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Inversion walls in homeotropic nematic and cholesteric layers

by J. M. GILLI*, S. THIBERGE, A. VIERHEILIG

Institut Non LineÂ aire de Nice, U.M.R. 129, CNRS, UNSA, 1361 Rte des Lucioles,
06560 Valbonne, France

and F. FRIED

Laboratoire de Physique de la MatieÁ re CondenseÂ e, CNRS, UNSA, Parc Valrose,
06108 Nice Cedex 2, France

(Received 10 March 1997; accepted 13 May 1997 )

We describe the experimental properties of metastable domains associated with the presence
of an Inversion Wall (IW ) and observed with homeotropically anchored nematic and
cholesteric liquid crystals sandwiched between parallel glass plates. Such a distorted situation,
stabilized by the application of an electric ® eld parallel to the plates as described in reference
[1], can also be obtained transiently either when ® lling a sample cell by capillarity or in
some studies of directional solidi® cation at the N± I interface [2]. The application of an
electric ® eld perpendicular to the plates with De>0 materials allows control of the reversal
region thickness in the bulk of the sample and its associated birefringence. This IW can be
stabilized in the particular case of low lateral extension globules in which the line tension of
the looped disclination separating the p wall regions from the homeotropic regions counter-
balances the unfavourable bulk free energy. Particular attention is devoted to the defects of
these walls, whose appearance using polarizing microscopy is similar to the umbilics of the
FreÂ edericksz transition. The structure of these f̀our brush’ defects is nevertheless here singular,
corresponding to point defects of a 3D uniaxial nematic medium. In the case of a chiral
nematic, these IW undergo a particular undulation instability which is also observed in 2D
simulations.

1. Introduction shear ¯ ow, the director in a p IW pro® le is
From a fundamental point of view, it is known on p̀referred’ to a homeotropic pro® le. This eVect

one hand that nematic liquid crystal phases constitute a results from the negative sign of the Leslie viscosity
privileged medium for the investigation of line defect coeYcient a3 ; it occurs in most available nematic
properties. On the other hand, walls and point defects liquid crystals [4, 5].
have been much less investigated for this same medium (3) As previously described in the case of rapidly
(at least experimentally). We describe in the following a rotated magnetic ® elds [6], b-type domains of
simple experimental situation allowing the observation ® gure 1 (b), with double walls parallel to the
and investigation of both these defect types. plates, are obtained. Such domains also form when

As seen in ® gures 1 (a) and 1 (b), the spontaneous for- a system of two associated permanent magnets
mation of IW metastable domains, that can be stabilized ( leading to a sign change of the vertical ® eld
in the case of tilted anchorings [3], can be observed in component) is moved in the observation area, as
the following simple experiments. seen in ® gures 2 (a) and 2 (b), and a vertical electric

® eld is abruptly applied to a De>0 material(1) By application of a strong electric ® eld per-
( ® gure 2 (c) ). In this last case, the IW in factpendicular to the plates, inducing the dynamic
constitutes a closed surface enclosing a topologicallyscattering mode (DSM), which leads, after relaxa-
locked homeotropic volume which slowly shrinks.tion, to an approximately equal surface ratio

between normal homeotropic undistorted regions
Such surfaces are particular forms of `membranes’ withand such p IW.

controllable thickness depending on the applied electric(2) When glass plate cells, with treatment for homeo-
® eld (thickness# 2j where j is the electric coherencetropic anchoring, are ® lled by capillarity: under
length [7]). These `membranes’, immersed in a homeo-
tropic bulk, necessarily possess an in-plane director and*Author for correspondence.
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620 J. M. Gilli et al.

Figure 1. Reversal ® lms parallel to the plates: (a) single and (b) double Neel ® lms parallel to the glass plates in homeotropically
anchored nematic samples.

Figure 2. Formation of double Neel walls assisted by translating magnets. (A) The system of high ® eld magnets produces curved
¯ ux lines; (B) displacement of the magnets induces a torque on the mid-plane directors and their tilt takes a value higher than
p/2; (C) an abrupt application of an electric ® eld increases this tilt up to p.

some of their properties can consequently be described turn-over region ( ® gure (4) ). At low ® eld, this thickness
tends to the separation d of the glass plates. For highin terms of a two-dimensional polar medium.

