PHYSICAL REVIEW E 68, 031708 (2003

Dynamics of cholesteric structures in an electric field
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Motivated by Lehmann-like rotation phenomena in cholesteric drops we study the transverse drift of two
types of cholesteric fingers, which form rotating spirals in thin layers of cholesteric liquid crystal in an ac or dc
electric field. We show that electrohydrodynamic effects induced by Carr-Helfrich charge separation or flexo-
electric charge generation can describe the drift of cholesteric fingers. We argue that the observed Lehmann-
like phenomena can be understood on the same basis.

DOI: 10.1103/PhysRevE.68.031708 PACS nuni)er61.30.Gd, 61.30.Jf, 47.20.Ky

One of the most interesting manifestations of macroscopic Cholesterics placed between two plane parallel electrodes
chirality are cholesteric liquid crystals. In cholesterics, as in(separatiord), providing strong homeotropi@erpendicular
nematic liquid crystals, there is long-range orientational orto the electrodgsanchoring ofn, can experience unwinding
der of the elongated molecules along a local axis describedf the helix due to the orienting effect of the electric field and
by the directom. Whereas in nematics the elastic for¢es ~ Of the boundaries. The unwinding transition, which is typi-
torque$ tend to establish a uniform orientation of the cally discontinuous, occurs when a combination of the con-
chiral molecules in cholesterics lead in equilibrium to a he-finement ratioC=d/p, and the electric field strengttor
lical arrangement wittn perpendicular to the helix axis. @Pplied voltageU) reaches a critical valugs]. Thus, there
Choosing the axis along, the structure with pitctp, is ~ €XiSts a line in thelf,C) plane where the two phases coex-
given byn=(cos¢(2),sine(2),0), =00z, Go=27/Po. ist. Near this line one finds the cholestenc fingé@Fs: o

The helical symmetry leads to interesting dynamical ef_elongated structures that are localized or arranged periodi-

fects. Particularly intriguing is the Lehmann rotation of thec‘.”I"y' At Iea_st fou_r types of CFs were obsery[a(ﬁj. Thg
: . . director configuration of CF of the first tyg€F1) is invari-
director structure in a cholesteric droplet heated from below

) . .—ant with respect to ar rotation about the finger axigr],
described in Refs[1-3]. It has not been observed again, whereas CF2 has a mirror symmetry with respect to the mid-

yvhich is usually attribute_d to the influence of surface anchor- lane of the cel[6,8], see Figs. 1 and @op). The difference
ing. However, the electric analog where the temperature grgy, sy cture of CF1 and CF2 manifests itself in the dynamics.
dient is replaced by a dc electric fieftl(“electromechanical |, 5 ¢ field both fingers are observed to drift perpendicular
effect”) has been observed]. Traditionally, the explanation o their axeg9,10], whereas in an ac field only CF2 drifts
is based on phenomenological hydrodynamic considerationgg_11]. Since CFs also grow along their axes one observes
which by symmetry allow for an additional dissipative dy- the formation of CF spirals. Most measurements of the trans-
namic coupling between the director and electric fieldyerse drift of CFs are based on the analysis of spiral dynam-
(“electromechanical coupling’[2,3]. Strictly speaking, here ics.
“hydrodynamic” means that spatial modulations must be As the motor of the CF1 drift only the electromechanical
slow on the scale of the pitch which is not the case in Refcoupling has been proposgt0]. The magnitude of the drift
[4]. In fact, in the experiments the director structure insidevelocity estimated with the coupling coefficient taken from
the droplet was not a homogeneous helix, but included subdroplet rotation-type experiments turns out to be at least one
stantial spay-bend distortions and even defects. Anotherder higher than observéd0]. To explain the drift of CF2
weakness of the approach is that no underlying mechanisi an ac field, several models were propo$8y including
has been identified that would, at least in principle, allow toelectromechanical coupling. However, these models fail to
determine the coefficients involved. describe the recently observed falloff of the drift velodity

