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Hydrodynamics of nematic ferrofluids
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Abstract. We derive hydrodynamic equations for nematic ferrofluids (ferronematics) in the limit that the
magnetic degree of freedom has relaxed to its equilibrium value. We concentrate on novel dynamic effects
linear in the magnetic field. We show that flow alignment, heat conduction, diffusion, thermodiffusion,
viscosity and director reorientation are all modified by the presence of an external field. In particular,
the new effects describe reversible (irreversible) couplings, where the conventional effects are irreversible
(reversible). We discuss, how these effects can be measured. In principle, this description is applicable to
conventional nematics, too, although huge magnetic fields are expected to be necessary for detecting the

new effects in this case.

PACS. 61.30.-v Liquid crystals — 75.50.Mm Magnetic liquids — 05.70.Ln Nonequilibrium irreversible

thermodynamics

1 Introduction

The synthesis of nematic liquid crystals with single-
domain ferro- or ferrimagnetic grains, usually denoted as
ferronematics, is of great interest for potential applica-
tions but also under the scope of fundamental research.
With the pioneering work of Brochard and de Gennes [1]
the idea came up to intensify the ponderomotive response
of a liquid crystal by doping it with a small amount of
ferromagnetic particles. Owing to a strong orientational
coupling between the magnetic grains and the surround-
ing nematogen matrix, the susceptibility of the director
dynamics was expected to be appreciably enhanced. In-
deed, the magnetic field strength necessary to affect the
director was predicted to decrease by several orders of
magnitude giving control over the orientational state of
the liquid crystal by magnetic fields as weak as 100 Oe.

During recent years considerable efforts were under-
taken in the preparation of various dispersions of ferro-
magnetic particles in liquid crystals. Starting with the
first report in 1970 of mixing magnetic grains with the ne-
matic phase of MBBA [2], there was a number of reports
on the production of mixtures of rod-like and disk-like ne-
matics with magnetic grains [2-5]. In ref. [6] collective
magnetic and orientational effects, but no spontaneous
magnetization were described for a suspension of y—FesOg
particles in the nematic phase of MBBA. In many systems
investigated there were problems with chemical stability.
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Recently, however, the preparation of stable ferronematic
systems has attracted increasing attention [7-15].

In their original work Brochard and de Gennes started
from the so-called "rigid anchoring” approximation, im-
plying that the directions of the director n and the local
magnetization M are perfectly co-aligned. However, with
the synthesis of thermotropic ferronematics [6] it became
evident that the rigid-anchoring approximation might not
be generally applicable. Within the framework of a micro-
scopic model of rod-like ferromagnetic grains Burilov and
Raikher [16] reconsidered the surface interaction between
the liquid crystalline nematogens and derived an expres-
sion for the free energy of a ferronematic. Thereby the ori-
entations of n and M were treated as separate degrees of
freedom. As in Ref. [1] the strength of the magnetization
was assumed to be in saturation, even without external
fields. However, the existence of a remanence in ferrone-
matics, being characteristic for a ferromagnetic ordering
(spontaneous equilibrium-magnetization in the absence of
any external magnetic field) seems to be experimentally
unproven yet. Rather the existing substances all seem to
be superparamagnetic like ordinary ferrofluids.

In a recent analysis [17] this question has been ad-
dressed within the scope of a Landau theory derived from
the underlying symmetries of the problem. Based on
a Landau-deGennes expansion of the free energy an ex-
pression for the free energy was constructed, which en-
tails nematic as well as magnetic contributions. Depend-
ing on the signs and magnitude of the magnetic-nematic
cross-couplings there is the possibility to have either a di-
rect transition from the isotropic unmagnetized fluid to



584

a ferromagnetic-nematic phase (spontaneous magnetiza-
tion) or a two-step transition via a superparamagnetic-
nematic state. Interestingly, a phase with spontaneous
magnetization but without nematic ordering is not possi-
ble within the scope of this model.