We describe in the following some observations on ® elds, it tends to
such membranes, such as for example the occurrence of
point defects and 2D walls, and the behaviour of these

2j=2
d

V A K

DeB
1/2

,defects under the in¯ uence of rotating magnetic ® elds as
seen in photograph 3, 4 of ® gure 3. The particular case
of such membranes, stabilized in small globules of where K is a weighting average of K11 and K33 . An
nematic material under a rotating magnetic ® eld, can be exact calculation of K is not the aim of this paper. The
compared with recent observations on free-standing change of behaviour follows for 2j=d
SmC smectic ® lms by Cladis et al. [8, 9] or, more
recently by us on SmC*. A i.e.

1

V
=

1

2 A De

K B
1/2

B .

2. Observations in extended samples

2.1. Situations with single IW
We found 2j=d for 1/V =2 0́ V Õ

1 which is in ratherAs observed in reference [10], when a sample of
good agreement with the values found in the literaturethickness d between parallel glass plates, suitably treated
for elastic constants K11 and K33 and the dielectricfor homeotropic anchoring, is ® lled by capillarity, the
anisotropy De [11]. The corresponding critical value ofhomogeneous homeotropic texture is only obtained after
1/V calculated with K =K33 is shown in ® gure 4.the relaxation of the ® rst formed transient metastable

Considering a linearly polarized incident light waveregions. Disclination lines of the type Ô 1/2 are present,
and assuming that the angle w between the director andparallel to the border region separating these metastable
the z axis varies linearly from 0 to p in the turn-overregions from the stable homeotropic domains. Our
region 2j and vanishes elsewhere, the calculated opticalexperiments, made with a positive dielectric anisotropy
phase diVerence between the ordinary and extraordinary(De>0) material: 5CB (pentylcyanobiphenyl ), reveal
rays is:strong birefringence colour changes when a voltage

between 0 and a few tens of V is applied perpendicularly
to the plates. DW =

2p

l P
2j

0 A nedAp
z

2j B Õ noB dz,
We experimentally determine the thickness 2j of the
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621Inversion walls in homeotropic N/N* layers

where point of view of the 3D nematic order, the observed
defects now possess a singular nature: they are point
defects characterized by a positive or negative integerned

(w) =
none

(n
2
e cos2

w +n
2
o sin2

w)
1/2

rank. We will come back to the topology of these point
defects in the section devoted to globules.where ne and no are the ordinary and extraordinary

refractive indices.
2.2. Formation of IW assisted by a magnetic ® eldThe intensity of the transmitted light across the sample

As seen in ® gure 2, the application of an electric ® eldand the second polarizer vanishes when
perpendicular to the plates with a high enough magnetic
® eld parallel to them, allows the formation of two p

2j=
l

2
( 2j+1 )

1

P
1

0
(ned

(pt) Õ no ) dt

,
walls with opposed topology. The magnetic ® eld strength
condition arises from the fact that the director in the
mid-plane of the sample must be close to the plate
plane direction ( ® gure 2 (a) ). Then, a translation of thewhere j is an integer.

For a given wavelength, we measured voltages giving two permanent magnets, parallel to the plates, coupled
with the curvature of the ¯ ux lines, gives rise to arise to extinction. Knowing the refractive indices, we

deduced the value of 2j. This behaviour is comparable torque exerted on the molecules ( ® gure 2 (b) ). In the
surface region swept by the magnet displacement, thisto that obtained in the case of the homeotropic

FreÂ edericksz transition (HFT) in the high ® eld region torque causes the molecules to tilt more than the p/2
value corresponding to saturation of the FreÂ edericksz[7]: in this case, the birefringence variation simply

originates from the thickness variation of the connecting transition. If we now abruptly apply a strong electric
® eld perpendicular to the plates, the mid-plane regionregions, close to the glass plates. One diVerence here is

the position of the reversal layer in the middle of the of the sample tilts further to reach a value close to p

and it is now separated from the top and bottom glasssample (the validity of this model is here enhanced at
high ® elds, the anchoring strength on the glass plates plates by two p walls of opposite sense ( ® gure 2 (c) )

having, as previously described, a 2j thickness and beingnot being involved ).
Another way to obtain this IW consists in applying separated by a homeotropic orientation ( ® gure 5).

