlfleQ upon tiheir symmetry in three

oz,

major classes(l): nenatics, cholesterics and smectics. We shall

restrict our discussion to the first two classes. Three types

. . : . 5
of nematic order, two uniaxial and one biaxial, are known( ).

(3,4,0)

In the uniaxial nematic phases the preferred direction

of alignment (the director H) coincides with the optical axis
of the phase, i.e. there is an infinite-fold axis, whereas

the bizaxial nematic phase has three orthogonal two-fold

(6,7)

symmetry axes ‘'’ . The cholesteric order may be understcod(l)

as constituted of sucessive nematic planes, parallel to each
other, with o twisting arcund an axis perpendicular to these

planes.

atl

Liguid crystals are oriente by electric and

magnetic fields () ar by shear stress. Since the anisotropic

{1} -7

part of the diamagretic susceptibility is small {~10 "},

(8)

high magnetic fields (~10K Gauss) are usually needed. In

order to reduce the strength of H in practical experiments,

d(8,9)

ferromagnetic grains (ferrofluids) are introduce in the

liquid crystalline system. In this way, fields of about 10 Gauss

are enough to orient the mesophases(g). Nematic and choiesteric

d(g) "ferro-

liquid crystals doped with ferrofluids are calle
nematics" and "ferrocholesterics", respectively. A ferrofluid
is a colleoidal suspension of small ferrcomagnetic particles

‘19) It has the fluidity of a

dispersed in a liquid medium
homogeneous liguid and high magnetic susceptibility. The
ragnetic particles (Fe203, Fe, Co, Fe304, etec...); with
dimensions of about lOOR, are coated with a diépersive agent
{a long chain surfactant or a polymer] to prevent the aggregation
of the particles dispersed in the solvent {water, oleic acid,
atc .}(ll).

The introduction of ferrofluids in liguid
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03.
cryéﬁéls.serveé.thé ﬁurpdse not only of reducing the strength ~ (a) The magnetic effect - the stréngth of the magnetic effect
of H necessary ﬁo orient tﬁe phases, but also .allows the may be estimated by comparing the changes introduced in
study.of the éhysics of the liquid crystalline system itself. the free energy (F)} of the crystalline medium for o anﬁ ¥
In this paper, we shall discuss some aspects of (the magnetic momént'of a particle of volume V) either
the use of ferrofluids in thermotropic and lyotropic systems, parallel or perpendicular to each other..The free énéfgy
concerning both the experimental difficulties as well as the may be written, to first order, as 'l |
fgnéé@gégél physi¢§¥'?hénémené invol?ed; F o= Fo(ﬁ) _7_%; iaj(ﬁ-ﬁ)zdvr
e R e e e where Xa is the anisotropic part of the diamagnetic
{IT) How do ferrofluids orient liquid crystals?
LT A B - | susceptibility of the liquid crystal. Then
Ferrofluids are introduced in the meSOPha$?§¢_ ie 1 u2
in:small guantities.in.order to prevept;st;qng‘modifications T eV
of the physical properties.of the liguid. crystals(12 13) }p i} and for typlcal values X ~10 Gi-V;iO_ISEmB, u~10_l3uem;
:|.yotrc>}§>icsr in particular, the water base ferrofluid inPing. AP L0 lgerq<<KBT for T-300%K. e

introduces an additional amount of water’in the system, Wh?Ch (k) Mech;ﬁ;cai Eﬁﬁpllné ; té evaluaﬁe the magnltude of éhls.

may change.the transition temperatures.. A doping with about. effect, we compare the free energy of two dlfferent

=2 P L al2 . ; . 3 -
10" weightd for-equivalentely 10 “nmggnetlc‘gyalns/qgrlqu Vconflguratlons correspondlng to arrangements of the aniso

“ferrefluid. does not- sensitively, for our purposes, modlfy the r_troplc magnetic grains either parallel or perpendlcular

transdition temperatures, the refraction lndlces or the X—ray (1)

to n.rThe elastlc fr e_energy is written as
(12 13) o

diffraction patterns. of the lyotroplc mesophases .. ,The w2

o T .‘JVE;=:T§T){Kliidiyn)ﬁh+;K22{g!;9tn) o+ K33(nxrotn) ldw,. .
minimum: concentration: ' above.which, the, ,1iquid. crystalllne . ‘
mediumﬁfailows,;hegqrientation”pf—;he_mggngﬁ;;:gyéips_ig_abogt wheie K; are the Franck elastlc constants.