We have investigated a driving mechanism for chirality-when the frequencyf =w/27 of the applied electric field
related dynamical phenomena, involving well-establishecapproaches the inverse charge relaxation tipEL2]. In the
electrohydrodynami¢EHD) effects. Actually, director rota- experiments the conductivity, and thereky, was varied by
tion is not the best choice to study such phenomena, sindgsing different concentrations of ionic dopant.
special precautions are needed to avoid surface anchoring The mechanism we propose is based on flow induced ei-
[4]. Another effect is related to the intrinsic length scale de-ther by charge separation through anisotropic conductivity,
fined by helical symmetry. In a confined geometry this cani.e., the Carr-Helfrich effect(CF2 under ac drivingor by
lead to the spontaneous formation of spatial struct(fid®- flexoelectric charge generatid€F1 under dc driving We
lesteric fingers) lacking certain reflection symmetries, use the standard set of nematodynamic equations for the di-
which under nonequilibrium conditions results in drift of the rector n, the velocity v (Navier-Stokes equationin the
structures. This is not affected by surface anchoring. We willStokes approximatiorineglect of inertial terms and the
show that this drift can be explained by EHD effects and, aelectric fieldE [2,3]. As usual the electric properties of the
the end, return to the rotation phenomena. material are described by a dielectric permittivity tensgr
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=€ gjtenn; (e, =€, e, are the permittivities per-  we write Eq=Ey(z— V ¢) coswrt) with E, being the ap-
pendicular and parallel to the director, respectielhe plied electric field andp, being the induced potential, which
analogous conductivity tensar;;=o, §;+o,nin;, and a takes care oV X E,=0. Previous results show that the di-
flexopolarizationP '=e;n(V - n) +e5(n- V)n. We introduce  rector configurations obtained from Edd) and the stability
dimensionless variables=74t, r=dr, E=(Uy/d)E, P/  diagrams are in good agreement with the experiments
=(eoUo/d)P", and charge densitye=(eqUo/d?)pe.  [5:6,14. We have solved Eq#4) in two dimensionginfinite
Here 74=y,d%/K 43 is the relevant director relaxation time €xtension of the CF in thg direction by a relaxation
(v, is rotational viscosityK s is bend elastic constapty, ~ method, treating the conditiong=1 explicitly [12].

= K33/ €o characterizes the typical voltagé)g~1 V for At first order Eq.(3) gives
the materials used _
We choose the axis perpendicular to the bounding elec- __ cogwrgl) + w7gSin(w7gl) Eoe, ¢

trodes and allow for a drift of the structure with velocity Peir 1+ @272 OFLSH
in the x direction, transverse to the finger's long axis by g
replacingd,— dy—V, dy . Then the equations can be written XV -{[ng- (E—Vqso)]no}
as (tildes are omittedy, =V, X) .

3

+ . . +—= .
[5t+(U_VL)'V+')’ééie\_ﬂx]n:_éLhr, (1) efIV nO(V nO) el(nO V)nO ’ (5)
Pi— T +hingi=peEi— V.S, (2)  Wwheree;=e;d/(e,Ug). The dc case is covered by setting

»=0. Next we solve the Navier-Stokes E@) at first order.
Tq [ Taking the curl and using the conditiovi-v,;=0 one can
T—d[ﬁﬁ(v—Vl)'V]Pe|+Pe|:V'[—€L§H(n'E)n+P 1, eliminate the pressure, which leads to a linear inhomoge-
3) neous ordinary differential equation fer; with the coeffi-
cients depending omg. The form of the inhomogeneities
supplemented by the incompressibility conditi#v=0, [right-hand side of Eq(2)] gives a solution of the form
the Poisson equationpe =V [e, E+ey(n-E)n+P ™7,

which was already used in the charge conservation equation € EnE2
(3), the electrostatic conditiolV xE=0, and the director v1=TT 52 fi+eqEo fatViyfs, (6)
normalization n=1. The notation fi=dflox; is used q

throughout. The generation of space charges is characteriz%inereE
by the Helfrich parametef,=o,/0, —€;/€, in Eq. (3).

