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Abstract
We study the unwinding of the ferrocholesteric helical structure induced by a combined action of a magnetic field and a shear flow.

Both influences are able to induce the ferrocholesteric–ferronematic transition independently; however, the differences between the

magnetic field orientation and the flow alignment direction lead to a competition between magnetic and hydrodynamic mecha-

nisms of influence on the ferrocholesteric structure. We analyze various orientations of a magnetic field relative to the direction of a

shear flow. The pitch of the ferrocholesteric helix is obtained as function of the strength and the orientation angle of the magnetic

field, the shear velocity gradient and a reactive parameter. Phase diagrams of ferrocholesteric–ferronematic transition and the pitch

of the ferrocholesteric helix as functions of the material and the governing parameters are calculated. We find out that imposing a

shear flow leads to a shift of the magnetic field threshold. The value of the critical magnetic field depends on the magnetic field ori-

entation, the velocity gradient, and the viscous coefficients. We show that the interplay of a magnetic field and a shear flow can in-

duce reentrant orientational transitions that are ferrocholesteric–ferronematic–ferrocholesteric.
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Introduction
The dispersing of nanoparticles of different nature (e.g., carbon

nanotubes, ferromagnetic or ferroelectric particles, quantum

dots, silica particles) into liquid crystals (LCs) leads to a change

in the properties of the composite system [1-9]. The physical

properties of these kinds of soft condensed matter are much

richer than those of the original liquid crystal materials.

Depending on the type of impurity particles in liquid-crys-

talline colloidal systems new mechanisms for the orientation

structure control are revealed. One of such materials is a

ferroliquid crystal, a highly dispersed magnetic suspension of

anisometric particles of a ferro- or ferrimagnet, in which the

carrier liquid is a liquid crystal [10]. In contrast to pure liquid

crystals, which are diamagnetic media with a quadrupole mech-

anism of interaction between the LC and an external magnetic
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field, the addition of magnetic particles into the LC leads to the

appearance of an additional dipole mechanism of the influence

on the system. Some types of synthesized ferroliquid crystals

have ferromagnetic properties and are highly sensitive to an

external magnetic field [11,12].

If the carrier medium in the ferroliquid crystal is a cholesteric

liquid crystal (CLC), such a composite system is called ferroc-

holesteric (FC). A distinctive feature of a CLC is the presence

of a supramolecular helical structure, which is very sensitive to

various external influences (mechanical, electromagnetic,

acoustic, and temperature fields). It is known [13] that with a

positive anisotropy of the magnetic susceptibility χa of a liquid

crystal, the director tends to orientate along the magnetic field.

The application of a magnetic field perpendicular to the axis of

the cholesteric helix causes the director to rotate in the direc-

tion of the field and a subsequent unwinding of the spiral struc-

ture. The pitch of the helix increases with the increase of the

field and becomes infinite (the cholesteric–nematic transition)

above a critical field strength Hc [13]. Because χa is small,

the value of Hc in a CLC is relatively large. The inclusion

of a small amount of magnetic particles into a CLC, as shown

in [14-17], significantly changes the critical field for the

unwinding of the ferrocholesteric helix.

