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ABSTRACT

We present the macroscopic dynamic description of a ferromagnetic nematic, where the nematic part and the magnetic part can move
relative to each other. The relative velocity that describes such movements can be a slowly relaxing variable. Its couplings to the nematic
and the magnetic degrees of freedom are particularly interesting since the symmetry properties (behavior under spatial inversion and
time reversal) of the three vectorial quantities involved are all different. As a consequence, a number of new crosscouplings involving the
relative velocity exist. Some of them are discussed in more detail. First, we demonstrate that transverse temperature gradients generate
transverse relative velocities and, vice versa, that transverse relative velocities give rise to temperature gradients. Second, we show that a
simple shear flow in the relative velocity with the preferred direction in the shear plane can lead in a stationary situation to a tilt of the
magnetization.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0080118

I. INTRODUCTION

Hydrodynamics is the prototype for a macroscopic description
of the dynamics of condensed systems, e.g., fluids. The variables used
are long-lived conserved variables (such as mass, momentum, and
energy) and symmetry variables connected to spontaneously broken
(continuous) symmetries (such as director rotations in a nematic lig-
uid crystal, magnetization rotations in a ferromagnetic liquid, and
displacements in a crystal)."” For more complex systems or more
complicated situations, variables come into play that do not belong
to the strictly hydrodynamic case but live long enough to take part in
the dynamics of a macroscopic system. The concept of slowly relax-
ing variables has been pioneered by Pitaevskii’ for the relaxation
of the order parameter modulus near the A-transition in superfluid
*He. These slowly relaxing variables are well-known from, e.g., order
parameter relaxation near second order phase transitions, strain
relaxation in polymers,”’ rotations of a nematic orientation relative
to the elastomeric matrix,”’ chemical reactions in binary mixtures
(compare, for example, Ref. 10), and many other systems.

A rather special type of relaxational variable can occur in a two-
phase system when the constituents are able to move relative to each
other. The relative velocity (the difference of the individual veloc-
ities of the two phases) generally is a relaxing quantity since it is
neither related to a conservation law nor to a broken symmetry."’
Exceptions are superfluids, where the second (superfluid) velocity
is due to the broken gauge symmetry.”'>"” In the non-superfluid
case, which will be dealt with here, there is always friction during
relative motion and the momenta of the two constituents are not
conserved. If the relative velocity is slowly relaxing, it constitutes a
rather specific additional variable, odd under spatial inversion and
odd under time reversal, that considerably influences the structure of
the appropriate hydrodynamics. For a broader discussion of the rela-
tion between the symmetry of phases (variables) with the structure
of the hydrodynamics, cf. Refs. 14 and 15.

The advantages of a two-fluid model when compared to a
one fluid approach are clear: One allows for a relative motion of
the constituents relative to each other, thus resulting in a more
mesoscopic description, which is also applicable to shorter length
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scales and/or higher frequencies. The price to be paid is also appar-
ent: One has additional relaxing variables and, as a result, more
phenomenological parameters entering the description.

Macroscopic two-fluid descriptions have already been given
for nematic liquid crystals in an isotropic solvent,'! for isotropic
elastic media in an isotropic solvent'"'® with application to the
cluster dynamics above the glass transition,'” for nematic liquid
crystals in the presence of smectic order to describe the breakdown
of flow alignment,'® for a magnetic fluid in an isotropic solvent
to describe magnetorheological fluids,"” for fluids with tetrahedral
order in an isotropic solvent,”’ and for a mixture of two isotropic
elastic media.”! In this paper, we give a two-fluid description of fer-
romagnetic nematics, where the nematic part and the magnetic part
can move relative to each other.

Ferromagnetic nematics have been suggested very early by
Brochard and de Gennes,”” and the single-fluid Landau and hydro-
dynamic descriptions were given in Refs. 23-25. Experimentally,
stable ferromagnetic nematics were obtained in the form of a sus-
pension of ferromagnetic platelets in a nematic liquid crystal’®*’
recently. In addition to a number of static properties,” ** vari-
ous optical and flow properties were discussed theoretically and
successfully compared with experiments.”” !

For the two-fluid description of ferromagnetic nematics, we
restrict ourselves to the case that in equilibrium the nematic director
and the magnetization (and an external magnetic field) are collinear.
The material tensors involved will be given in uniaxial approxima-
tion. We first characterize the nematic and magnetic subsystems and
introduce the framework to describe relative motion (Sec. II). The
macroscopic dynamics includes the static part (Sec. I1I), the dynamic
equations (Sec. 1V), and the dissipative and reversible currents
(Secs. IV B and IV C). A discussion of some physical implications
of the two-fluid aspects is given in Sec. V, which is followed by
conclusions and perspective (Sec. VI).