In all our experiments, these two charge walls ofa strong electric ® eld perpendicular to the plates on
homeotropically anchored nematics, inducing a DSM2 opposite topology never annihilate as indicated in

reference [6] by a simple recombination during the timeturbulent texture. The relaxation of the electric ® eld
leads in this case to a sample surface in the IW state allowed for the observation: this time is clearly limited

by the progressive shrinking of these domains thatapproximately equal to that in the homeotropic ground
state, but with a random distribution. This case leads to are always unfavourable relative to the lower energy

homeotropic ground state. Consequently, an interestinga large number of defects, locked in the IW domains.
These defects slowly annihilate in pairs as in the case of question arises from this fact: are the two p walls close

to the plates interacting through some undetermineda classical electric ® eld induced HFT, but these two
situations are in fact rather diVerent from a fundamental repulsive force of an electric or other nature, or is the

recombination time associated with low attractive forcespoint of view. In the HFT case, close to the transition
threshold, the experiment can be described by an X ± Y (exponential decay) very long compared with the border

shrinking time? This remains an open question to whichmodel simply assuming the occurrence of the ® rst
unstable mode of deformation. The order parameter can we will try to respond by increasing the size of our

sample and by eliminating dust particles that also clearlythus be a vector (or a complex number) in a layer located
in the mid-plane sample. Then, the static or dynamical favour the nucleation of homeotropic normal domains.
behaviour of such a situation could be theoretically
described within the framework of the Ginzburg± Landau 3. IW in small sized globules

3.1. Experimental and topological studies(G ± L) normal form approach, as presented in reference
[12]. In this case, the observed defects (phase defects of Figures 6 (a) and 6 (b) correspond to a third simple

situation in which the p reversal domains are stabilizedthe G ± L equation) are the classical vortices of the X ± Y

model [13]. From the point of view of the 3D nematic, in cylindrical globules of small extension. Such globules
are easily obtained from an initially normal homeotropicthey are the two possible èscaped’ disclinations, the

escape direction being perpendicular to the glass plates. nematic sample with a thickness ranging from ten to a
few hundred micrometers, just by injecting compressedIn the present case, the mid-plane nature of the defects

is relative to a 2D in-plane polar medium without the air in between the glass plates: the liquid crystal is
expelled for the most part and only small globules withpossibility of the third dimension èscape’. From the
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623Inversion walls in homeotropic N/N* layers

Figure 4. Experimental thickness of turn-over region as deduced from birefringence measurements at diVerent wavelengths versus
the inverse applied voltage. The sample thickness was 23 microns.

diVerent diameters remain visible in the microscope ® eld lower than r0 , the loop shrinks slowly to a point defect
of +1 charge as seen in ® gure 6 (b), and photograph 1of view. After some relaxation, one can observe that

only the smaller droplets remain bright or coloured of ® gure 3. We attribute a +1 charge to this point
defect, although this is just a matter of convention. Thisbetween crossed polarizers over their complete extent as

in photographs 1d and 2 of ® gure 3. comes from the fact that the hedgehog point defect often
observed in capillary experiments (glass tubes withThe larger globules are black in their central region,

indicating a homeotropic organization. For these large homeotropic condition [14] ) is, to our knowledge,
generally associated (by convention) with a +1 topo-globules, the outer region close to the meniscus keeps

the same aspect as for the smallest globules. In this case, logical charge. If we now come back to our original
experimental situation (nematic between homeotropicallythe two (homeotropic and bright) regions are separated

by a more or less circular ring corresponding to a looped anchored glass plates with a metastable p reversal of the
director when going from the upper to the lower plate),disclination ( ® gure 6 (a) and photographs 1a, b, c of

® gure 3). we can build a defect having exactly the same physical
structure (hedgehog) close to the director singularityThe observation of these two globule types with

diVerent structures clearly de® nes a critical radius r0 for (in our small extension globule situation, this hedgehog
defect would be built naturally with a reversed curvaturethe globules (or more precisely for the looped dis-

clination line): (i ) if the radius is larger than r0 , the loop meniscus). We consequently attribute by convention
the same +1 charge to this defect. The structure inincreases its size and stays close to the meniscus whose

topology favours the reversal region; (ii ) if the radius is ® gure 6 (b), corresponding to the air± liquid meniscus,