The director equatiofil) couples to the flow field through
the local fluid rotationQy=(V Xv)/2 and the hydrodynamic
strain tensoA; = (v; j+vj,;)/2 with y,=y, /v, and the pro-
jection tensor 5iij= di;—nin;. Coupling to the elastic
and electric torques is througzah{TEF/&ni with the freze pansion with trigonometric functiondor CF1) and Hermite
energy  density F=z ky(V- ”2) T 5f|k2[2770+ n-(VXxn)] polynomials(for CF2) as trial functions.
+2kg[n-(VXn)]"=zea(n-E)*—P"-E. Herekj=K;;/Kgs Finally, the director equatiofil) at first order gives
with the elastic constants;; .

In Eq. (2 the Stokes approximation is justified since the éol hl+ 8, hi=(v1- V=V, 1d)No+ v585- Aing— Q4 X Ny,
processes of interest are controlledfyy-1 s and the charge = = = = @)
relaxation time 7,= €p€; /o, ~10 %s, which are much
larger than the viscous relaxation time,=p,d*y;  whereh}, §;* are linear inn,. The homogeneous problem
~10 %s (pn, is the mass density The elastic part of the =
stress tenso(Ericksen tensgrhas been eliminated and the
pressure redefinedp=py+F [13]. The viscous stress tion modedn,y/dx. The solvability condition for the inhomo-
tensor is T =aininnNnAm+ asniNj+aznNi+ajA;;  geneous problem obtained by projecting Eg.ontodng/dx
+abninAy+ agnin Ay, wherea/ = a; [y, with the Leslie [with v4 sub_stltuted from Eq(_6)] fixes the drift velocity
viscosity coefficientsa;. Moreover, N=(d,+v-V)n—Q Vi1 In physical units we obtain
xn andhyg=N+ ysn;A;. The bulk forcepe E is the Cou-
lomb force andS;; = ayn;dyn; + a3n;dyn; . v :i €€ién , e1Eo I )

We solve Eqgs(1)—(3) in a perturbative wayn=n,+n, oyt w27 Mg+l y1 lotls’
4+, E=Eg+Ej+ -+, v=v1+---, V.=V 1+, pe
=peint - - -. At lowest order the electric charge is neglected.where 15=(Ngx-Nox), 11=(Nox-01), 12=(Nox-G2), I3
Therefore no bulk force arises in E®) and thusvy=0. ng =(Nnpx-03). The last term appears only in the dc case. The
andE, are obtained from functionsg;, 0,, g; are easily expressed in termsfof f,,

f3, respectively. The scalar product is defined &y b)
i)J‘hE):O, V-[e Eg+e€a(ng-Eg)Ng] =0. 4 =[[(a-b)dxdz

oi1=Eo/\2 (Eo) for ac(dc) driving and the second
term appears only in the dc cadken alsow=0). For the ac
case a time average of E(R) was taken. The functionk
depends only omg and thee| ( f, depends also on the ratio
of the flexocoefficientses/e;). We have determined the
functionsf; [from the linearized Eq(2)] by a Galerkin ex-

8o hi+ 81:7hg=0 is self-adjoint. It is solved by the transla-
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FIG. 1. Director profile (top) and induced velocity profile FIG. 3. Director profile (top) and induced velocity profile
(stream linep (bottom) of CF2.U=1.9 V, w7y=1, 5CB material  (stream linep (bottom) of CF1.U=0.2 V, L=L=1.95, MBBA
parameter$14]. material parametedd7].

~We first discuss our results on CF2 drift in an ac ﬁeld-whereoH/al=1.44 [15]. oy/c, is the only parameter not
Since in the experiments the arms of CF2 spirals are welliyen in Ref.[12].
separated12], we have in the computations chosen a box™ another experimental result born out by the model is the
width large compared to the width of the director structureapproximate linear dependence of the drift velocity of CF2
(isolated fingex. The director profilen, together with the a5 3 function of applied field for samples with different thick-
stream lines of the flow front6) as computed for the param- pesses put fixed confinement ratié [12]. The CF2
[14] used in the experiments are shown in Fig. 1. In Fig. 2_ 721 ((€€a) (AC2K Z,— K2)/K 35 [5]. Using this to eliminate
our results forv, ;, which is of order ofv,, versus reduced  fom Eq.(8) one obtains the linear dependence of the drift
frequency w7, are shown, together with the experimental velocity onE,,.
results(the different symbols relate to different impurity con-  \yie how turn to CF1 in a dc field. From the symmetry of

