
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Liquid crystal electrohydrodynamics in the presence of a magnetic field:
the dynamic scattering transition
H. M. Shehadeha; J. P. McClymera; E. F. Carra

a Department of Physics and Astronomy, University of Maine, Orono, Maine 04469-5709, USA,

Online publication date: 06 August 2010

To cite this Article Shehadeh, H. M. , McClymer, J. P. and Carr, E. F.(2000) 'Liquid crystal electrohydrodynamics in the
presence of a magnetic field: the dynamic scattering transition', Liquid Crystals, 27: 10, 1305 — 1316
To link to this Article: DOI: 10.1080/026782900423359
URL: http://dx.doi.org/10.1080/026782900423359

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/026782900423359
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Liquid Crystals, 2000, Vol. 27, No. 10, 1305± 1316

Liquid crystal electrohydrodynamics in the presence of a magnetic
� eld: the dynamic scattering transition

H. M. SHEHADEH, J. P. MCCLYMER* and E. F. CARR

Department of Physics and Astronomy, University of Maine, Orono,
Maine 04469-5709 , USA

(Received 4 March 1999; in � nal form 24 April 2000; accepted 24 April 2000 )

We have studied electrohydrodynamic convection in the nematic liquid crystal MMBA in the
conduction regime in the presence of a competing magnetic � eld. This � eld substantially
alters the behaviour of the system, causing a metastable surface deformation and travelling
waves. The magnetic � eld also alters the transition between the two dynamic scattering modes
so that both states retain anisotropic ordering. A scaling relation is found describing this
hysteretic transition. We report the existence of a stable mixed state of DSM 1 and DSM 2.

1. Introduction pattern forming transitions that depend on the driving
voltage and frequency [1, 13]. Two frequency regimesLiquid crystals � ow like liquids yet have weak,
exist. In the low frequency conduction regime the ionicnon-zero, elastic constants allowing strong response to
impurities follow the changing electric � eld, setting up aexternal � elds. One such well studied response is the
stationary director pattern. The ions set up an internalformation of anomalous alignment and convective � ow
electric � eld causing the director to rotate away fromcells caused by subjecting nematic liquid crystals to low
the initial orientation. The resulting � ow-alignmentfrequency electric � elds (Carr–Helfrich eŒect) [1]. The
interaction cause the director to align nearly parallel toaddition of a magnetic � eld to this system, parallel or
the external � eld at the � ow alignment angle. Thisperpendicular to the electric � eld, has been investigated
behaviour is described by the Carr–Helfrich mechanismboth theoretically [2] and experimentally [3–6]. It is
and subsequent modi� cations. In the higher frequencythus surprising that our experimental investigation of
dielectric regime the ionic impurities can no longerthe eŒects of competing magnetic and electric � elds show
follow the changing electric � eld. These two regimes aresome new results. Among these results is the observation
separated by a well de� ned ‘cut-oŒ’ frequency whichof a rubust travelling wave state. These waves are robust
depends on material parameters. In this paper, we arein the sense that, unlike for other travelling wave states
concerned only with behaviour in the low frequencyreported in similar systems [7–10], we do not need to
conduction.use very thin samples or to pick a frequency very near

As described by the Carr–Helfrich mechanism, thethe cut-oŒfrequency. Instead we observe travelling waves
response of the system is controlled by the voltage, notfor a wide range of sample thickness and over a wide
the � eld. The subsequent behaviour is then described inrange of frequency. These results have been reported
terms of voltages.elsewhere [11, 12]. While the travelling waves are not