Strictly speaking, owing to the admixture of magnetic
particles to a nematic both, the nematic and the magnetic
degree of freedom have to be taken into account. However,
we will restrict ourselves here to situations where the mag-
netization has relaxed to its equilibrium value parallel to
the applied magnetic field. It is then a function of all state
variables (and the external field), but has no independent
dynamics, i.e. magnetic relaxation effects are disregarded
here. This is a good approximation for times slower than
typical magnetic relaxation times (107%s). Since the ne-
matic director dynamics is much slower, it is appropriate
to keep explicitly the latter (this has nothing to do with
the "rigid anchoring” approximation mentioned above,
since n can have any orientation relative to M). This
description is, thus, in principle also valid for ordinary ne-
matics, where no magnetic degree of freedom is present.
However, the new effects described here probably require
huge magnetic fields to be observable in ordinary nemat-
ics, while in ferronematics their detection should be much
easier. In ordinary nematics the diamagnetic interaction
energy adding up to the director’s molecular field is usu-
ally considered to be the only relevant magnetic contribu-
tion. However, in ferronematics other effects disregarded
so far mostly (except in [18]) might become significant. In
the following we will concentrate on those effects, which
are linear in the magnetic field strength H. As this quan-
tity is of negative parity under time reversal such effects
can arise in the dynamics only and a variety of new On-
sager couplings will appear. These new couplings change
the character of the contributions in the field free case
from reactive to dissipative or vice versa. The implica-
tions of these new couplings will be illustrated by means
of a series of different examples.

2 Nematodynamics without magnetic field

Nematic liquid crystals are characterized by an extended
set of hydrodynamic variables that comprise those of a
simple liquid (density p, momentum density pv related to
the velocity v, and entropy density o, or equivalently free
energy density f) and in addition the director n, the sym-
metry variable denoting orientational changes (n? = 1) of
the preferred direction and, in the case of mixtures, the
concentration c. In our case the latter is the concentra-
tion of the ferromagnetic particles. The hydrodynamic
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equations are [19-21]

0 )
((% +vivi) p+pdive =0

0
p(at + UjVj)Ui + Vo =0

0
(81& +’l}jvj‘>ni+}/j =0

0
p(@t +vjvj>c+divjc =0
<§t +vivi> o+ odivv +divj® = %

Generally the densities of the currents for heat j°, con-
centration j°, and momentum, the stress tensor o;; and
the quasi-current Y; are the sum of two parts, a reversible
and an irreversible one, where the former (latter) has the
same (opposite) time reversal symmetry as the rest of the
equation and leads to zero (positive) entropy production,
i.e. it is reactive (dissipative). Within irreversible ther-
modynamics the dissipative parts can be derived from the
dissipation function R (the source term in (5)) as a po-
tential, while the reversible ones do not follow from any
potential [22]. The currents read

1
oy = poij + P Ving — §>\kjihk —VvijuVivg  (6)

(7)
§7 = —ki;V;T = DGV jpe (8)
Ji = —Di;Vjpe — DiijjT 9)

with the transverse Kronecker symbol (51# = by —
nin;. The conjugate quantities temperature T =
T (p,o,c), pressure p = p(p,o,c), relative chemical po-
tential p. (p, o, ¢), and the 'molecular fields’ h; (p, o, ¢) and
®;; (p,0,c) follow from the free energy density f (see Ap-
pendix (A.1)). This part of the equations, which con-
stitutes the statics of the system, is derived completely
independently from the dynamics, eqs.(6-9).

The heat conduction tensor s;;, the diffusion tensor
D;; as well as thermodiffusion tensor D;"; (related to the
Soret/Dufour effects) are symmetric and have the follow-
ing form containing together six coefficients (thermal con-
ductivity, diffusivity and Soret/Dufour),

1 1,
Y, = _iAijkvjvk —+ %51‘]}7’]

Rij = :‘{J_(S,f; + :‘i” nin; (10)

The tensor \A;jx, describing flow alignment in (7) and back
flow in (6) contains one phenomenological parameter

)\ijk = ()\ - 1)(51-?71]c + (/\ + 1)5Z-Lknj (11)

which is reversible, since h;, Y; and o;; all do not change
sign under time reversal.
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The fourth rank viscosity tensor contains five viscosi-
ties