Il. SETTING UP THE SYSTEM

We consider a mixture of a nematic liquid and a ferromagnetic
one. The nematic liquid shows a preferred direction n; according to
the order parameter Q; = (S/2) (nin; — [1/3]8;) with S being a mea-
sure of the strength of the orientational order.” It is assumed to be a
fast relaxing variable that is on the hydrodynamic time scale always
in equilibrium. The director #; can be used like an axial unit vector
if the invariance n; — —n; of the appropriate equations is ensured.
In the ground state (in the absence of any boundaries or external
fields), the orientation of # is arbitrary and constitutes therefore a
spontaneously breaking of rotational symmetry. An external mag-
netic field H; can orient the director, either parallel or perpendicular
to the field, depending on the sign of the diamagnetic anisotropy,*>
e = —(1/2)x, (n-H)"

The ferromagnetic liquid is characterized by a finite magneti-
zation, M; = Mm;, with M being its magnitude and the axial unit
vector m; denoting its orientation. It changes sign under time rever-
sal and also breaks rotational symmetry. In the ground state, m! is
arbitrary. In the presence of a (homogeneous) magnetic field, H;,
the magnetization orients along the field, m? |H;, due to ferromag-
netic coupling & = —Mm - H. With the field, My increases to Mo (H).
We will take this material function from experiment. Similar to the
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nematic case, we will assume that M is fast relaxing and is always
given by its (field-dependent) equilibrium value.

We will concentrate on the case, where in the ground state,
the director, the magnetization, and, if present, the field are
collinear. This is achieved by choosing x, >0 a coupling energy
e = —(1/2)A;(n-m)* with A; > 0. The latter term describes the
coupling between the nematic director and the magnetic particles.
This strong interaction was observed in a series of experiments’ >
studying the Fredericks transition in ferronematics. For the experi-
mentally accessible systems existing so far, the magnetization direc-
tion of the ferromagnetic platelets, m, and the nematic director, n,
are parallel in the ground state without external fields. In case a
ground state is observed experimentally for which the director and
the magnetization direction are not parallel in equilibrium, one has
to deal with a biaxial system. In this case, all property tensors will be
biaxial in nature.

We assume the two subsystems to be able to move relative to
each other. Thus, we need for a macroscopic dynamic description
two mass densities, p, and p, , and two momenta, g;' and g;". Since
the nematogens and the magnetic particles are distinct entities, both
densities are conserved individually. In order to simplify the anal-
ysis, we will later assume the total mass density, p = P+ P, to be
constant. As the remaining variable, we take the concentration of
the magnetic part, ¢ = p, /p.

The partial momenta are not conserved since by moving
around the two subsystems can exchange momentum. Only the total
momentum density, g = g’ + g/", is conserved. Therefore, it makes
sense to use it as a variable. As the second variable, one takes, instead
of the momenta difference, the velocity difference, w; = v;' — v}",
with v} = gf'/p, and v;" = g" [pm, which is easier to account for in
experiments. The mean velocity, v; = g,/p, is a weighted sum of the
two velocities, v; = (1 = §)v] + ¢v;".

We assume that the thermal degree of freedom, the entropy
density o, is common to both subsystems, meaning that there is only
one temperature.

lll. STATICS

The first law of thermodynamics, a generalized energy conser-
vation law, governs the static aspects of macroscopic dynamics. With
the relevant variables discussed in Sec. I1, and all others in thermody-
namic equilibrium, the differential form of the first law reads (Gibbs
relation)"”*°

de = Tdo + pdp + Td¢ + vidg; + hi* dw; + hi" dm;
+ (D,?d(ij,-) + h?ldl’li + CD?jd(an,-), (1)

with & being the density of the total energy. The appropri-
ate conjugate quantities are temperature (T), chemical potential
(u), relative chemical potential (IT), and mean velocity (v;). The
“molecular fields” k’, b, and k!, and CD,*}' and CD{} are conjugate
to wi, m;, and n; and to V;m; and V;n;, respectively. Throughout this
paper, we focus on bulk phenomena. Surface and interface effects
can be rather specific and are to be considered on a case to case basis
separately.

In the absence of orienting external fields or boundaries, h}"
and h!” have to be zero since n; and m; are symmetry variables and
homogeneous rotations do not cost energy. Often, the “molecular”
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fields can be combined,
W =h-v;®; and  H'=hH"- V0. ®)

In case the deviations of the amount of magnetization are taken into
account, an extra term " dM is added to Eq. (1).