As the voltage is increased, at some � xed frequencydirectly the subject of this paper, there is a connection
below the cut-oŒ frequency, the system undergoesbetween them and the purpose of this paper, which is
various transitions from straight or oblique convectiveto report on the nature of the transition between the
rolls to less symmetrical patterns [14]. Near ten voltstwo dynamic scattering mode states in the presence of a
the system undergoes a transition from continuous con-magnetic � eld. In order better to place these results in
vective rolls to a somewhat turbid state called dynamiccontext, we � rst brie� y review the relevant background.
scattering mode 1 (DSM 1), or primary scattering [15].When a nematic liquid crystal with negative dielectric
These broken-up convective rolls maintain a generalanisotropy, such as MBBA (N-( p-methoxybenzylidene)-
orientation along the original roll axis [16]. The aniso-p-butylanaline) , is subjected to an a.c. electric � eld
tropic nature of this state is veri� ed through diŒerencesperpendicular to the director, it undergoes a series of
in the transmitted intensity of light polarized parallel
and perpendicular to the original director orientation
[17]. Increasing the applied voltage increases the*Author for correspondence; e-mail: mcclymer@maine.edu
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1306 H. M. Shehadeh et al.

break-up of the convective rolls until small roll elements Figure 1 shows the con� guration of the experimental
set-up. The sample cell is placed between the poleare oriented randomly in space. This second, even more

turbulent, state is referred to as dynamic scattering mode 2 faces of an electromagnetic so that the magnetic � eld is
perpendicular to the applied electric � eld. The magnetic(DSM 2), or as secondary scattering [18]. The increased

symmetry of DSM 2 shows up in the similarity of the � eld, through the positive diamagnetic susceptibility
of MBBA, tends to align the director in the plane oftransmitted light polarized parallel and perpendicular

to the original director orientation. As the DSM 2 the sample, providing a competing interaction with the
electric � eld, which aligns the director perpendiculartransition is reached the system’s memory of its original

orientation is lost. These two scattering states are some- to the plane of the sample through the Carr–Helfrich
mechanism. The result due to this magnetic � eld andtimes denoted as anisotropic and isotropic turbulence,

respectively [17]. Even after the technological promise interactions with the rubbed glass surface (rubbed to
produce planar alignment) is to give an initially planarof these scattering states was superseded by newer

technologies they continued to be of interest as an easily director con� guration parallel to the magnetic � eld. The
cell is viewed along the electric � eld direction using aaccessible example of turbulent–turbulent phase transitions

[2, 19, 20] which include the more elusive transition in long working distance microscope and CCD camera
(512 Ö 512 pixels) with a digitized output of 256 greysuper� uid He II.

The non-equilibrium transition between the two levels. A � ber optic bundle transports the illumination
from a d.c. powered quartz-halogen lamp to the electro-turbulent states DSM 1 and DSM 2 was studied by

ramping the applied voltage up and down at various rates magnet where it passes through a polarizer so that the
transmitted light is polarized parallel to the magnetic(with no magnetic � eld) [2, 14, 21]. At non-zero ramp

rates the transition is hysteretic with a claimed square � eld. No analyser is used (typically). The CCD camera
is connected to both a frame grabber and a VCR soroot dependence on the ramping rate. This hysteresis

width vanishes at zero ramp rate, indicating a super- that the images may be examined in real time and
archived for later use.critical transition between DSM 1 and DSM 2. It is

further observed that DSM 1 is unstable with respect
to nucleation of DSM 2 so that the two states do not

3. Surface statescoexist and the formation of DSM 2 from DSM 1 can
Our � rst observations in this system were made bybe described by classical nucleation theory. In the con-

placing widely separated drops of the liquid crystaltext of equilibrium thermodynamics, as pointed out by
between the electrodes to give four or � ve separateZimmerman [20], this result is surprising as such local
systems for study on the same slide. While most dropstransitions are connected to hysteretic transitions.
would immediately exhibit travelling waves (TW) uponWhile both DSM 1 and DSM 2 appear turbulent,
application of the appropriate � elds, we found thattheir underlying structure is most easily studied by
travelling wave states did not always form immediatelyturning oŒthe electric � eld revealing disclination loops
in some drops. In a few instances no travelling wavesas responsible for the scattering nature of both these
would form even after several hours. The individualstates. The disclination loops arising from DSM 1 decay
drops were studied and a diŒerence was found betweenmuch more rapidly than the denser loops visible in
those that exhibited TW and those that did not. TheDSM 2 [2, 17, 20, 22].
samples exhibiting travelling waves rotated the plane of
polarization of obliquely incident light whereas the drops
not exhibiting TW showed no polarization rotation. We2. Experimental

The nematic liquid crystal MBBA was sandwiched interpret this polarization rotation to be caused by a
coherent surface structure.between two conducting glass slides separated by 135 mm.