lz’ ;wihere. L and D are typical dimensions.of the grain and . For Kll Kzré = K33 = K we have
LD : ST R R TERE R P R S IR .
the sample, respectively. .. ..o o000 Lo s LAl RIS F = iI'Z- J(grade) dVr.
_TWOwdiffergpt;forms-qﬁ;the¢coup;ing.betweep:the

co ) LT A Lo .. where % is.the:angle-between:the long;axis.of the molecules

ferrofluid :and the :liquid crystalline system have to he 2(14) '

and n.: <<For: an;anisotropie: particle of length: L.-(and -

-sconsidered: the.effect of .the .magnetic. field of the grain .
' ) T e e form anisotropy of about. 10):cone-therefore has. ... .. _..;--
(with magnetic‘moment;ga,andlthe_mechgqicql_cpgpl;ng,‘AtJthis
point we will sumarize the theoretical considerations of | L

Brochard}and;de;Gennes%8{ of 1970+ ... - . For typical values of k(~i0_6&ydes)“éﬁd‘D(io_Scm},




05.

aF 1o"llerg>>KBT-'fof 7 = 300%.
We may conelude'® that the mechanical coupling is by far

the preaominant effect in the orienting process in the

liquid crystalline systems doped with férrofliids.

(ITI) Thermotropic férrohematics

__Severalﬁaﬁtempts_have been made at cbtaining a
thermotropic ferronematic with the liquid crystal p-methoxy-

benzilidene-p-n-butylaniline, usually called MBBA(15'16’17?.

Thig liquid'c:ys;al.hgs(l)a_sqlidrnematic transition around

20°C and a nematic—isotropic transitigg_at 479C. However, a
majo;ﬁ@iﬁficu}ty:ariseg_in_experiments with thermotropic
materials when_one.triesnto_pbtain_a“homogeneqﬁs distribution
of the ingivi@ua; magnetic_grains_}n the L;qg}d crystal matrix.
The_attgmgt; to dope_MBBA;witp small (LflSOR) magnetic particles

have not, to pur knowledge, attained any success. Rault and co
{15) ) '

workers 7' have doped MBBA with y-Fe magnetic grains of

2%
0.35um length and 0.04um diameter. Large remanent magnetizations,
M(H=0) , were observed in the nematic phase, whicﬁ desabpear

at the nematic to isotropic phase‘transition. In high magnetic
fields ({-~1KG), long magnetic needles (-.50um) were observed,
indicating the aggregation process of the magnetic grains, In

(16) doped MBBA with almost circular magnetic

1876, Hayes
piételets:df Fe304'in a hydrocarbon base. These platelets had
typiéélly S0um diameter and the director perpendicularly
oriented to the platelet ‘surfaces. The molecules of MBBA were
oriented by two parallel rubbed surfaces. It was observed that

the magnetic plételets change the orieéntation of the nearby

molecules in the bulk of the'samble, as' a function of the

magﬁétic field direction. The resultant magnetic field
gradients promote transport and further aggregation of the
magnetic platelets.

"The first successful attempt to introduce
magnetic particles in a thermotropic system and observe
collective behaviour of the doped matrix was due to Chen and

Ameru'?‘)

, in 1983. In their experiment, MBBA, placed in a
glass cell with parallel plates, was doped with Y—Fe203 needles
0.5pm long and aspect ratic of ~7:1, coated with dimethyl octa
decyl aminopropyl trimethoxysilyl chloride. The collective
behaviour of the liguid crystalline matrix was detected by
measuring the birefringence of the sample as a function of the
external field. No critical magnetic fields were observed,
indicating that H<1lG can modify the orientation of the director.

At higher magnetic fields, the magnetic grains tend to

flocculate in an irreversible way.

(IV} Lyotropic ferronematics

In the other hand, many experiments with lyo-
tropic systems doped with ferrofluids have been carvied out in

(9,13,18,19) and biaxial(12,13,19)

the uniaxial nematic phases.
Two lyotropic nematic systems have been the object of study: a
potassium laurate-decancl-water mixture and a sédium—decyl—
sulphate—decanol—water mixture. These two different mixtures

present(lg'ZO)

nematic phases at ambient temperatufe. In these
@xperiments, samples were doped with a commercial ferroflueid
{Perrofluidics Corp.) of water base. The magnetic grains of
Fe304, with a meaﬁ diameter of 1548 (standard deviation of

948), were coated with cleic acid and diluted to a concentration
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of about lolz grainS/cmB. Collective behaviour of the liguid
crystalline matrix was observed(g) with magnetic fields of
about 5G. The aggregation of the grains forming needles of

¢
about 1l0um long was also cbserved‘la).

This phenomenon may be
explained as due essentially to field gradients at the edges
of the small permanent magnets used in the experiments. The
movement of these needles may be followed with an optical
microscope. The observations described in this and in the next
section were obtained in an orthoplan - Pol Leitz microscope,
with the sample sealed in glass flat microslides and placed
between crossed polarizers.

one of the most interesting properties of the
ferronematic system is the existence of depletion layers, i.