The static behavior of our macroscopic system is conveniently
described by the energy functional [ e dV that describes the ener-
gies related to deviations from the equilibrium values. It contains
thermal and concentration deviations from their equilibrium values
0o and ¢, (with density variations already suppressed), Frank-type
contributions due to orientational deformations of the director and
the magnetization, the kinetic energies of the subsystems, and the
field-orienting contributions,

= 30y 000 5 00+ - (89)(80) + 3 K(Tm) (V)

1 ) 1 1
+ EKijkl(iji)(vlmk) + Ky (Vin) (Vimy ) + 582 + anz

+ %MoHégémiémj + %Hzéééniénj
+ %Alag(ani — 8m;)(8nj — Smy) 3)

with the transverse Kronecker symbol 8; = 8;j — ninj. We note that
the positivity of ¢ in Eq. (3) guarantees linear stability around the
ground state assumed here. However, Eq. (3) is not suitable to
describe the transition to another ground state. In this case, another
method such as, for example, a Ginzburg-Landau approach is called
for.”*

The rotational elastic material tensors read in uniaxial approx-
imation (* € {n.m}),

* * ol Ql * * L
K =K 0 611 + Kz mpngeipery + Kz njm 6y, (4)

Kijkl = f((?,-lk(njml + n;mj). (5)

Generally, all material coefficients are functions of the state
variables, such as temperature, pressure, and concentration, but also
of My (or the external field strength). Only for a linearized descrip-
tion, valid for small deviations from equilibrium, are the coefficients
constant.

For the kinetic energies, one finds (1/2p4)(g")?
+(1/2pm)(g™)* = (1/2p) g + (a/2) w?, revealing the stiffness
coefficient for relative velocities to be

a=§(1-9)p. (©)

Since 0 < ¢ < 1, thereis 0 < a < p/2.
From Eq. (3), the conjugate fields follow by taking variational
derivatives according to the Gibbs relation, Eq. (1),

T 1
0T = — 080+ —0¢, 7
Y 0+%¢ 7)

H:i6¢+ i60+w-g+pwz(1—2(/)), (8)
K¢ 42
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@jj = Kijg Vi + Kija Vimy, )
@ = Kijy Vimy + Ky Vg, (10)
h' = xaH*8;0m; + A185 (8n; — Omy), (11)
h" = MoHS;6m;j + A183; (8mj — Onj), (12)
B = aw, (13)

where the w;-dependence of the osmotic pressure is due to the ¢-
dependence of &, Eq. (6).

IV. DYNAMICS
A. The dynamic balance equations

The dynamical equations for the relevant variables have the
form

e+ Vi(e+p)oi+ vi(i* +5°) =0, (14)
+ Vi(ovi + 7% + ) = 2R/T, (15)
p+V,-(pv,') =0, (16)

$+uVig+ Vi(p(1 - p)wi) + Vi + ) = 0, (17)

g,‘ + Vj(gi'Uj) + V]<(T,3h + D’iJR + CTUD) =0, (18)
. -1 R D
wi+vjvjw,'+vi(p H)+Z,- +Z,' :0, (19)
m; + Ujiji + (m X w)i +X,R +X,D =0, (20)
. R D
i+ vVini+ (nxw), +Y; +Y; =0, (21)

with the vorticity 2w; = €% Vv and R being the energy dissipation
function.

The set of dynamic equations contains two distinct parts. First,
there are the phenomenological currents with superscripts R and D
denoting reversible and dissipative contributions, respectively. They
will be given in Secs. IV B and IV C using general symmetry argu-
ments. The second part consists of the transport and convective

derivatives including the isotropic pressure, p, as well as ag’.

Zero entropy production requires a,-tj" in Eq. (18) to take the
form

1
ai’].” = p&j— BjH; + @f}vim + CDZ‘mez - E(“jh?, - "fh}”)

_ %(mjh;”’ — k™), (22)
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which can be rewritten as™”’

20} = 2p&; — (BiH; + BiH;) + O Vjny, + O Viny, + OFi Vjmy

+ (D;:;V,-mk + Vk(nJ-(le - i’l,'q);?k + m]'(Dg - m,-(l);Z), (23)
having used the requirement of rotational invariance of the Gibbs
relation,' Eq. (1),

0= e,-jk(h;"'dmk + q);lnvlmk + q)lrkaml + h}”dﬂk

+ q)jr;vli’lk + d)g-vknl). (24)

In Eq. (23), ,}h is either symmetric or a divergence of an antisym-
metric part. The latter can be brought into a manifestly symmet-
ric form by some redefinitions,' thus demonstrating local angular
momentum conservation.

We note that the reversible and irreversible phenomenologi-
cal parts of the stress tensor, a,-I; and of]) , turn out to be manifestly
symmetric [see Eqs. (42) and (35)].

In the Maxwell stress, the field B; = H; + M; by definition.