This large spacing was chosen as it seems to provide the The existence of this coherent surface structure, which
we represent schematically in � gure 2, may be shown bymost contrast in viewing structure in DSM 2. The active

area of the cell was about 1 cm2. This large size combined observing the sample in polarized light at some oblique
angle from the surface normal [11, 12, 23]. In this way,with the small wavelength of the distortions makes it a

large aspect ratio system. The temperature of the sample light traversing the sample will see a twist in the director
� eld near the surfaces due to the surface walls. Thewas maintained at 27 Ô 0.1 ß C. The MBBA has a con-

ductivity of 10 Õ 9 V Õ 1 cm Õ 1 and a cut-oŒfrequency of light adiabatically follows the twist so that its plane of

polarization is rotated. The rotation can be measuredapproximately 300 Hz. The a.c. electric � eld was com-
puter controlled, with the frequency � xed at 50 Hz, well by rotating the analyser away from its crossed position

to extinguish the light. These types of bend–splay orbelow the cut-oŒfrequency and high enough to avoid
d.c. eŒects. ‘Néel’ walls and defects in nematics in a magnetic � eld
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1307L C electrohydrodynamics in a magnetic � eld

Figure 1. Experimental arrangement. An analyser is inserted in the light path for some experiments as indicated in the text.

were studied by Helfrich [24] and Ranganath [25]. The

bend–splay walls of opposite orientation are separated by

wedge disclinations similar to Block lines in magnetism.

Figure 3 shows wedge disclinations and the eŒects of

the bend–splay surface walls while the sample is under-

going transverse � ow. The convective rolls (and the

� uid) in the centre region of � gure 3 (a) are moving to

the right while the rolls in the regions above and below

it (somewhat out of focus) are moving in the opposite

direction. The regions are separated from each other by

lines of intensive scattering that act as nucleation sites
Figure 2. Orientation of the surface bend–splay walls: the

for disclination loops [22, 26]. Viewing along the surfacesolid line indicates structure in the foreground, the dashed
line indicates structures in the background. normal between crossed polarizers, with the removal
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1308 H. M. Shehadeh et al.

of the electric � eld, shows a homogeneous sample in
which the diŒerent � ow regions are separated by two
disclination lines, one each at the top and bottom
surfaces. These are the wedge disclinations (Block lines)
discussed above. Figure 3 (b) gives a view of the sample
at an angle of 10 ß from the surface normal with the
analyser rotated 10 ß (ccw) to extinguish part of the
sample. When the analyser is rotated 10 ß in the other
direction (or if the direction of observation is changed
to Õ 10 ß ), the light and dark regions interchange as
shown in � gure 3 (c). It is important to note that we do
not observe travelling waves in the absence of this eŒect.

While the creation of the surface wall requires both a
magnetic � eld and a sample undergoing electrohydro-
dynamic convection, once formed the surface walls last
for months even with both � elds removed. A similar
surface state has been discussed by Dozov and Durand
[27] in which they clearly describe a dynamic coupling
process in which a nematic with positive dielectric
anisotropy and strong planar boundary conditions at one
surface, and weak homeotropic anchoring at the other
surface, can undergo an anchoring-breaking transition
which can give rise to a half-turn twisted structure as
we describe (see � gure 6 in [27]). The similarity to our
system arises from the strong planar surface anchoring
and the near homeotropic alignment in the bulk at the
� ow alignment angle as a consequence of the Carr–
Helfrich eŒect, thus mimicking a positive dielectric aniso-
tropy. Since we have two such planar–perpendicular
interfaces our system can relax to form two such stable
textures, one at each surface.