Figure 3. Photograph 1: as for all the following photographs, photograph 1 was taken with the sample between crossed polarizers.
Time evolution of a small diameter globule (W #100 mm) showing the progressive shrinking of the looped disclination, lowering
the energy cost of the singular line and forming the point defect in c. The spiral shape of the brushes is, as in ® gure 6,
associated with the twist, present in the neighbourhood of the looped line or point defect. Photograph 2: small diameter
globule transformation under the in¯ uence of an increasing voltage applied perpendicular to the plate with positive dielectric
anisotropy material. Photograph 3: large diameter globules (a:W #500 mm, b:W #200 mm) and the eVect of a rotating magnetic
® eld; (a) the Ô 1 point defect initially present in the centre of the globule rotates on a particular orbit, screening the continuous
phase winding of the central region relative to the elastically locked outer region; (b, c) in the presence of an odd number of
defects greater than one, the n Õ̀ 1’ defects rotate in the centre of the globule and the n +1 `+1’ defects rotate on an outer
orbit with reverse senses; (d) (50 mm Ö 50 mm) relaxation of the windingÐ due to the elastic anisotropy of the nematic free
energy, the `+1’ defect remains preferentially in its twist con® guration and the phase unwinding results in the accumulation
of deformation close to the defect. Photograph 4: time evolution of a single IW domain slowly shrinking in the presence of
an in-plane rotating magnetic ® eld; the initial presence of point defects and walls results in the formation of spiral waves.
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624 J. M. Gilli et al.

So the defect can be associated with a +1 charge. The
Õ 1 defects have the same physical structure, but with
orientation of the asymptotic line parallel to the plate,
and cannot continuously transform into this last
situation without changing the orientation of the `base
point’.

3.2. EVect of an electric ® eld perpendicular to the plates
In our experiments performed on a De>0 material

(pentylcyanobiphenyl ), we investigated the eVect of
variable electric ® elds on the disclination loop and the
point defect structure. The quantitative results and the
® ts with potential models involving volume free energy
and line tension are described in detail in reference [15].
The main results are the following.

An increasing electric ® eld applied perpendicularly
to the plates makes the reversal domain situation less
and less favourable (the volume free energy diVerence
between the p reversal region and the lower energy
homeotropic region scales with the electric ® eld E ). The
looped disclination line is consequently repelled closerFigure 5. Photograph of a s̀cratched’ double Neel ® lm slowly
to the meniscus and the measured outward speed of thisshrinking: regions a, b and c correspond, respectively, to

the ground state homeotropic geometry, a double p wall line also increases.
and a p wall. Starting from a small globule (r< r0 ) with a point

defect, we can observe a simple situation allowing for a
controlled topological transformation between point andcan be obtained from the hedgehog defect via a con-

tinuous transformation (a simple rotation of all the looped line defect [16]. The reverse transformation can
also be observed at low or zero electric ® eld, startingmolecules relative to the z direction, orthogonal to the

plates), a transformation that is still allowed while from small globules. These two opposed transformations
reveal some high energy barrier rendering diYcult themaintaining the b̀ase point’ de® ned on the boundary.

(a)

(b)

Figure 6. Nails schemes of a globule in a diametrical cut perpendicular to the glass plates. (a) A looped disinclination line
separates the homeotropic central region of the globule from the IW outer region; (b) a point defect is seen in the centre. In
both the cases, some twist is introduced in the upper and lower regions of the globule, this being associated with expenditure
of some bend in the mid-plane of the sample, as seen from the spiral shape of the extinction brushes of photographs 1 and 2
of ® gure 3.
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625Inversion walls in homeotropic N/N* layers

point± loop transformation that needs an electric ® eld of applied simultaneously to a De>0 material, the observed
phenomena are particularly simple and described by athe order of 25 000 V cm Õ