(8)_ In

e., regioﬂs where the magnetic grains are seggregated
' these distorted situations, the condition that the major axis
of the anisotropic¢ magnetic grain align parallel to the director
cannot be satisfied, for topological reasons (in defects or

(l))_

walls To produce these distorted regions, we create, by

means of the application of magnetic fields, nearly ellipscidal
closed walls in a calamitic nematic pnase(ls) (Figure 1). In-
side and outside the closed walls, o is parallel to #i and in

t21) In the presence

the wall it has a complex configuration
of the magnetic field, the closed walls tend tec collapse,
thereby, decreasing their dimensions. All the magnetic graihs
which are surrounded by the walls (with their long axes parallel
to H) are confined inside these walls. The wall acts like a
barrier which prevents the passage of the needles from the
inside region to the outside. However, the needles are small

permanent magnets arranged parallel to another, and therefore

a magnetic repulsion arises between them. As a consequence,

the needles are placed at the inside frontier of the closed
wall and. tend to prevent its complete collapse (Fig.l). This
experiment is a confirmation of the predominance of the

mechanical coupling(e)

between the iiguid crystal and the
ferrofluids, as compared to the magnetic coupling.

‘The creation of hydrodynamic instabilities is.
another manifestation of the céilecti;e behaviéui éf the liguid
crystaliine matrix induced by the movement 6f the ferrofluid
grains. Figure 2 shows one kind 6f hydrodynamic’ instability’

(19 Rheological

that arises in a calamitic nématic'phéées
studies may thus bé dohe ih ferfohenaticé in”an easy and
controiled way, with Sméll'mégnétic fields,

‘Another important problem in the structiral
studies (X-ray and neutron diffraction) of lyotropic nematics
is the orientation of the sample( ), both in situatiohs where
the director orients perpendicular to H (discotic uniaxial
nematic phases) and in the bidxial nematic phases.” In thesé "
cases, turning and oscilating fields, respectively, are nesded.
The technological problem is convéaiently reduced by means of

(8)

the ferrofluid doping , since small magnétic fields can

produce a well oriented sample.

(V) Lyotropic ferrocholesterics

These systems are obtained by the addltlon(ZZ)

of a chiral compound to a ferronematic lyomesophase. Three

different ferrocholesteric phases have been cbserved: .

ChC - calamitic ferrochqlestericizz’zsé
Chp, - discotic ferrocholeste:ic(%2f23’24)
ChBX - biaxial ferrocholesterip(ZS?_
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ny (24)

In a small magnetic field (~5G), a C . (Fig.

3a) phase and a Ch (Fig.3b) phase are present in which the

(22 25}

helicoidal axes allgns parallel to the field and in the

(22}

ch,. phase the cholesteric structure is untw;sted In

C
systems not doped w;th ferrofluids the strength of the field
necessary to produce the same effect is about 10KG.'
The ferrofluid doping is particularly'ajndnhﬂw

in -the measurements. of .the-. rotatory pcwgr(zs)

. of chpleste;ic
samples in a conventional microscope. In this condition, the
helicoidal axis can be oriented parallel to the light beam
direction by means of small Helmholtz 00115(23).

Hydrodynamic instalibities can beﬂs;uﬁied by
fqllqwing.with4an,opticalrmi¢:oscgpg tge mqtion of rqlatively
big ferrofluid needles {>10um) in a cholesteric matrix. These
needles can be formed by the:clﬁstéring of small magneticgrains
in high fields {~1KG) or in regions with field gradients. Back-

flow conventive motlons were observed in a Ch phase(23)

by
following the modifications of the form of the needles with
time, aftef.remoéai of the magnetic field. Aé discussed before,
the magnetic field untwist the cholesteric Chc_structure and
the ferrofluid needles are straichtened parallely to #. wWhen
the fleld is switched off, the hydrodynamlc instabilities are
lnduced by the competltlon between ‘the’ sample holder walls
orientational effect on the micelles and the twisting imposed

by the - chiral. compound(23)

.-Figu;e_4_shows ;hese_backflow_
. convective -motions. and: the big.ferrofluid needles deformed by

these instabilities.

{(vI) Concluding remarks

In conclusicn, we may say that the ferrofluid

doping of thermotropics and lyotropics is an open field of
research. The experimental results obtained with thermotropics
indicate that the doping is possible, however, the clustering
process of the magnetic grains”is the great techneclogical
difficulty to obtain a homogensous ferronematic (or cholesteric)
to be used in optical devices. In lyotropics, the doping with
a water base.ferrofluid forms a stable ferrolyotropic system.
Several problems concerning the physics of these systems have
been investigated, such as structural and rheblogical aspects
of ferronematics and ferrocholesterics. Using a ferrofluid to
prepare ferrolyotropics, good oriented samples are obtained by
applying relatively small magnetic fields. As small fields are
required, technological problems in practical experiments are
sensitively reduced.

As a final remark, we may say that ferrofluids
are a very powerful tool to study the physics of the liguid

crystalline systems.
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