We can borrow from the work of Dozov and Durand
on the dynamic coupling that leads to this stable state
to estimate the extent of these walls. Consider the usual
‘Carr’ picture of the director orientation in which the
director goes from being planar at the surface to a
homeotropic orientation in the bulk of the sample. As
the � eld is switched oŒthe director near the surface
rotates towards a planar orientation with time constant
ts 5 cj2/K, setting up a surface � ow (j is the surface
extrapolation length). This surface � ow diŒuses away
from the surface with a time constant t 5 rd2/g, (r is the
mass density, c and g are viscosities and K is an elastic
constant) . During the reorientation time the surface � ow
diŒuses a distance given by d2# cj2g/Kr. Using typical
values, d# 10 mm. Since our cell is much larger than this
size, two surface walls are set up.

These surface states are present, as a consequence of

(a)

(b)

(c)

Figure 3. (a) Regions exhibiting transverse � ow separated by the applied magnetic � eld, in all of the experiments to
lines of intensive scattering, which are wedge disclinations; be described, even when the magnetic � eld strength is
the � ow within each region is in opposite directions. reduced to zero.
(b) Same as in (a) except the electric � eld is turned oŒ
while retaining the magnetic � eld; the polarizer is parallel

4. DSM 1 � DSM 2 transitionto the magnetic � eld and the analyser rotated 1 10 ß from
The DSM 1 and DSM 2 transition in the presence ofthe crossed position. (c) Same as in (b) except the analyser

is rotated Õ 10 ß . the competing magnetic � eld is qualitatively diŒerent
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1309L C electrohydrodynamics in a magnetic � eld

(a) (b) (c)

Figure 4. (a) Director oriented at the � ow alignment angle in the bulk due to electrohydrodynamic interactions; the applied
electric � eld is from plate to plate. The dotted lines indicate the walls separating oppositely oriented regions; the surface
correlation length is indicated. (b) Removal of the electric � eld allows the surface director to reorient, setting up a � ow
indicated by the horizontal arrows. This � ow � eld causes reorientation of the director as indicated. (c) After reorientation,
stable ‘pi-walls’ form at both surfaces. These structures will undergo further reorientation to enter a minimum energy
con� guration.

from the zero � eld case. Instead of the system becoming between the two scattering regimes and with the same
wavelength. The only apparent diŒerence between themore isotropic in the DSM 2 state, characterized mainly

by the break-up of the convective rolls, we � nd the two states is their relative scattering e� ciencies. The
scattering e� ciency is due to the diŒering density (andDSM 2 state retains the symmetry and wavelength of

the DSM 1 state [23]. Figure 4 shows the result of a lifetime) of disclination loops as discussed later in this
paper and elsewhere [20, 22].voltage jump from zero to 140 V in a 0.8 T magnetic

� eld, which is above the DSM 1 to DSM 2 transition. Both dynamic scattering states, with the competing
magnetic � eld, possess the same macroscopic symmetry.The system enters a DSM 1 state from which DSM 2

nucleates and grows. The photograph in � gure 5 captures This continuous symmetry implies the possibility of a con-
tinuous transition between the two states. We explore thethe state before DSM 2 has completely � lled the � eld of

view. Both DSM 1, the lighter region, and DSM 2, the eŒect of the magnetic � eld and the surface deformation
on the non-equilibrium transition between DSM 1 andregion in the centre and around the periphery, can be

seen. The convective rolls are visible in both dynamic DSM 2 by measuring the transmitted light intensity as the
applied a.c. � eld is ramped up and down. The resultingscattering modes, continuous at the spatial transition
curves, an example of which is shown in � gure 6, show
a hysteresis as a function of ramp rate and magnetic
� eld strength. Plotting this gap (DV ) as a function of
magnetic � eld at a � xed ramp rate, � gure 7, shows a
linear relation described by DV 5 Õ 2.55H 1 60.8 where
V is measured in volts and H in kG. Extrapolating this
linear behaviour to where the hysteresis gap vanishes,
we � nd a critical � eld, H

0 5 23.8 kG, which is well above
our experimentally accessible � eld of 10 kG.