Moreover, the flow of a liquid crystal with a velocity gradient

leads to its orientation [13]. Thus, the shear flow of a nematic

liquid crystal orients its director at an angle called the Leslie

angle [13], which is determined by the ratio of the rotational

viscosity coefficients of the LC. As shown in [18,19], a shear

flow can unwind the spiral structure of the cholesteric liquid

crystal. The diagrams of the cholesteric–nematic orientational

transitions induced by a shear flow and a magnetic field were

calculated in [20]. The deformation of the spiral orientational

structure of a cholesteric liquid crystal under a combined effect

of a magnetic field and a shear flow was theoretically investi-

gated in [21], where it is shown that the competing effects of a

magnetic field and a shear flow lead to the appearance of reen-

trant nematic–cholesteric–nematic phase transitions under the

rotation of the magnetic field in the plane of shear. The influ-

ence of a magnetic field on the helical orientational structure of

FCs in the absence of shear flow was considered in [14]. The

authors studied the unwinding of an FC helix and obtained the

ferrocholesteric–ferronematic transition field as a function of

the material parameters of a suspension. It was shown that the

critical field is strongly reduced in a dipolar regime of spiral

unwinding for rigid planar coupling between liquid crystalline

and magnetic subsystems. Magnetic field-induced orientational

phenomena in an FC with soft homeotropic coupling were dis-

cussed in [15-17]. The orientational phases induced by a mag-

netic field and a shear flow in a ferronematic (i.e., in a nematic

liquid crystal doped with magnetic particles) were studied both

in an infinite sample [22], and in a restricted geometry [23]. It

was revealed that shear flow can lead to the shift of the field

thresholds or to a “smoothing” of the magnetic field-induced

transitions in ferronematics. In FCs the possibility of control-

ling the spiral structure and its unwinding by a combined action

of a magnetic field and a shear flow has not been studied. This

problem is being investigated in the present paper.

Basic Equations
Let us consider a shear flow with the velocity v = [0,v(x),0] of a

ferrocholesteric liquid crystal with the helical axis oriented

along the z-axis orthogonally to the shear plane x–y (Figure 1).

Figure 1: Orientation of the director and the magnetization of a ferroc-
holesteric in a magnetic field and a shear flow. The z-axis is pointed
away from the observer.

The gradient of the velocity of the shear flow A = dv(x)/dx is

assumed to be constant over the whole sample. Such a flow

leads to the aligning of LC molecules in the shear plane at an

angle φ0 with respect to the flow direction, which in the coordi-

nate system under consideration is determined by the relation

[24]:

(1)

where λ = −γ2/γ1 is the reactive parameter (λ > 0 in an LC

composed of rod-shaped molecules [13]), γ1 and γ2 are the coef-

ficients of the rotational viscosity of an LC. Liquid crystals with

λ ≥ 1 are called flow-aligning LCs. If 0 < λ < 1 the orientation

of the director n in the flow will not settle to a constant value

but to continue to move randomly. The LCs are then called non-

flow-aligning LCs.

The coupling conditions between the needle-like magnetic par-

ticles and the LC matrix will be considered rigid and planar, so
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that the director and magnetization will be described by one

vector n. Due to the helicoidal structure of the director of the

CLC matrix, the magnetization vector is also spirally twisted in

space, and in this respect the ferrocholesteric is a liquid crystal

analogue of a helicoidal ferromagnet. We apply the magnetic

field H = H(cosφH, sinφH, 0) orthogonally to the axis of the

ferrocholesteric helix at an angle φH in the shear plane x–y. We

assume the anisotropy of the diamagnetic susceptibility χa of a

liquid crystal to be positive, so the vector n tends to orient in the

field direction. In this case the magnetic field and the shear flow

act competitively on the ferrocholesteric. Each of these influ-

ences orients the director of the ferrocholesteric in its direction

in the plane x–y, inducing the unwinding of its spiral orienta-

tional structure.

Let us study orientational effects in a ferrocholesteric liquid

crystal, assuming that the distribution of N magnetic particles in

the volume V of the suspension is homogeneous, then their

volume fraction in the sample is f(r) =  ≡ Nvp/V, where  is

the average concentration of magnetic particles in the suspen-

sion, and vp is the volume of a particle.

The equation of motion and the incompressibility condition of a

ferrocholesteric liquid crystal in the continuum theory [10,25]

can be written as follows:

(2)

(3)

where ρ, vi and  are, respectively, density,

velocity, and stress tensor of a ferrocholesteric liquid crystal;

 is the total time derivative. Here and

below we assume summation over repeated tensor indices.

The viscous stress tensor , included in the stress tensor σki,

has the form

(4)

where n i  is the director of the CLC and αs  are the

Leslie viscosity coefficients [13] bound by Parodi’s relation

α2 + α3 = α6 − α5. The vector Ni = dni/dt − Ωiknk determines the

rate of change of the director ni relative to the moving medium.

The tensors  and 

represent the symmetric and antisymmetric parts of the velocity

gradient tensor.

The Ericksen stress tensor , included in the stress tensor σki,

is determined by the expression

(5)

where P is the pressure, δki is the Kronecker symbol and FV is

the bulk density of free energy of a ferrocholesteric [10,26]:

(6)

Here K11, K22, K33 are the Frank constants, q0 is the wave num-

ber of the unperturbed spiral structure of a cholesteric liquid

crystal (we assume that it is positive), MS is the saturation mag-

netization of the magnetic particles material, vp is the volume of

a magnetic particle, f is the local volume fraction of the parti-

cles in suspension, kB is the Boltzmann constant and T is the

temperature.