. e ,

centrations between>210 ° and 0.05 wt%)[12]. The au-  he director profilen, one now has,=0, so one is left with
thors of Ref.[1_2] have scaled the frequency down by a factori,q |ast term in Eq(8) relating to flexoelectric charge gen-
of about 1.75 in order to account for the fact that the chargeyation. Unfortunately one now has to cope with various un-
relaxation timer, was measured in the isotropic phase atcertainties. First, the approximation of isolated fingers is not
tempoeratureT:40 C (the experiments were done &  \4jid; since in the experimental spirals neighboring fingers
=30°C). The three curves correspondap/o; =1.3, 1.4, 4re packed closeljl0,16. Second, in the dc case one has to
and 1.5, which agrees well with measurements in pure 5CB
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FIG. 4. Drift velocity of CF1 vs voltage: points are experimental

FIG. 2. Drift velocity of CF2 vs reduced frequency. Points are data from Ref.[10] shifted by 2 V; lines are calculations from
experimental data from Ref12], lines are calculations from Eq. Eq. (8). Solid line, L=Lg(U); dashed, L=1.9; dot-dashed,
(8): for o/, =1.3 (solid), /o, =1.4 (dashedf and o/oc,  L=2.1. Flexocoefficientse;=—1.05<10 " C/m, e;=-1.25
=1.5 (dash-dotted C=1.77,d=31 um, Uy=1.9 V, 5CB mate- x 10711 C/m. C=1.14, d=12 um, MBBA material
rial parameter$14]. parameter$17].
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expect screening of the electric field by Debye layers, ag Carr-Helfrich-like mechanism describgsantitativelythe
evidenced in Ref[16] and also suggested by the voltage drift in an ac electric field. Moreover, our preliminary studies
offset ~2 V in the current-voltage curve presented in Ref.show that the EHD model with flexoelectric charge genera-
[10] [both using the material MBBA (4-methoxy- tion (as in CF} can describe the rotation of cholesteric drop-
benzylidene-4-n-butylaniling]. Thus we have solved Egs. lets in a dc electric field4], which has hitherto been inter-
(4) on a widthL in the x direction with periodic boundary preted in terms of phenomenological electromechanical
ConditionS.VJ_l turns out to be sensitive th: it decreases Coup”ng_ Furthermore, it seems very ||ke|y that ana'ogous
with decreasind. and even changes sign lat=1.6. In the  thermohydrodynamic effects, which lead to very efficient
absence of experimental data on the finger width W&gnyection phenomena in liquid crystdt9], can also de-
have—on one hand—minimized the free energy density withyeripe the original Lehmann rotatida]. This then suggests
respect taL for given values of the electric field leading 10 4t 50 far there is no clear experimental manifestation of the
the “optimal” box width Lg(U). Typical values ofLe (in (ynspecifiesl phenomenological electromechanical or ther-
units of d) are 2-2.5 for a voltage 0.2-3 V. In Fig. 3 an pmomechanical coupling. The EHD model provides a very

example of the calculated director profile and the streamyeneral mechanism for forces and motion that can be applied
lines of the flow from Eq(6) are shown. We have also made (4 other director structures, like other types of cholesteric

calculations for some fixed values bf Ogr results for\/u_ fingers(CF3 and CF#and defects in an electric field.
as a function ofJ, corrected by a screening of 2 V, are given

in Fig. 4, together with the experimental date0]. Typical We thank J. Baudry and P. Oswald for very useful discus-
values of the flexocoefficients for pure MBBA were chosensions on their experiments and help with the computations of
[18]. the director structures. Financial support by DFG Grant No.

In conclusion, we have developed an EHD model for theKr690/14-1, RFBR Grant No. 02-02-17435 and the Euro-
drift of CF1 and CF2. For CF1 in a dc electric field, flow pean graduate school “Nonequilibrium phenomena and
induced by flexoelectric charge generation can describe thghase transitions in complex systems” funded by DFG are
drift, but no quantitative conclusion could be drawn. For CF2gratefully acknowledged.
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