1 or more. The application
of such high voltages also reveals striking features in two-dimensional analysis. We can associate the formation

of targets or highly wound spiral shaped brushes as thethe transitional structure of the globule as seen in
photographs 2 of ® gure 3. simple phase winding of the director in the mid-plane

of the sample. If we start from the situation of the +1Starting from small globules initially having four
extinction brushes between crossed polarizers, the defect in the centre of the globules, and wind the

p̀hase’ with the help of a relatively l̀ow intensity’, h̀ighvoltage is progressively increased: at low voltages, the
brushes present a more or less spiral shape of random frequency’ magnetic ® eld, the +1 point defect remains

in the centre of the globule, but the phase is wound insense, indicating a rotation of the mid-plane director on
going from the point defect to the meniscus region. This steps around it; an energy barrier associated with the

twist, splay± bend organization change must be overcomerotation lies between Õ p/2 and p/2 and probably comes
from the elastic anisotropy; some free energy can be to obtain the winding. Strictly speaking, in the mid

xy-plane of the sample, we get a pure bend deformation,gained in the upper and lower neighbourhood of the
singular point by introducing some twist deformation. but above and below it, where the tilt angle of the

director from the z axis is between 0 and p 2 we have aAn interesting and misunderstood behaviour arises when
the ® eld is strongly increased from this situation. The suYciently strong twist deformation to get qualitatively

the same eVects as in the +1 line defect case. With abirefringence of the reversal domain falls to a low value
giving rise to a grey Newton tint, but the brushes which high enough magnetic ® eld and a low enough rotation

speed, the +1 point defect is expelled from the centreare still visible strongly modify their shape and the
function describing the rotation of the mid-plane director and begins to orbit around it (photograph 3a of ® gure 3).

In this way, it relaxes the phase by moving on a circleis now complex (photograph 2d of ® gure 3). The initial
phase variation of this director (p/2>h>Õ p/2) is with a radius depending on the experimental parameters.

In the equilibrium state, during one revolution of thenow concentrated close to the meniscus and a reverse
variation of the phase is observable in the main part of vortex, four dark rings are created in the centre corres-

ponding to a phase creation of 2p. In the presence ofthe globule. This behaviour is possibly related to the
increase in range of decay of the perturbation associated several vortices in large globules, we get a stationary

state with one or several vortices of the same sign in awith the defect presence [17].
small orbit (usually Õ 1 vortices) and the corresponding

3.3. EVect of a rotating magnetic ® eld in the plane of number of vortices of opposite sign in large orbit
the glass plates (photographs 3b, c of ® gure 3). Note that the sum of

The application of a high enough frequency magnetic the topological charges of all vortices is still +1. In the
® eld rotating in-plane allows the collapse of the loop case of a small globule and a single vortex in the inner
disclination even in large globules (r> r0 ). As remarked orbit, its radius may be very small.
in reference [18], in the limit of in® nite frequency of When turning oV the rotating magnetic ® eld, the
rotation, an in-plane magnetic ® eld is equivalent to the system relaxes and in the presence of several vortices,
eVect of an electric ® eld perpendicular to the plates on they will annihilate. In the case of one single +1 vortex,
a De<0 material, which favours an in-plane orientation it moves to the centre and rotates to relax the phase.
of the director. The p wall domain is consequently Once more, the rotation of the +1 vortex takes place
favoured in this case and we use this process experi- in distinct steps between the two diVerent stable con-
mentally to obtain rather large globules with a point ® gurations and just before such a step the distortion
defect topology. In general, a frequency of rotation of a near the vortex becomes very strong (photograph 3d of
few Hz is suYcient to achieve this eVect. At lower ® gure 3).
frequency, as well as in the presence of an in-plane static When an in-plane, rotating magnetic ® eld is now
magnetic ® eld, the looped line becomes strongly dis- applied on slowly shrinking IW of large extension,
torted with two cusps in the magnetic ® eld direction. possessing some point defects as obtained through the
This is easily explained from the necessary change of application of a high voltage electric ® eld (DSM2), spiral
twist sign at the cusp which is a high energy edge defect waves having an appearance similar to the HFT case
region. When the ® eld rotates, the elongated loop rotates [12, 19], are formed (photograph 4 of ® gure 3).
itself or the cusp often remains stuck on the meniscus
rendering the collapse impossible. 4. IW in the case of a cholesteric liquid crystal