Vijki = v2(8;10:% + 6:161)
+2(v1 + vo — 2u3)nnnEny
+(v3 — va)(njnydix, + njngdy + ningdj + ningdjx)
+(vg — 12)0i01

(
+(vs — va + v2) (00 + dkgnin;) (12)

3 Dynamics in a magnetic field
3.1 Linear vs. quadratic field effects

Let’s consider nematics in a magnetic field. An exter-
nal field breaks the rotational symmetry externally and
n; relaxes according to the diamagnetic anisotropy to its
equilibrium orientation, which is either parallel or perpen-
dicular to the external field. The appropriate molecular
field h; reads

W' = —x.Hi(n - H) (13)
Usually this is the only effect of an external magnetic field
that is taken into account when dealing with ordinary ne-
matic liquid crystals. All other effects (a few of them
are discussed in [18]) are assumed to be small and are
neglected. In ferronematics the response to an external
magnetic field is rather enhanced and such hitherto disre-
garded effects can become important. There is the (rather
trivial) effect that all material coeflicients (transport pa-
rameters and susceptibilities) can depend on H?2. In addi-
tion, if n is perpendicular to H in equilibrium, the system
is biaxial and the uniaxial tensors in eqgs. (10, 11, 12) are
of the well-known biaxial form. Furthermore, there are
the magnetic forces, which are described by the Maxwell
stress ng) = —peq(H)H; H; with the equilibrium mag-
netic susceptibility peq(H) [23] and by a redefinition of
the pressure p — p — (1/2)H?. However, all these effects
(including (13)) are quadratic in the external field strength
and represent additions to effects already present. In the
following we will discuss additional effects that are linear
in the field and represent new effects thus bearing a good
chance of being observable in ferronematics.

Since a magnetic field changes sign under time rever-
sal, linear effects are possible in the dynamics only, since in
the statics all relations are time-reversal symmetric, that
is invariant under time reversal. In the dynamics the cur-
rents come in two classes, either reversible or irreversible,
meaning time-reversal symmetric and antisymmetric, re-
spectively. The introduction of a linear field then toggles
between these two possibilities.

3.2 Flow alignment

As a first example we will consider flow alignment in the
presence of a magnetic field. The flow alignment tensor
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(11) can have additions linear in the field

)‘gk (H):/\lD (6ilq€quHp”k + 5ilq€pqup”j)
+AD (63,;Hpequnq + 6$Hp6pkqnq)
+AY (Hjeiprny + Hieipiny)

AL (Hgngnjeiping, + Hyngnyeipiny)

NS Hyepigngning, + A§ Hyepigng6yy,  (14)

Note that these contributions are all dissipative while (11)
represents only reversible ones. Adding up in eq.(7) both

E;) = Aijk + A (H) then the cross
coupling term in (6) reads )\,(;;2 = )\kji—&—)\ijZ-(—H) = \gji—
)\iji(H ) due to Onsager’s relation! guaranteeing a positive
(zero) entropy production due to the field-dependent (-
independent) parts.

In the stationary case all currents and quasi currents
are zero (disregarding the thermal degree of freedom here)

contributions into A

Vigi; =0, and Y;=0. (15)
The first condition is identically satisfied for constant

shear flow and constant field. The second one

1 1
—ixgjy,jvjvk + %&kth) =0 (16)
reads explicitly
ne (A — D)Vup +n; Vv (A + 1) — 2Annn, Vv, (17)

+/\£k(H)VJ’Uk + X;HinjHj — X;nmkanjHj = 0,

where X!, = 2Xq/71-

We will solve eq.(17) for a particular case, where the
new linear field terms (14) become manifest: The external
field lies in the shear plane

Nng = sin 6

n, = cosfsin ¢

n, = cosf cos

H, = Hsinvy

H, = H cos (18)

with the shear flow Vv, = S and with v the angle of the
magnetic field with the shear gradient.