The contribution of F1 to the free energy density (Equation 6)

determines the energy of orientational elastic deformations of

the director field. F2 is the bulk density of the interaction energy

of the magnetic field H with an LC matrix (quadrupole mecha-

nism of the magnetic field effect on an FC). F3 is the bulk den-

sity of the interaction energy of the magnetic field H with the

magnetic moment μ = MSvpn of the particles (the dipole mecha-

nism of the magnetic field effect on an FC). F4 is the contribu-

tion of the entropy of mixing of an ideal solution of magnetic

particles to the free energy of a ferrocholesteric. Because of the

small volume fraction ( ) of ferroparticles in the suspen-

sion, magnetic dipole–dipole interactions are neglected.

The equation of the director motion has the form [13,27]

(7)

where γ1 = α3 − α2 and γ2 = α3 + α2 are the coefficients of the

rotational viscosity of a liquid crystal. The molecular field hi,

acting on the director, is determined by the expression

Variation of the free energy is carried out under the additional

condition n2 = 1. Equation 2–Equation 7 determine a complete
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system of equations for the dynamics of a ferrocholesteric

liquid crystal with a rigid planar coupling between the magnet-

ic and liquid crystal subsystems in the absence of segregation.

Ferrocholesteric in a Shear Flow and a
Magnetic Field
For a uniform stationary shear flow with a constant velocity

gradient, the incompressibility condition (Equation 3) is

fulfilled identically, and the equation of motion of the ferrocho-

lesteric (Equation 2) makes it possible to calculate the pressure.

Due to rigid and planar coupling between liquid-crystalline and

magnetic subsystems the director and magnetization are de-

scribed by one vector, which can be written in the following

form

(8)

Then the bulk density of the free energy of a ferrocholesteric

(Equation 6) has the form

(9)

The equation of motion (Equation 7) taking into account Equa-

tion 8 yields the following equation for the angle φ(z) of the

director (and the magnetization) orientation

(10)

We introduce the following dimensionless quantities:

(11)

Here, ζ is a dimensionless coordinate and h is the dimension-

less magnetic field strength. For the unit of the magnetic

field, we have chosen the value  for which

the diamagnetic F2 and elastic F1 contributions to the free

energy (Equation 6) turn out to be of the same order. It

is simply related to the cholesteric–nematic transition field

Hc = πHq/2 [13]. A comparison of the elastic F1 and

ferromagnetic F3 contributions determines one more typical

field , which corresponds to the ferrocholes-

teric–ferronematic transition field with the predominance of the

dipole mechanism of the magnetic field effect over the quadru-

pole mechanism [14].

The quantity ξ = Hq/Hd is the ratio of two characteristic magnet-

ic fields mentioned above [14]. If ξ < 1, i.e., (Hq < Hd), the

dominant mechanism of the magnetic field effect on the orienta-

tion structure of the ferrocholesteric is the action on the liquid

crystal subsystem (quadrupole mechanism). For ξ > 1, i.e,

(Hq > Hd) the main mechanism is the effect on the impurity

magnetic subsystem (dipole mechanism).

The parameter u determines the dimensionless value of the

gradient of the shear flow velocity with  taken

as the unit of measurement. Here, the coefficient of the choles-

teric rotational viscosity γ2 is taken as an absolute value, since it

is negative in LC with rodlike molecules [13]. The reactive pa-

rameter λ is the ratio of the coefficients of the liquid crystal

rotational viscosity.

We estimate the dimensionless parameters (Equation 11),

assuming according to [1,27] that χa = 10−7, f = 10−5,

q0 = 104 cm−1, K22 = 10−7 dyn, MS = 102 G, γ1, γ2 = 10−1 P,

d = 10−5 cm. If we choose H = 104 Oe and A = 1 s−1, we obtain

λ ≈ 1, h ≈ 1, ξ ≈ 1, and u ≈ 10−2.