We use this critical magnetic � eld strength to de� ne
a dimensionless magnetic � eld h 5 (H0

Õ H)/H0 . The
hysteresis data is well described by the equation

(DV ) Õ 1 5 A
1
harb 1

A2
h

(1)

which has the form of a power law and a � eld-dependentFigure 5. Transient coexistence of DSM 1 and DSM 2 (darker
background. In this equation A1 and A2 are constants,region) showing convective � ow cells four seconds after a

voltage jump from 0 to 140 V in a 0.8 T magnetic � eld. r is the ramp rate in volts per second and the exponents
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1310 H. M. Shehadeh et al.

Figure 6. Hysteresis in the transmitted light intensity near the DSM 1 < DSM 2 transition in a 0.4 T magnetic � eld at a ramp
rate of 78.2 mV s Õ 1. Open circles represent ramping the voltage up while � lled squares represent ramping the voltage down.

Figure 7. Hysteresis gap dependence on the magnetic � eld at a � xed ramp-rate of 496.7 mV s Õ 1.

are a 5 Õ 0.4 and b 5 Õ 1.3 (� gure 8). This result is quite important. Additionally, the data were only shown to
be consistent with a model curve, no � tting of thediŒerent from the value of 0.5 reported for the zero

� eld case [2, 21]. We do not believe this experimental parameters was done.
The data collapse to a single curve when the scalingdiscrepancy important as the earlier result had only a

few data points at small r where the curvature is parameter DV /hc is plotted against r/hd with c 5 Õ 0.01
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1311L C electrohydrodynamics in a magnetic � eld

(a)

(b)

Figure 8. Power law � ts of the inverse hysteresis gap width vs. rap rates at various magnetic � eld strengths: H 5 (a) 0.0, (b) 0.2,
(c) 0.4, (d) 0.6, (e) 0.8 T. Open circles are the experimentally measured inverse hysteresis gap widths while the solid curves are
power law � ts using equation (1).
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1312 H. M. Shehadeh et al.

(c)

(d)

Figure 8. (continued ).
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1313L C electrohydrodynamics in a magnetic � eld

(e)

Figure 8. (continued ).

and d 5 Õ 3.3. As � gure 9 shows, this scaling is fairly voltage shows that the DSM 2 forms in diŒerent parts
successful for small ramp rates but fails to describe the of the sample. This mobility and lack of a site-speci� c
background at large ramp rates well. nucleation indicate that the DSM 2 is not forming

because of defects or inhomogeneities in the sample cell
5. Coexistence of DSM 1 and DSM 2 itself. When the voltage is � rst increased, DSM 2 � rst

A surprising � nding is the formation of a coexisting forms and grows to a characteristic size in only a few
DSM 1 and DSM 2 state we refer to as DSM 1&2. minutes. The growth stops and the characteristic size
Earlier work shows that DSM 2 nucleates [17, 18] out remains the same, as the DSM 2 region migrates about
of DSM 1 and that both states may coexist only in a the sample. Observations over an hour show no further
transient state [28]. change in the state. As the voltage increases, DSM 2

We � rst � nd evidence for this mixed state at our becomes the dominant state; the minority DSM 1 is also
highest magnetic � eld strength, 0.8 T. As the data show, not pinned to a speci� c site in the sample although all
the large magnetic � eld causes the voltage ranges for of the DSM 1 does group together.
the various states to increase. We observe the mixed
state between 80 and 90 V. The width of the coexistence

6. Surface walls and DSM 1 � DSM 2 transitionregion decreases with decreasing magnetic � eld, with
Why are the two scattering modes diŒerent? Whatcoexistence persisting down to zero � eld. One reason

actually changes at the transition? Our previous results,this mixed state is observed is that we are studying
and those of others, show that DSM 2 consists of athe system at very low magni� cation, giving a large
dense grouping (we see no evidence of entangled loops)observation area. Observation of a subregion would
of long lived disclination loops, as compared with thetypically not show both phases except over a very
lower density and quickly decaying disclination loopsnarrow voltage range.
associated with DSM 1. We think part of the answerThe signature of the mixed state, on increasing voltage,
to the above questions can be found by studyingis the formation of a dark DSM 2 region in a DSM 1
the transition and orientation of the surface state at thesea. The DSM 2 region moves about the observed area

in a random walk-like way. Repeated cycling of the same time.
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1314 H. M. Shehadeh et al.