Putting all dynamic equations into the Gibbs relation, one
finds that the non-phenomenological contributions add up to zero
entropy production, as is required for reversible contributions. For
the phenomenological parts of the currents, one gets (neglecting
surface effects)

R=—j""wiT - ]1 Vil - 0 Vjvi + bi’ ZF + b SRX) + B8y YT,
(25)
and the second law of thermodynamics requires R > 0 with the equal
sign (> sign) for * = R (+ = D).

The energy conservation law Eq. (14) is redundant due to the
Gibbs relation, and the continuity equation, Eq. (16), reduces to V,v;
in the constant density approximation. The incompressibility condi-
tion (constant density approximation) implies that we are restricting
ourselves throughout the rest of the paper to velocities that are small
compared to the velocity of sound. In addition,'" it also means, in the
two-fluid context, that the concentration ¢ is a conserved variable,
while this is, in general, no longer the case if the incompressibility
condition is not implemented.

In the whole set of dynamic equations, the mean velocity v;
has been chosen as the transport/convective velocity for all vari-
ables. This ensures zero entropy production of those contributions.
However, in a simplified model, one would expect that variables con-
nected with the magnetization (with the nematic degree of freedom)
are convected with the velocity v;” (v}'). This can be achieved by a
special choice for the values of some reversible transport parame-
ters, thereby preserving zero entropy production. This will be done
in Sec. IV C.

B. Dissipative dynamics

The dissipative parts of the currents introduced in
Egs. (15)-(21) can be deduced from a potential, the dissipa-
tion function R. Within linear irreversible thermodynamics, R is a
bilinear form of the generalized forces, which are either gradients
of those conjugate quantities that are constant in equilibrium, or
otherwise the conjugate quantities themselves,

ARTICLE scitation.org/journalljcp

2R = 15(ViT)(V;T) + Dy(Vill) (V1) +2D; (Vi) (V,11)
+ Vi AiA + 2 A Vil + v (Vi) (Viky)

+gijh;“h;ﬂ+y WK S5 + BP R85 + Akl Ay

+ c,]kh”’ L Dpmpt + fij hi'v;T + E,j b’ vl
e (Viehi" )"+ &3 (Vichi” hi (26)
with 2Aij = Vj’l),‘ + V,"Uj.
In uniaxial approximation, the symmetric second rank tensors
&ij> Dij, Dg, &jj are of the standard form

Kij = K nin; + %, 0% (27)

i
with two coefficients each. The rank-4 tensors, viscosity vjj; and
relative velocity diffusion vy, contain five parameters,””” while
the mixed one vjy contams six parameter due to the lack of the
1,39
zjkl - Vklzj Symmetry
The couplings described by Xf]) » Cijr> and )Lgk have already been
given before for ferronematics.”* In the present case for which we
use m; instead of M; with constant magnitude Mo, the number of
independent coefficients in the property tensors is overall greatly
reduced, and we obtain

Xi = X" (npmyds = nim;), (28)
c,?k = cD(eiPknj + €ipj1y ) My, (29)
D D
Aijke = A~ (€iprtj + €ipjti ) mp. (30)

The novel tensors associated with crosscouplings of the velocity

difference with temperature and concentration gradients, f; and E,U,
both take the form (x € {T, IT})

& = & ey (31)

The rank-3 tensors &3 and £3" describe couplings of gradients

ik
of the relative velocity with ;" and h} and read
fuk = (& eprnj + & " ey ) np, (32)

z]k —(El etpkn]+£2 ezp]”k)mp (33)

We note that ;" and A?k are structurally quite similar, as are
& and cl]k However, in contrast to )Ll]k and c,}k, & and &5 are
not symmetric in j and k.

The positivity of R requires appropriate positivity conditions
on the dissipative transport parameters, e.g., k; > 0,&, > 0,and x, &,
- (&)’ >o.

From Eq. (26), the following dissipative currents are obtained:

P~ _(aR)/(9V.T)

= .y V;T — ¢(1 - ¢) dj VIl - & 1), (34)
o = —(OR)/(0Ay)
= —viit A — coihi = Mgy — v Vihi’s (35)
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z;’ = (9R)/(0hi")
= & b+ E VT + & VI - V(v Vi + v Ai)
- Vil&Gi ") = V(& B ) (36)

Y;” = (OR)/(0h})

1
- ;5;;1;“ + M + xi b+ 63 (Vi) (37)

jP = -(0R)/ (Vi)
= Dy ViI1 - ¢(1 - ¢) dj VT - §ih}”, (38)

X7 = (9R)/(OH")
= bS5 + x ) + ch A+ ERT (Vi) (39)

where thermodiffusion is written in the usual way with Di? = ¢(1

- (/))d,-? . Since the relative velocity is not related to any broken
symmetry nor to a conservation law, it always relaxes with a&;
and af I the inverse transverse and longitudinal relaxation times,
respectively.