In the dimensionless form, Equation 10 takes the following

form:

(12)

This equation determines the stationary angle φ of the director

(and the magnetization) orientation in the ferrocholesteric as a

function of the field strength h and the orientation angle of the

magnetic field φH, the parameter ξ of the field effect on the

system, the reactive parameter λ, and the velocity gradient u of

the shear flow. It can also be obtained by using the approach put

forward in [18,28-30]. To do this we introduce the effective

potential Feff, which can be written in the dimensionless form

as follows:
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(13)

Equation 12 is obtained from the condition of a minimum of

this potential: δFeff/δφ = 0, where δ/δφ is variational derivative.

Results and Discussion
Let us analyze the combined effect of the shear flow and the

magnetic field on the spiral structure of a ferrocholesteric for

various orientations of the magnetic field in the shear plane

(Figure 1). In the untwisted (i.e., nematic) phase, in the pres-

ence of a magnetic field and a shear flow the director is aligned

at the constant angle φc, which can be found from Equation 12:

(14)

where hc and uc are the critical values of the field and

the velocity gradient at which the ferrocholesteric helix is

unwound.

Integrating Equation 12, we obtain

(15)

The possible direction of twisting of the ferrocholesteric helix is

determined by selecting one of the signs in Equation 15. The

unperturbed structure (h = u = 0) of a ferrocholesteric is de-

scribed by the solution φ = ζ = q0z. We assume q0 > 0, which

corresponds to the upper sign in Equation 15. The integration

constant C depends on h, φH, ξ, u and λ, and is equal to one in

the absence of magnetic field and shear flow.

Let us determine the pitch of the ferrocholesteric helix. Integra-

tion over the period of the structure p corresponds to a change

in the angle φ by 2π, therefore, taking into account Equation 15,

we obtain:

(16)

The integration constant C can be found from the minimum

condition for the effective free energy per turn of the FC spiral

structure:

The minimum condition dFp/dC = 0 gives the equation for C:

(17)

The critical value Cc, corresponding to a ferrocholesteric–ferro-

nematic transition, i.e., the state when the helix pitch diverges,

can be obtained from Equation 15. In the untwisted (nematic)

phase dφ/dζ = 0, hence

Substituting Cc in Equation 17, we obtain the condition

(18)

which together with Equation 14 determines the critical values

uc and hc, under which the spiral structure of the ferrocholes-

teric is unwound.

In the absence of magnetic impurities (ξ = 0) and shear

flow (u = 0) in the untwisted nematic phase, the director is

oriented along the magnetic field: φc = φH. In this case, Equa-

tion 14–Equation 18, which determine the helix pitch, simplify

to:

(19)

(20)
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where p0 = 2π is the pitch of an unperturbed helix of a

cholesteric, K(k) and E(k) are complete elliptic integrals of the

first and second kind [31]. Equation 19 and Equation 20

coincide with the expressions obtained in [32]. At the choles-

teric–nematic transition point, the helix pitch (Equation 19)

goes to infini ty.  This pi tch corresponds to k  = 1,

for which K(1) = ∞ and E(1) = 1. Then, Equation 20 implies

that the dimensionless critical magnetic field for the choles-

teric–nematic transition takes the value hc0 = π/2.

In the presence of magnetic particles (ξ ≠ 0) without a shear

flow (u = 0), the director of the ferrocholesteric in an untwisted

(i.e., ferronematic) phase directed along the magnetic field at

the angle φH. We can assign arbitrary values to φH, for exam-

ple, π/2, which corresponds to the orientation of the magnetic

field along the y-axis. Under this condition the set of

Equation 14–Equation 18 takes the form

(21)

obtained earlier in [14]. The substitution of the critical value

 of the integration constant C, at which the helix

pitch p diverges, in the second equation of the system (Equa-

tion 21), gives the dependence of the critical magnetic field

strength hc on the parameter ξ, which determines the regime of

helix unwinding. This dependence can be represented in the

parametric form [14]:

(22)

At  (dipole regime), from Equation 22 we obtain

hc = π2/(16ξ), or in the dimensional form Hc = π2Hd/16. This

result coincides with the critical field obtained by Brochard and

de Gennes [10]. In another limiting case at  (quadrupole

regime) we obtain hc = π/2 or in the dimensional units

Hc = πHq/2. This is a well-known result for pure cholesteric

liquid crystals [13].