Without the new terms it is known that the director
also lies in the shear plane (i.e. § = 0) making an angle ¢
with the direction of the shear gradient, where ¢ is given
by

25 (Acos2¢p + 1) = x, H?sin (2 (¢ — 1)) (19)

! With the currents Co = {Yi, 0jx} the forces are Fz =
{hi, =Vjvi}, since the entropy production R ~ —h;Y; —
vk Vjor; ~ —hiY; + ox;Vjijve.  Then, Onsager’s relation
Dosg(H) = €a€egDpa(—H), with Co = DapgFps, leads to the
symmetries stated above for the A-tensor, since eneg = —1
for cross terms connecting variables of different time reversal
symmetry.
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The new terms (except AY) force the director out of the
shear plane. Taking first AP as a representative for the
other terms (in order to simplify the formulas) we get the
unchanged condition (19) for the in-plane orientation ¢
of the director. There is, however, now an out-of-plane
component of the director given by the non-zero angle

—A\PSH sin ¢ cos(p + 1)
(A4 1) Scosp + x!, H?siny cos(yp — )

tanf = (20)

This kinetic expulsion out of the shear plane due to the
combined action of shear flow and (in-plane) field occurs,
even if the (static) diamagnetic anisotropy would favor a
director parallel to the field (x, > 0), i.e. to be in-plane.
Other contributions in (14) will change also the simple
expression (19) for the in-plane components of n. E.g.

the two last contributions in (14) lead to an out-of-plane
orientational angle

Bsin? ¢

tanf =
an 2(Asing + acos p)

(21)

with 2a = X/, H%/S and 8 = (\D — \D)H. Here the in-
plane-angle ¢ is not given by (19) but follows from

(% sin® 14 Acos2p — asin2yp

4(Asing +acosp)?2 (A —1)sing + 2acos @

(22)

In (21) and (22) we have simplified the formulas by as-
suming 1 = 0, i.e. the magnetic field parallel to the shear
gradient. For A} and AP the appropriate formulas are
even more bulky and will not be shown here.

3.3 Heat conduction, diffusion and thermodiffusion

As a second example we consider the heat conduction ten-
sor K;;. There are additions linear in the field of the form
mf}(H) = H{%Gij]ng + /ﬁfeijknkanp

+h5 (€ipgHpnnj — €jpgHpngni) — (23)
These terms are reversible due to their time reversal be-
havior, while those of (10) are irreversible. The former
are antisymmetric Hf}(H) = Hﬁ(*H) = fnﬁ(H) accord-
ing to the Onsager’s relation thus leading to zero entropy
production.

The field-free heat conduction tensor (10) leads to a
heat current j7 = (k) — kL) n (n-VT)+ £, VT that lies
in the plane of the director and the temperature gradient.
The field-dependent terms lead to (reversible) contribu-
tions to the heat current that can be perpendicular to
both, temperature gradient and field, or to temperature
gradient and director, or to field and director. For exam-
ple, if the field H is along the x- and temperature gradient
G along the y-direction, there is a reversible component

of the heat current
R R
e (Hl + Ko )HG fOI‘ n || H
vT

== (kft — kBYHG

(24)
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that is orthogonal to the n/VT plane and perpendicu-
lar to the field. This effect is quite analogous to the Hall
effect related to electric currents. There, similarly the di-
agonal elements (the analogues to (10)) are dissipative,
while the antisymmetric parts (the analogues to (23)) are
non-dissipative [24]. Instead of a voltage transverse to the
dissipative electric current, eq.(24) leads to a temperature
difference transverse to the dissipative heat current. This
effect (especially the part related to xf¥) is in principle
present in any fluid (and called Righi-Leduc effect [18])
and not restricted to ferronematics, but in the latter sys-
tem chances are much better that it is observable.

Quite analogously to (23) one can introduce 3 new re-
versible diffusivities Df¥, 5 and the discussion between (23)
and (24) can be taken over replacing (37, T) by (5°, te)-
Rather similar is also the case of thermal diffusion. There
are three reversible thermal diffusivities D1T7’21?3 of the form
(23). Since they are antisymmetric w.r.t. interchange of
indices, and linear in the field, they automatically ful-
fill Onsager’s relation DlT]R(H) = D]-Ti’R(fH). Under an
external magnetic field (of strength H) orthogonal to a
temperature gradient (of magnitude G) these new contri-
butions give rise to a concentration current (orthogonal to
both) given by the r.h.s. of (24), if the x’s are replaced
by DT-®’s. Thus, Hall-like temperature and concentra-
tion gradients are generated, which are transverse to the
dissipative heat and concentration currents, respectively.