C. Reversible dynamics

For the reversible dynamics, there is no potential to derive
the reversible currents. Instead, one expands the currents into the
forces taking into account time reversal symmetry, spatial inversion
symmetry, and the n; — —n; invariance. We get

=Bk’ - kv, T - DA VI, (40)
J* = yihi" = DfViIL- D9, (41)
o = 2Bz hi" wj = ViAu — cighil = il (42)

Zi' = —PuhVim; + B2 wi(Vivy + Vjvi) + Bshi” (Vjwi - Viwy)
+ Bawy(Vjvi = Vivy) = Bshj" Vim; — V;(Aighi) = Vj(tiihi)
+ K;URh]w + ﬂijVjT + yijVjH, (43)

Y = Bk mi = NpeAi — Mg Vi + b b+ R (nx B, (44)

X} = Bshi’ Vim; - cipAp - Ty Vb + by R+ x"(n x "), (45)
containing all possible contributions linear in the forces but also
some nonlinear ones (~f1234,;5) as well as two couplings involving
gradients of h;”. Such terms are used below to tackle the question of
transport and convection velocities.

The second rank tensors f3;,y; are of the standard uniaxial
form, Eq. (27), while the reversible analogs of (the dissipative) heat

conduction xf-}-, diffusion Dﬁ, thermodiffusion DgR, relative velocity
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relaxation K}j’R, director b;’jR,

all of the form™

and magnetization relaxation bZ-’R are
R_ R
Kij = K €My (46)
In contrast to the analogous dissipative tensors, they are antisym-
metric, e.g., Kf} = —Kﬁ, leading to R = 0, and they contain a factor ~m;
to account for the correct time reversal behavior.”

The third rank tensors A;; and ¢k, describe the rotation of n;
and my;, respectively, due to the flow of the mean velocity,

2/1,]‘)( =1 (aénk + (Silkl’lj), (47)

chk = cR((Si?mk + kamj), (48)

with A being the well-known flow alignment parameter of nemat-
ics. Analogous effects due to the flow of the relative velocity are

described by the material tensors ,\;ﬁ( and Tf-;k,
/\Zﬁ( = A;ﬂé\;}’lk + /\;)6;};1’[]', (49)
R R R
Tijk = 71 (ﬁmk + 15 8, (50)

which are not necessarily symmetric in the last two indices. We note
that the sign of the coefficients in Eqgs. (49) and (50) can change
depending on the shape of the molecules. This is already known to
be possible*" for rod-like vs disk-like molecules for the flow align-
ment parameter A in usual low-molecular weight nematics. When
applying Eqs. (49) and (50), a more complex behavior for flow
alignment will result, in general.

The reversible analog of the (dissipative) viscosity tensor, vf}-k,,
has eight components and is given in Ref. 23. It is antisymmetric
in the exchange of the first pair of indices with the second one,
thus guaranteeing zero entropy production, and every component
of it contains a factor ~m; to account for the correct time reversal
behavior.

Finally, we discuss how we get the model, where all mag-
netic (nematic) degrees of freedom are transported/convected with
the appropriate velocities v;" (v}). For the conserved densities, we
already have taken the individual mass currents as p,v;" and p,vy,
leading to Egs. (16) and (17). Therefore,j:.‘sR, Eq. (41), must not con-
tain any term that would change this, and we have toputy, =0 =y,.
Similarly, we assume the entropy to be transported by the mean
velocity, and therefore, we put 8 = 0.

In order to get n; transported by v} and m; by v{", we have to
choose B, = 1/p, and B = —1/p,.. In Egs. (21) and (20), the convec-
tion terms for n; and m; involve the vorticity of the mean velocity.
In order to use the appropriate velocities instead, one has to choose
A =1/ppand 18 = =1/pm. For the partial momenta, the appropriate
transport velocities require 8, = 1/2 =, and B, = 1/p, —1/p,.""""

V. SELECTED EFFECTS OF THE RELATIVE VELOCITY
A. Heat and concentration currents

Here, we discuss the implication of the dissipative coupling
between the relative velocity and the thermal degree of freedom
described by the material tensor E,JT , Eq. (31). It should be noted
that this type of crosscoupling is possible only if at least one of the
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subsystems is the magnetization or any other system described by a
vorticity-like quantity. A similar analysis applies to the solutal degree
of freedom involving E,EI

Taking the preferred direction to be the z-axis and neglect-
ing other crosscouplings, a transverse temperature gradient triggers
a dynamical change of the transverse relative velocity, Eq. (19),
given by

Wy = —fTVyT — & awy + KwRocwy, (51)
Wy = &y, T - &Law, — xRy, (52)

where we have also taken into account the transverse relaxation &,
Eq. (36), and its reversible counterpart KR, Eqgs. (43) and (46). In
the stationary limit, a finite relative velocity is generated,

T -1
o w.
wy = WF&WH VLT, (53)
1
T -1
W= S (6,9, kR, T), (54)

which is perpendicular to the preferred direction and, in the limit £,
> |k“%|, also to the temperature gradient, while the reversible %
adds a component along the temperature gradient.