Equation 14–Equation 18, which determine the curves of the

ferrocholesteric–ferronematic transition caused by a combined

action of the magnetic field and shear flow, were solved numer-

ically. The phase diagrams obtained are shown below in

Figure 2–Figure 5. The areas that are bounded in these diagrams

by the curves and the coordinate axes correspond to the

ferrocholesteric phase; the external areas correspond to the

ferronematic phase.

Figure 2 represents a diagram of the ferrocholesteric–ferrone-

matic phase transition in the plane h–φH for different values of

the magnetic field effect parameter ξ. It should be noted that the

case ξ = 0 corresponds to a CLC without any magnetic impuri-

ties. It is seen from the diagram obtained that the critical value

of hc in an FC for u ≠ 0 is smaller than the magnetic field hc0 re-

quired for a cholesteric–nematic transition. Also, for the mag-

netic field orientation angle  the transition field

reaches the minimum value at φH = π/4.

Figure 2: The diagram of the FC–FN phase transition in the plane
h–φH for λ = 2, u = 0.3 and different values of the parameter ξ.

A characteristic feature of the diagram in Figure 2 is the area of

ambiguity in which two values of the field orientation angle

from the considered interval correspond to the same value of hc.

This means that for the fixed values of u and h the rotation of

the magnetic field can induce a sequence of reentrant ferrocho-

lesteric–ferronematic–ferrocholesteric transitions. The reason

for the appearance of reentrant orientational transitions is asso-

ciated with the competition between the magnetic and hydrody-

namic mechanisms of action, which tend to unwind the spiral

structure in different directions. As can be seen from Figure 2,

the range of values of the magnetic field that enables the reen-

trant cholesteric phase, decreases with the increase of ξ, i.e.,

with an increase in the concentration of the magnetic impurity.

Figure 3 represents a diagram of the ferrocholesteric–ferrone-

matic phase transition in the plane u–φH for h = 1 and ξ = 0.1

for different values of the reactive parameter, including the

so-called non-flow-aligning LCs (Equation 1) with λ < 1. As

shown by numerical calculations, the magnetic field stabilizes

the orientational structure of an FC in the shear flow, expanding
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Figure 4: The diagram of the FC–FN phase transition in the plane u–h for (a) the quadrupole (ξ = 0.1) and (b) dipole (ξ = 10) regimes. In all cases, the
magnetic field is oriented at an angle φH = φ0.

Figure 3: The diagram of the FC–FN phase transition in the plane
u–φH for ξ = 0.1, h = 1 and different values of the reactive parameter λ.

the range of acceptable values of the reactive parameter that

have stationary states of the director. This leads to the possibili-

ty of unwinding of the FC spiral structure with λ < 1. In

Figure 3 we see that as λ decreases, the critical value of uc

decreases and weakly depends on the orientation of the external

magnetic field.

Figure 4 and Figure 5 represent the diagrams of the ferrocholes-

teric–ferronematic phase transition in the plane u–h for the

magnetic field orientation angle φH= φ0 for differen values of

the reactive parameter λ and the parameter of the magnetic field

influence ξ. As seen from Figure 4a,b in the configuration under

consideration, the shear flow lowers the critical magnetic field,

turning it to zero for uc0, which depends on the reactive parame-

ter λ. The increase of the reactive parameter leads to an increase

Figure 5: The diagram of the FC–FN phase transition in the plane u–h
for λ = 2, φH = φ0 and various values of the parameter ξ.

in the critical value of the shear velocity gradient uc. As seen

from Figure 5, for a fixed reactive parameter λ and ξ ≠ 0 the

transition field hc is smaller than the corresponding critical

value hc0 in a pure cholesteric. The effect of the decrease of the

transition field occurs more strongly in the dipole regime

(ξ > 1) with the increase of ξ. Let us keep in mind that the pa-

rameter ξ characterizes the intensity of the magnetic field action

on the magnetic particles. In the dipole regime the influence of

the field on the particles is large compared with its effect on the

CLC-matrix, and a sufficiently weak field can unwind the

helical structure of FC. In the quadrupole regime (ξ < 1), the

field is mainly influenced on the CLC-matrix, and the effects

associated with the presence of magnetic impurity are weak.