In the case of chiral nematics, it is also possible toIf we now focus our observations on the point defect
globules, whatever process is used to obtain them, the obtain the IW by experiments comparable to those

previously described. As in the nematic cases, we usedrotating ® eld gives rise to transient winding of the
director. When an electric potential of a few volts is De>0 materials. For a rather high voltage, the IW
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627Inversion walls in homeotropic N/N* layers

(a)

(b)

Figure 8. Courtesy of L. Gil: Ginzburg± Landau simulation of IW perpendicular to the plate in a chiral situation. (a) Nail
convention scheme showing the periodic instability corresponding to the introduction of some twist parallel to the plates;
(b) amplitude of the director component perpendicular to the cut; the symmetry breaking along the cut and the non-sinusoidal
shape of the undulation are clearly visible here.

domains obtained are homogeneous, as in the pure situation associated with the presence of a well de® ned
frequency a.c. electric ® eld [20], to lose its metastablenematic case (photograph 1 of ® gure 7 ). The only diVer-

ence is the nature of the colours observed which clearly nature and become favoured compared with the homeo-
tropic situation (photograph 2 of ® gure 7). In particular,demonstrate the presence of rotatory power across the

® lm due to the conical twist, perpendicular to the plates. the domains of a reversal ® lm, with or without dynamic
modulations, can develop from the ribbon structuresMoreover, this conical twist can be seen from the grey

aspect of the brushes: due to the rotatory power, the described in reference [20] as seen in photograph 3 of
® gure 7. Photographs 4 and 5 show that the ribbonblack extinction brushes observed with pure nematics

between crossed polarizers become grey in chiral sys- structure, probably associated with a propagating oblique
IW, can develop in the shape of rotating archimediantems. This diVerence decreases at very high voltage, the

optical rotation decreasing with the thickness of the spirals [21]. As suggested by the referee, an interesting
open question concerns the wavelength selection of thereversal region. If the voltage perpendicular to the plate

is decreased starting from this homogeneous situation, structure observed numerically in ® gure 8 and experi-
mentally in photographs 1c, 2, and 3b and c of ® gure 7.a striped instability appears abruptly as observed on

photograph 1c of ® gure 7. Simulations of the Ginzburg± Up to now, our studies have been made with a con® ne-
ment ratio C =d/P close to 1 and in this case the periodLandau equation made on 2D cuts ( [20] ® gure 6) of

the samples are in qualitative agreement with this of the instability is, as expected, of the same order as
the thickness d and the pitch P . Work is actually nowphenomenon; moreover they reveal a striking feature of

the instability. This modulation of the reversal region, in progress to investigate how this wavelength is selected
at high values of C .clearly associated with the introduction of a twist

deformation parallel to the plates, is not of a sinusoidal
nature, but introduces a symmetry breaking as in the case 5. Conclusion

We have described some experimental properties ofof the teeth system of some carnivores. This modulated
reversal domain seems, in some particular experimental metastable IW domains in homeotropically anchored

Figure 7. Photograph 1: (1 mm Ö 1 mm), d #50 mm, sample between crossed polarizers. Double IW in the presence of chirality
when the voltage applied perpendicular to the plate is abruptly decreased from homeogeneous situation ( ® gure 2 (c) );
appearance of an undulation of the walls. Photograph 2: (120 mm Ö 120 mm), d #20 mm. The same pattern as that obtained
from a ribbon in the presence of an a.c. electric ® eld perpendicular to the plate (see photograph 3 of ® gure 7 ); in that case the
domain does not shrink spontaneously. The optical modulation perpendicular to the stripes is compatible with the simulation
results of ® gure 8. Photograph 3: (1 mm Ö 1 mm), polarizers uncrossed. The spontaneous transformation of a ribbon into a
striped structure; as for photograph 2, the stripes move perpendicular to their axes. Photograph 4: (1 mm Ö 1 mm). Formation
of a four arm archimedian spiral in a cholesteric material under the in¯ uence of an a.c. electric ® eld; the arm of the spiral is
constituted by the ribbon. Photograph 5: (3 mm Ö 3 mm). The spiral waves of reference [21] close to the cholesteric± SmA
transition are probably also constituted by the same low extension oblique IW ribbon structure.
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