The inverse effect of the crosscoupling E,JT , the generation of
a temperature gradient in the presence of a relative velocity (all in
the plane perpendicular to the preferred direction), is found along
the same lines as above. Using the entropy currents, Eqgs. (34) and
(40), and assuming that vertical boundaries block a constant entropy
current, the temperature gradients read

&a

R
VT = W (kLwy + & wx), (55)
fToc R
v, T = m (—xiwy + K" wy), (56)

with x, being the transverse heat diffusion and x® being its reversible
counterpart. Thus, in the limit x, > |KR|, the temperature gradient is
perpendicular to the relative velocity, with the reversible R adding
a component along the relative velocity.

B. Director and magnetization rotations

We discuss the implication of the coupling between the rel-
ative velocity and rotations of the magnetization described by the
dissipative material tensor ffj” ™, Eq. (39), and the reversible one
Tf;k, Eq. (45). In contrast to Sec. V A, here gradients of the relative
velocity are involved. A similar analysis applies to director rotations
involving & and Aj;.

Assuming a simple shear flow in the relative velocity with the
preferred direction in the shear plane,

Vyw; = K, (57)

the force Vyh;’ enters the (dissipative and reversible) dynamics
of the magnetization. Neglecting couplings to other variables, the
magnetization currents are given by

XY= 6 h) + 0" ) - £ K, (58)
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Xy = 6] - " Y - 7K, (59)

where b® is the magnetization relaxation, bR is its reversible ana-
log, and &*™ and 1% are the dissipative and reversible coefficients
appropriate to the external force.

In the stationary limit, X} = 0 leads to the constant magnetic
forces,

m (XK wm m.
e = ﬁ(b% - b, (60)
R R A (61)

with N = (b”)* + (b™®)?. These forces have to be compensated by
the external magnetic field, Eq. (12), leading to a finite tilt of the
magnetization,

m0
0 hx

0
my = 9 h;“
Y MyH

and m, = .
MyH

(62)

There is a similar tilt effect on the nematic director due to K,
which can be obtained from Egs. (60)-(62) by the replacements
om0 P - 1/y, pR s R Tf - A", and MoH »XaHz.
However, the director and magnetization tilt are coupled statically
[via A; in Egs. (11) and (12)] and dynamically [via Xf]) in Egs. (37)
and (39)], rendering the final expressions to be rather complicated.

VI. CONCLUSIONS AND PERSPECTIVE

In this paper, we have studied two-fluid effects on the macro-
scopic dynamic behavior of a rather recent soft matter system, fer-
romagnetic nematics. It turns out that the relative velocity between
the two subsystems, namely, the nematic solvent and the magnetic
platelets, gives rise to a number of reversible and dissipative dynamic
crosscoupling terms. Several of these should be detectable experi-
mentally. Among these effects, we have studied in some detail two
groups of effects. One is the reversible and dissipative coupling
between temperature and concentration gradients to the relative
velocity. The other type of effect is related to the vorticity in the
magnetization and its coupling to gradients in the relative velocity.

Throughout this paper, we have assumed that the nematic
director, f, and the direction of the ferromagnetic magnetizations,
m, are parallel in the ground state. We note, however, that this
degeneracy can be lifted by applying electric and magnetic fields.
We mention as an example the case of an electric field, which has
already been studied experimentally in the static limit.”® For exter-
nally applied electric or magnetic fields, the ferromagnetic nematic
will become biaxial. As a consequence, all property tensors presented
in the present paper will also assume a biaxial form. This can be
implemented practically very easily by drawing on the experience
with the macroscopic behavior of other biaxial fluid systems such as
for biaxial nematics'”*’ and biaxial ferronematics.**

As a perspective, we would like to mention briefly that the
two-fluid approach presented here can be generalized in several
directions. One is ferromagnetic liquid crystalline gels and elas-
tomers. While uniaxial ferromagnetic gels and elastomers have been
reported a number of years ago already,”"® ferromagnetic liquid
crystalline elastomers have been synthesized only quite recently for
a mainchain polymer system.*’
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Another one is the incorporation of chirality concerning two-
fluid aspects. Ferromagnetic cholesterics have been synthesized and
characterized quite recently,*® and the macroscopic dynamics of fer-
rocholesterics has been given.”” For the approach of macroscopic
dynamics, macroscopic chirality leads to the existence of a pseu-
doscalar quantity, the pitch gq,, which changes sign under spatial
inversion and thus makes possible in many instances a lower order
in spatial gradients for crosscoupling terms.