The decrease in the parameter ξ can be interpreted, for example,

as a decrease in the magnetic moments of the particles or their

concentration. Calculations made for other angles of the field
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Figure 6: The dependence of the FC helix pitch on (a) the magnetic field strength h and (b) the shear flow gradient u under different regimes of the
magnetic field effect for the angle φH = φ0; here p0 = 2π is the pitch of the unperturbed spiral structure.

orientation , do not reveal qualitative differences

in the diagrams of the FC–FN transitions when comparing them

with the dependences shown in Figure 4 and Figure 5.

The pitch of the ferrocholesteric helix is found with the numeri-

cal solution of Equation 14–Equation 18. Figure 6 shows the

dependence of the reduced pitch p/p0 of the helix on the mag-

netic field strength h and the gradient of the shear flow u for

different values of the magnetic field influence parameter ξ for

the magnetic field orientation angle φH = φ0.

The pitch of the ferrocholesteric helix, partially unwound by a

shear flow (Figure 6a, u =0.2) or a field (Figure 6b, h = 0.1)

grows slowly in weak fields h and under small shear gradients

u. However, it begins to increase strongly when the critical

values hc or uc are approached. Finally, the values of the pitch

diverge. As can be seen in the phase diagram in Figure 5, the

threshold values hc < hc0 and uc < uc0. Here, hc0 is the critical

value of the magnetic field strength of the cholesteric–nematic

transition, and uc0 is the critical magnitude of the velocity

gradient in the cholesteric–nematic transition only under shear

flow. As can be seen from Figure 6, the increase in the parame-

ter ξ has a much greater effect on the value of the critical field

hc than on the value of the critical velocity gradient uc.

Figure 7 shows the dependence of the FC helix pitch on the

angle of the magnetic field orientation φH for the parameters

corresponding to the area of existence of the reentrant orienta-

tional transitions (see the curve for ξ = 0.1 in Figure 2). For

fixed values of the field h and the gradient of the flow velocity

u, when the ferrocholesteric helix is deformed (p/p0 > 1), the

turn of the magnetic field corresponding to an increase in the

angle φH, leads to a more effective influence of a field and a

flow on the FC, unwinding the helix and causing the FC–FN

orientational transition. The subsequent increase in the angle φH

decreases the effect of the combined influence of the field and

flow on the FC and a reentrant transition to the ferrocholesteric

phase occurs. Thus, the reason for the appearance of reentrant

orientational phases is due to the competition of hydrodynamic

and magnetic influences that align the structure of an FC in dif-

ferent directions in the process of unwinding the helix.

Figure 7: The dependence of the FC helix pitch on the angle of mag-
netic field orientation φH for λ = 2, h = 0.8, u = 0.3, ξ = 0.1; here
p0 = 2π is the pitch of an unperturbed spiral structure.

Conclusion
In this paper the combined effect of a magnetic field and a shear

flow on the spiral orientational structure of a ferrocholesteric

liquid crystal has been theoretically investigated. The coupling

between the LC matrix and the magnetic particles was consid-
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ered rigid and planar. The axis of the ferrocholesteric helix was

oriented orthogonally to the plane of the shear flow with the

velocity gradient assumed constant throughout the sample.

We have obtained the diagrams of the ferrocholesteric–ferrone-

matic orientational transitions depending on the shear flow

velocity gradient, the reactive parameter, the strength, and the

orientation angle of the magnetic field. It has been shown that

the magnetic field stabilizes the director orientation in the shear

flow and extends the boundaries of the flow alignment area of a

CLC with a magnetic admixture. This enables the shear flow to

unwind the spiral structure of ferrocholesterics with the reac-

tive parameter λ < 1.

We have obtained the dependence of the FC helix pitch of the

orientational structure on the magnetic field strength and the

gradient of the shear flow velocity in the dipole (ξ > 1) and

quadrupole (ξ < 1) regimes of the magnetic field effect for dif-

ferent values of the reactive parameter.

It has been shown that the addition of ferroparticles to a choles-

teric leads to a decrease in the critical magnetic fields of the

ferrocholesteric–ferronematic transition. It has been revealed

that the competing effect of a magnetic field and a shear

flow leads to reentrant orientational transitions (ferrocholes-

teric–ferronematic–ferrocholesteric), caused by the rotation of

the magnetic field in the plane of the shear flow.

Acknowledgements
This work was supported by the Ministry of Education and

Science of the Russian Federation (Project 3.5977.2017/8.9).