3.4 Viscosity

As the third example we consider field dependent gener-
alizations of the viscosity tensor

Vit (H) = v [€impnjning + €jmpningng — exmpnining
7€lmpnjnkni] anm
+ V3 [€jmpTibik — €tmpn;Oik + €jmpniSin
—€kmpj il + €impMkOjl — ExmpNilji
F€impmudjk — €tmpnidjx] npHp,
+ Vi [ermpmuij + €tmpnidi
_eimpnjékl — 6j'rnpni6kl] anm (25)
Sz [€irpnini + €ipnjng
+ejipning + €jkpnini] NpTm Hy,
+ viileimpnymi + apnng + €jipning + €jrpnim) Hy
+ v [€irpdji + €Ok + jipOik + €jkpOit] Nipn Hy,
+ Vﬁ[eikpéjl + eilpéjk + ejlpdik- + ijpail] H,
+ Vé%np[eikp(Hjm + Hlnj) + eilp(Hjnk + Hknj)
+ejip(Hing + Hgng) + €jp(Hing + Hiny))

Because of Vﬁkl(H) = I/ﬁkl(H) and ugkl(H) = I/glk(H)
the stress tensor remains symmetric and (25) does not
contain any coupling to the vorticity. All contributions
in (25) are reversible, where the antisymmetry w.r.t. ex-
change of the first pair of indices with the second one,
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Vﬁkl(H) = l/ﬁij(—H) = —Vﬁij(H), (according to On-
sager’s relation) guarantees zero entropy production. The
major effect of these new terms is that a density wave
(sound wave) is not only connected to divv, but also to
transverse velocities (and thus to all other variables). This
will be manifest as (reversible) bulk shear stresses accom-
panying the sound wave. For example, for a density wave
with amplitude Ap, frequency w and wave vector k along
the x-direction, magnetic field H along the y-direction,
this bulk shear stress will be felt by a tracer particle as a
transverse force

A
fo=RwkH=L (26)

Po
with pft = 20t +V3 2wl pR = plRpoplt R 2R 2 Rt
and 7% = —2pft — 202 if n is along the z-, x- and the y-

direction, respectively.

3.5 Director reorientation

In eq.(7) the rotational viscosity 71_15}]- = (y~1);; acquires

linear field-dependent additions
1
(v hiH) = TREijknkanp (27)
1

+ TR(eijp + €ipknknj — €jpknni) Hp

2

which are reversible and give zero entropy production, be-
cause they are antisymmetric in ¢ and j according to On-
sager’s relation. Of course, they are also transverse to n
in both indices n; ('y_l)ﬁ(H) =0=mn; (’y‘l)f-;”-(H).

Usually, the so-called rotational viscosity 7; is mea-
sured by the homogeneous relaxation of the director to-
wards an external magnetic field due to the magnetic
anisotropy effect (13). In this case H and n(t) lie in the
same plane all the time with relaxation rate (x,/v1)H?>
[20]. The new terms in (27) change this picture. With
(13,27) the director relaxation equation (3) takes the form

= Xa03;H;(Hn) + x (H xn);(H-n)” (28)

where X, = xo/71 and X = xa(1/7F+1/~4£). Obviously,
n(t) does not stay in the (initial) plane given by H and
n(0), since there is a nonvanishing component (H X n) - no
n (28). Thus, there are two distinct and coupled dynamic
processes involved. For small angles the solutions of (28)
can be written

¢ = o exp(—x, H?t) cos(xi H)

0 = o exp(—x, H*t)sin(x,, H’t) (29)

where ¢ is the angle between the field and the projection
of n(t) onto the initial plane H/n(0) and 6 is the angle of
n(t) with this initial plane. The time dependence of ¢ is
not a simple exponential decay, but shows an oscillation
about it. The angle 6 describes spatial oscillations of the
director during the reorientation process. With field re-
versal H — —H | also 0 changes sign. Without the new
reversible terms (x/ = 0) a simple relaxation for ¢, which
is then the true angle between n and H is regained.
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Appendix: Static relations