We close by pointing out that another direction to go into for
the macroscopic consequences of two-fluid effects in the domain of
liquid crystals will be ferroelectric nematics, which are the analog of
ferromagnetism in the electric domain.

AUTHOR DECLARATIONS
Conflict of Interest

There are no conflicts of interest to declare.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES

P. C. Martin, O. Parodi, and P. S. Pershan, Phys. Rev. A 6, 2401 (1972).

2D. Forster, Hydrodynamic Fluctuations, Broken Symmetry, and Correlation
Functions (Benjamin, Reading, MA, 1975).

3L. P. Pitaevskii, Sov. Phys. JETP 35, 282 (1959).

“I. M. Khalatnikov, Introduction to the Theory of Superfluidity (W. A. Benjamin,
Reading, MA, 1965).

SH. Pleiner and H. R. Brand, in Pattern Formation in Liquid Crystals, edited by
A. Buka and L. Kramer (Springer, New York, 1996).

0. Miiller, M. Liu, H. Pleiner, and H. R. Brand, Phys. Rev. E 93, 023113 (2016).
70. Miiller, M. Liu, H. Pleiner, and H. R. Brand, Phys. Rev. E 93, 023114 (2016).
8p. G. de Gennes, in Liquid Crystals of One- and Two-Dimensional Order, edited
by W. Helfrich and G. Heppke (Springer, New York, 1980), p. 231.

°A. M. Menzel, H. Pleiner, and H. R. Brand, J. Chem. Phys. 126, 234901 (2007).
10y, Steinberg and H. Brand, ]. Chem. Phys. 78, 2655 (1983).

"H. Pleiner and J. L. Harden, Notices of Universities, South of Russia, Natural
Sciences, special issue: Nonlinear Problems of Continuum Mechanics, pp. 46-61
(2003); retrieved from arXiv:cond-mat/0404134,

2p c. Hohenberg and P. C. Martin, Ann. Phys. 34, 291 (1965).

3R, Graham, Phys. Rev. Lett. 33, 1431 (1974).

"“H. R. Brand, H. Pleiner, and D. Svensek, Rheol. Acta 57, 773 (2018).

'SH. Pleiner and H. R. Brand, in Magnetic Hybrid-Materials, edited by
S. Odenbach (DeGruyter, Berlin, 2020), Chap. 21, pp. 497-519.

ARTICLE scitation.org/journalljcp

T8H. Pleiner and J. L. Harden, AIP Conf. Proc. 708, 46 (2004).

17H. Pleiner and H. R. Brand, Rheol. Acta 60, 675 (2021).

"8H. R. Brand and H. Pleiner, Phys. Rev. E 103, 012705 (2021).

9H. Pleiner, D. Sveniek, T. Potisk, and H. R. Brand, Phys. Rev. E 101, 032601
(2020).

20H. R. Brand and H. Pleiner, Phys. Rev. E 104, 044705 (2021).

21h. Pleiner, A. M. Menzel, and H. R. Brand, Phys. Rev. B 103, 174304 (2021).
22F. Brochard and P. G. de Gennes, ]. Phys. (France) 31, 691 (1970).

23, Jarkova, H. Pleiner, H.-W. Miiller, A. Fink, and H. R. Brand, Eur. Phys. J. E
5, 583 (2001).

24E, Jarkova, H. Pleiner, H.-W. Miiller, and H. R. Brand, J. Chem. Phys. 118, 2422
(2003).

25H. Pleiner, E. Jarkova, H.-W. Miiller, and H. R. Brand, Magnetohydrodynamics
37,254 (2001).

26 A. Mertelj, D. Lisjak, M. Drofenik, and M. Copi&, Nature 504, 237 (2013).

27 A. Mertelj and D. Lisjak, Lig. Cryst. Rev. 5, 1 (2017).

28 A. Mertelj, N. Osterman, D. Lisjak, and M. Copi¢, Soft Matter 10, 9065 (2014).
29T, Potisk, D. Svensek, H. R. Brand, H. Pleiner, D. Lisjak, N. Osterman, and A.
Mertelj, Phys. Rev. Lett. 119, 097802 (2017).

30T, Potisk, A. Mertelj, N. Sebastian, N. Osterman, D. Lisjak, H. R. Brand, H.
Pleiner, and D. Svensek, Phys. Rev. E 97, 012701 (2018).