ORCID® iDs
Dmitriy V. Makarov - https://orcid.org/0000-0003-2139-8196
Alexander N. Zakhlevnykh - https://orcid.org/0000-0001-6510-1441

References
1. Garbovskiy, Y. A.; Glushchenko, A. V. Solid State Phys. 2010, 62,

1–74. doi:10.1016/B978-0-12-374293-3.00001-8
2. Mertelj, A.; Lisjak, D. Liq. Cryst. Rev. 2017, 5, 1–33.

doi:10.1080/21680396.2017.1304835
3. Goodby, J. W.; Saez, I. M.; Cowling, S. J.; Görtz, V.; Draper, M.;

Hall, A. W.; Sia, S.; Cosquer, G.; Lee, S.-E.; Raynes, E. P.
Angew. Chem., Int. Ed. 2008, 47, 2754–2787.
doi:10.1002/anie.200701111

4. Shoarinejad, S.; Ghazavi, M. Soft Mater. 2017, 15, 173–183.
doi:10.1080/1539445X.2017.1287086

5. Gdovinová, V.; Tomašovičová, N.; Éber, N.; Salamon, P.;
Tóth-Katona, T.; Závišová, V.; Kováč, J.; Jadżyn, J.; Kopčanský, P.
Phase Transitions 2017, 90, 780–789.
doi:10.1080/01411594.2017.1286489

6. Tomašovičová, N.; Kováč, J.; Raikher, Y.; Éber, N.; Tóth-Katona, T.;
Gdovinová, V.; Jadżyn, J.; Pinčák, R.; Kopčanský, P. Soft Matter 2016,
12, 5780–5786. doi:10.1039/C6SM00354K

7. Brand, H. R.; Fink, A.; Pleiner, H. Eur. Phys. J. E 2015, 38, 65.
doi:10.1140/epje/i2015-15065-8

8. Mouhli, A.; Ayeb, H.; Othman, T.; Fresnais, J.; Dupuis, V.; Nemitz, I. R.;
Pendery, J. S.; Rosenblatt, C.; Sandre, O.; Lacaze, E. Phys. Rev. E
2017, 96, 012706. doi:10.1103/PhysRevE.96.012706

9. Appel, I.; Nádasi, H.; Reitz, C.; Sebastián, N.; Hahn, H.; Eremin, A.;
Stannarius, R.; Behrens, S. S. Phys. Chem. Chem. Phys. 2017, 19,
12127–12135. doi:10.1039/C7CP01438D

10. Brochard, F.; de Gennes, P. J. J. Phys. (Paris) 1970, 31, 691–708.
doi:10.1051/jphys:01970003107069100

11. Mertelj, A.; Lisjak, D.; Drofenik, M.; Čopič, M. Nature 2013, 504,
237–241. doi:10.1038/nature12863

12. Shuai, M.; Klittnick, A.; Shen, Y.; Smith, G. P.; Tuchband, M. R.;
Zhu, C.; Petschek, R. G.; Mertelj, A.; Lisjak, D.; Čopič, M.;
Maclennan, J. E.; Glaser, M. A.; Clark, N. A. Nat. Commun. 2016, 7,
10394. doi:10.1038/ncomms10394

13. de Gennes, P.; Prost, J. The Physics of Liquid Crystals; Clarendon
Press: Oxford, United Kingdom, 1993.

14. Zakhlevnykh, A. N.; Sosnin, P. A. J. Magn. Magn. Mater. 1995, 146,
103–110. doi:10.1016/0304-8853(94)01645-3

15. Zakhlevnykh, A. N.; Shavkunov, V. S. J. Magn. Magn. Mater. 2000,
210, 279–288. doi:10.1016/S0304-8853(99)00469-2

16. Petrescu, E.; Motoc, C. J. Magn. Magn. Mater. 2001, 234, 142–147.
doi:10.1016/S0304-8853(01)00284-0

17. Petrescu, E.; Bena, E.-R. J. Magn. Magn. Mater. 2008, 320, 299–303.
doi:10.1016/j.jmmm.2007.06.004

18. Derfel, G. Mol. Cryst. Liq. Cryst. 1983, 92, 41–47.
doi:10.1080/01406568308084517

19. Rey, A. D. Phys. Rev. E 1996, 53, 4198–4201.
doi:10.1103/PhysRevE.53.4198

20. Zakhlevnykh, A.; Selivanov, A. Bull. Perm Univ., Ser.: Phys. 2000,
46–49.

21. Zakhlevnykh, A. N.; Makarov, D. V.; Novikov, A. A.
J. Exp. Theor. Phys. 2017, 125, 679–690.
doi:10.1134/S1063776117090096