The statics of a macroscopic system is governed by its free
energy. For nematics the free energy density in harmonic
approximation reads [19-21]

— (dp)*

=56 (60 + + 5 (00 4~ (50)(3p)

Kijra(Vini)(Ving) (A1)

20y

+&WW@HM)WH;

2p?

where the Frank tensor

Kijkl K16 6kl + Kgnpep”nqeqkl + Kgnjnléfk (AQ)
describes the energy cost for distorting the homogeneous
alignment of the director. The conventional static sus-
ceptibilities contained in (A.1) are the specific heat (at
constant density) Cy, the isentropic compressibility &,
the adiabatic volume expansion coefficient a; and the ap-
propriate susceptibilities 7, 8, and 3, related to the con-
centration instead of the total mass density.

Due to the Gibbs relation (the local manifestation of
the first and second law of thermodynamics)

df = udp+Tdo + pcde+ ®;;dVn; + hidn; (A.3)

the conjugate quantities follow from the free energy den-
sity by partial differentiation

8f léa—&-

1
T = A4
) B0 Cv p - dp + B,oc (A.4)
of _
= A.
o 95~ n op de (A.5)
of
Opte = e véc+ B0 + B,0p (A.6)
of
N =K. A.
i avj ; zgklvlnk ( 7)
8f 0K iri
/ 1 rJ i
h; = o, 5iq72 o, (Ving)(Vjny) (A.8)

The response to static director deformations is given by

)
The pressure is related to the other conjugate quantities
by the Gibbs-Duhem relation [21]

dp = pép + 00T — pcde — hjion; (A.10)

neglecting contributions quadratic in the velocity.

The effect of an external magnetic field H on the stat-
ics is rather simple. Since all static equations have to be
invariant under time reversal symmetry, and H changes
sign under this symmetry, only quadratic contributions to
the free energy are allowed in lowest order
1 2
§Xa(H -n)
which is the diamagnetic anisotropy energy [20] giving rise
to the magnetic molecular field (13). Depending on the
sign of y, the static orientation of m is either parallel or
perpendicular to H.

FOD (A.11)
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Conclusions and Perspectives

In this paper we have derived hydrodynamic equations
for ferronematics in the limit that the magnetic degree of
freedom has relaxed to its equilibrium value. When com-
paring the equations derived here with those of ordinary
nematic liquid crystals, we find that there is no additional
contribution to the static behaviour linear in the magnetic
field. This situation changes completely, however, when
one investigates dynamic coupling terms that are linear
in the magnetic field between the various hydrodynamic
variables.

The new dynamic effects predicted here come in four
classes. In most nematics, for temperatures far above a
smectic phase, one observes the phenomenon of flow align-
ment. A shear flow applied to a spatially homogeneous
director field leads to a stationary configuration in which
the director includes an angle with its original orientation
- the flow alignment angle. In the case of usual nematics
the director lies in the shear plane. Here we predict that
an additional magnetic field in the shear plane applied to
a ferronematic forces the director out of the shear plane
due to the dynamic effects given here, which couple the
director to the shear flow dissipatively.

Applying a temperature gradient to a nematic leads
to a heat flux that has components parallel to the applied
temperature gradient and parallel to the director. Here we
suggest that an additional magnetic field orthogonal to the
temperature gradient applied to a ferronematic leads to
an additional reversible heat current that is perpendicular
to both, the applied magnetic field and the temperature
gradient.

In most hydrodynamic systems including ordinary ne-
matics only viscous effects couple the various components
of the velocity field. For a ferronematic there are, in ad-
dition, several terms coupling the three components of
the velocity field reversibly. One of the consequences
of these new contributions could be detected experimen-
tally studying the effect of a sound wave propagating in
xr—direction, say, on a tracer particle also exposed to a
magnetic field in y—direction. For this configuration we
predict the occurrence of a force on this tracer particle in
z— direction, that is perpendicular to the plane spanned
by the two applied fields.