31T. Potisk, H. Pleiner, D. Svensek, and H. R. Brand, Phys. Rev. E 97, 042705
(2018).

32p, G. De Gennes, The Physics of Liquid Crystals (Clarendon Press, Oxford, 1975).
33V. Berejnov, J.-C. Bacri, V. Cabuil, R. Perzynski, and Y. Raikher, Europhys. Lett.
41, 507 (1998).

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

%SM. Konerackd, V. Zavisova, P. Kopcansky, J. Jadzyn, G. Czechowski, and B.
Zywuski, |. Magn. Magn. Mater. 157-158, 589 (1996).

36H. B. Callen, Thermodynamics and an Introduction to Thermostatics (John
Wiley & Sons, New York, 1985).

37H. R. Brand and H. Pleiner, Physica A 208, 359 (1994).

38D, Forster, T. C. Lubensky, P. C. Martin, J. Swift, and P. S. Pershan, Phys. Rev.
Lett. 26, 1016 (1971).

39W. P. Mason, Physical Acoustics and the Properties of Solids (D. Van Nostrand,
New York, 1958).

“0G. E. Volovik, JETP Lett. 31, 273 (1980).

“TH. Brand and H. Pleiner, J. Phys. (France) 43, 853 (1982).

“2H. Brand and H. Pleiner, Phys. Rev. A 24, 2777 (1981), Sec. IIL

“3M. Liu, Phys. Rev. A 24, 2720 (1981).

“4Q. Liu, P. J. Ackerman, T. C. Lubensky, and I. I. Smalyukh, Proc. Natl. Acad.
Sci. U.S. A. 113, 10479 (2016).

“*D. Collin, G. K. Auernhammer, O. Gavat, P. Martinoty, and H. R. Brand,
Macromol. Rapid Commun. 24, 737 (2003).

467, Varga, J. Fehér, G. Filipcsei, and M. Zrinyi, Macromol. Symp. 200, 93 (2003).
“7L. Cmok, M. Vilfan, S. Gyergyek, and M. Copi, Liq. Cryst. 48, 1815 (2021).
“8p. Medle Rupnik, D. Lisjak, M. Copi¢, S. Copar, and A. Mertelj, Sci. Adv. 3,
€1701336 (2017).

“°H. R. Brand, A. Fink, and H. Pleiner, Eur. Phys. J. E 38, 65 (2015).

J. Chem. Phys. 156, 044504 (2022); doi: 10.1063/5.0080118
© Author(s) 2022

156, 044504-7


https://scitation.org/journal/jcp
https://doi.org/10.1103/physreva.6.2401
https://doi.org/10.1103/physreve.93.023113
https://doi.org/10.1103/physreve.93.023114
https://doi.org/10.1063/1.2742383
https://doi.org/10.1063/1.445024
http://arxiv.org/abs/cond-mat/0404134
https://doi.org/10.1016/0003-4916(65)90280-0
https://doi.org/10.1103/physrevlett.33.1431
https://doi.org/10.1007/s00397-018-1112-x
https://doi.org/10.1063/1.1764058
https://doi.org/10.1007/s00397-021-01296-y
https://doi.org/10.1103/physreve.103.012705
https://doi.org/10.1103/physreve.101.032601
https://doi.org/10.1103/physreve.104.044705
https://doi.org/10.1103/physrevb.103.174304
https://doi.org/10.1051/jphys:01970003107069100
https://doi.org/10.1007/s101890170041
https://doi.org/10.1063/1.1533788
https://doi.org/10.1038/nature12863
https://doi.org/10.1080/21680396.2017.1304835
https://doi.org/10.1039/c4sm01625d
https://doi.org/10.1103/physrevlett.119.097802
https://doi.org/10.1103/physreve.97.012701
https://doi.org/10.1103/physreve.97.042705
https://doi.org/10.1209/epl/i1998-00182-9
https://doi.org/10.1103/physrevlett.51.2298
https://doi.org/10.1016/0304-8853(95)01196-X
https://doi.org/10.1016/0378-4371(94)00060-3
https://doi.org/10.1103/physrevlett.26.1016
https://doi.org/10.1103/physrevlett.26.1016
https://doi.org/10.1051/jphys:01982004306085300
https://doi.org/10.1103/physreva.24.2777
https://doi.org/10.1103/physreva.24.2720
https://doi.org/10.1073/pnas.1601235113
https://doi.org/10.1073/pnas.1601235113
https://doi.org/10.1002/marc.200350016
https://doi.org/10.1002/masy.200351009
https://doi.org/10.1080/02678292.2021.1901149
https://doi.org/10.1126/sciadv.1701336
https://doi.org/10.1140/epje/i2015-15065-8