22. Makarov, D. V.; Zakhlevnykh, A. N. J. Magn. Magn. Mater. 2008, 320,
1312–1321. doi:10.1016/j.jmmm.2007.10.013

23. Zakhlevnykh, A. N.; Makarov, D. V. Mol. Cryst. Liq. Cryst. 2011, 540,
135–144. doi:10.1080/15421406.2011.568802

24. Stephen, M. J.; Straley, J. P. Rev. Mod. Phys. 1974, 46, 617–704.
doi:10.1103/RevModPhys.46.617

25. Raikher, Y. L.; Stepanov, V. I. J. Intell. Mater. Syst. Struct. 1996, 7,
550–554. doi:10.1177/1045389X9600700514

26. Burylov, S. V.; Raikher, Y. L. Mol. Cryst. Liq. Cryst. 1995, 258,
107–122. doi:10.1080/10587259508034552

27. Blinov, L. Structure and Properties of Liquid Crystals; Springer:
Dordrecht, Netherlands, 2011.

28. Derfel, G. Liq. Cryst. 1998, 24, 829–834.
doi:10.1080/026782998206641

29. Büttiker, M.; Landauer, R. Phys. Rev. A 1981, 23, 1397–1410.
doi:10.1103/PhysRevA.23.1397

30. Kai-Fu, L.; Xiu-Li, J.; Yu-Liang, Y. Chin. Phys. B 2008, 17, 2600.
doi:10.1088/1674-1056/17/7/043

31. Abramowitz, M.; Stegun, I. Handbook of Mathematical Functions;
Dover Publications, Inc.: New York, NY, U.S.A., 1972.

32. de Gennes, P. G. Solid State Commun. 1968, 6, 163–165.
doi:10.1016/0038-1098(68)90024-0

https://orcid.org/0000-0003-2139-8196
https://orcid.org/0000-0001-6510-1441
https://doi.org/10.1016%2FB978-0-12-374293-3.00001-8
https://doi.org/10.1080%2F21680396.2017.1304835
https://doi.org/10.1002%2Fanie.200701111
https://doi.org/10.1080%2F1539445X.2017.1287086
https://doi.org/10.1080%2F01411594.2017.1286489
https://doi.org/10.1039%2FC6SM00354K
https://doi.org/10.1140%2Fepje%2Fi2015-15065-8
https://doi.org/10.1103%2FPhysRevE.96.012706
https://doi.org/10.1039%2FC7CP01438D
https://doi.org/10.1051%2Fjphys%3A01970003107069100
https://doi.org/10.1038%2Fnature12863
https://doi.org/10.1038%2Fncomms10394
https://doi.org/10.1016%2F0304-8853%2894%2901645-3
https://doi.org/10.1016%2FS0304-8853%2899%2900469-2
https://doi.org/10.1016%2FS0304-8853%2801%2900284-0
https://doi.org/10.1016%2Fj.jmmm.2007.06.004
https://doi.org/10.1080%2F01406568308084517
https://doi.org/10.1103%2FPhysRevE.53.4198
https://doi.org/10.1134%2FS1063776117090096
https://doi.org/10.1016%2Fj.jmmm.2007.10.013
https://doi.org/10.1080%2F15421406.2011.568802
https://doi.org/10.1103%2FRevModPhys.46.617
https://doi.org/10.1177%2F1045389X9600700514
https://doi.org/10.1080%2F10587259508034552
https://doi.org/10.1080%2F026782998206641
https://doi.org/10.1103%2FPhysRevA.23.1397
https://doi.org/10.1088%2F1674-1056%2F17%2F7%2F043
https://doi.org/10.1016%2F0038-1098%2868%2990024-0


Beilstein J. Nanotechnol. 2017, 8, 2552–2561.

2561

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.255

http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.255

	Abstract
	Introduction
	Basic Equations
	Ferrocholesteric in a Shear Flow and a Magnetic Field
	Results and Discussion
	Conclusion
	Acknowledgements
	ORCID iDs
	References