Director reorientation is expected to change as well
when switching from an ordinary nematic to a ferrone-
matic. Here we have shown that the director reorientation
picks up reversible contributions in addition to the usual
director diffusion associated with the rotational viscosity
~1. The new reversible contributions are predicted to lead
to a relaxation oscillation when the director is reoriented
in an external magnetic field in contrast to the simple
relaxation observed for usual nematics.

Acknowledgements

Partial support of this work through the Schwer-
punktsprogramm 1104 ’Colloidal Magnetic Fluids’ of the
Deutsche Forschungsgemeinschaft is gratefully acknow-
ledged.

E. Jarkova, H. Pleiner, H.-W. Miiller, A. Fink, H.R. Brand: Hydrodynamics of nematic ferrofluids

References

1. F. Brochard and P.G. de Gennes, J. Phys. (France) 31,
691 (1970).

2. J. Rault, P.E. Cladis, J.P. Burger, Phys. Lett. A 32,199
(1970).

3. C.F. Hayes, Mol. Cryst. Lig. Cryst. 36, 245 (1976).

4. L. Liébert and A. Martinet, J. Phys. (France) Lett. 40,
363 (1979).

5. S.-H. Chen and S.H. Chiang, Mol. Cryst. Lig. Cryst. 144,
359 (1987).

6. S. H. Chen and N. M. Amer, Phys. Rev. Lett. 51, 2298
(1983).

7. J.C. Bacri and A.M. Figueiredo-Neto, Phys. Rev. E 50,
3860 (1994).

8. S.I. Burylov and Y.L. Raikher, Mol. Cryst. Lig. Cryst.
258, 123 (1995).

9. M. Koneracka, V. Zavisovd, P. Kopcansky, J. Jadzyn,
G. Czechowski, B. Zywucki, J. Magn. Magn. Mater.
157/158, 589 (1996).

10. S. Fontanini, A.L. Alexe-Ionescu, G. Barbero, A.M.
Figueiredo Neto, J. Chem. Phys. 106, 6187 (1997).

11. V. Berejnov, J.-C. Bacri, V. Cabuil, R. Perzynski and Y.L.
Raikher, Furophys. Lett. 41, 507 (1998).

12. A.Yu. Zubarev and L.Yu. Iskakova, J. Magn. Magn. Mater.
183, 201 (1998).

13. Y.L. Raikher and V.I. Stepanov, J. Magn. Magn. Mater.
201, 182 (1999).

14. 1. Potocova, M. Koneracka, P. Kop¢ansky, M. Timko, L.
Tomco, J. Jadzyn, G.Czechowski, J. Magn. Magn. Mater.
196, 578 (1999).

15. C.Y. Matuo and A.M. Figueiredo Neto, Phys. Rev. E 60,
1815 (1999).

16. S. V. Burylov and Y. L. Raikher. Mol. Cryst. Liq. Cryst.
258, 107 (1995).

17. H. Pleiner, E. Jarkova, H.-W. Miiller, and H.R. Brand,
Landau description of ferrofluid to ferronematic phase
transitions, Magnetohydrodynamics, in print (2001).

18. T.C. Lubensky, Mol. Cryst. Liq. Cryst. 23, 99 (1973).

19. P. C. Martin, O. Parodi and P.S. Pershan, Phys. Rev. A6,
2401 (1972).

20. P.G. de Gennes and J. Prost, The Physics of Liquid Crys-
tals (Clarendon Press, Oxford, 1993).

21. H. Pleiner and H.R. Brand, Hydrodynamics and Elec-
trohydrodynamics of Nematic Liquid Crystals, in Pattern
Formation in Liquid Crystals, eds. A. Buka and L. Kramer
(Springer, New York, 1996) p. 15ff.

22. D. Forster, Hydrodynamic Fluctuations, Broken Symme-
try and Correlation Functions, Benjamin, Reading Mass.
(1975)

23. R.E. Rosensweig, Ferrohydrodynamics (Cambridge Univer-
sity Press, New York, 1985).

24. L.D. Landau and E.M. Lifshitz, Electrodynamics of Con-

tinuous Media, (Pergamon, Oxford, 1984).