Figure 9. Scaled hysteresis gap width vs. scaled ramp rate for 0.0 T (� lled circles), 0.2 T (empty squares), 0.4 T (� lled triangles),
0.6 T (empty rhombus) and 0.8 T (� lled squares).

We do this experimentally by viewing a large area at (the wall on the top surface pointing in the opposite
direction from the wall on the bottom surface). Thelow resolution so that the individual convective rolls

(as in � gure 4) can no longer be seen. In this way many DSM 2 state has a much more irregular pattern of
surface states compared with the uniform orientationmore regions of DSM 1 and DSM 2 can be seen. We

apply a voltage above the DSM 1 and DSM 2 transition that corresponds to DSM 1. These results show that
the surface structure and defect density are related. Theand photograph DSM 2 nucleating out of DSM 1.

The electric � eld is then turned oŒand the associated question then is how are they related and does one
cause the other?disclination � eld viewed using obliquely incident light

and rotated analysers to capture information on the As we argue elsewhere [18, 23], when the surface
walls have the same orientation not only do we seealignment of the surface walls.

Figure 10 shows the results of this procedure. The rotation of obliquely incident light, the interaction
between the convective � ow and surface walls results indark DSM 2 regions and the lighter DSM 1 regions are

visible in 10 (a). Removal of the electric � eld and rotation a net force responsible for the travelling waves. If the
orientation on both surfaces is reversed the force is inof the analyser extinguishes part of the sample as shown

in 10 (b). The region that originally showed only DSM 1 the opposite direction and � ow is established in this
direction. As shown in � gures 2 and 3 (a), the boundaryshows a uniform colour indicating a homogeneous align-

ment of the surface walls. In contrast, the region that between these two orientation states is separated by a
disclination line (one at each surface) and the shear � owexhibited DSM 2 consists of patches of bright and

dark regions indicating that the surface walls reverse at nucleates disclination loops which are responsible for
the enhanced scattering. If the walls on the two surfacesthe boundary through wedge defects, the match-up is

not perfect as the system continued to evolve between are of the opposite sense there is no net force and no
rotation of the light.the photographs (a few seconds). These time-varying

irregular patches show that the orientation of the surface We can use this idea to postulate a relation between
the scattering state and the surface walls. Within thewalls on the two surfaces are dynamic. When the sample

is not dark between crossed polarizers the surface walls DSM 1 region there is uniform alignment of the surface
walls resulting in no relative � ow. At the DSM 1 andare oriented in the same sense, either parallel or anti-

parallel to the magnetic � eld. When the sample does DSM 2 boundary the surface walls are of opposite
orientation—see the lines of intensive scattering inappear dark the walls are oriented in the opposite sense
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1315L C electrohydrodynamics in a magnetic � eld

loops. As these surface walls migrate around the surface
the bulk is randomly subjected to strong local shearing
motion [26] which nucleates disclination loops that are
transported by the convective � ow. It is these disclination
loops which are responsible for the strong scattering
observed in DSM 2 [2, 15, 18]. For this system then, it
is the randomizing of surface orientation that leads to
local shear � ow that enhances nucleation of disclination
loops, giving DSM 2 its enhanced scattering.

Can this mechanism also be in play to describe the
DSM transitions when there are no surface walls, in
samples never exposed to magnetic � elds? The answer
is yes, as the cause of the transition between the two
states is shear-induced disclination loops. The formation
of these loops is certainly abetted by the shearing motion
of the migrating surface walls as outlined above. In the
no-surface-wall case another cause of the shear needs to
be found. A possible mechanism causing the sheer is
the anisotropic to isotropic transition in which the
convective rolls break up [17]. These more randomly
distributed, and smaller, convective rolls nucleate the
disclination loops which are the hallmark of DSM 2.

7. Summary
We have determined the existence of a metastable

surface state caused by interaction between convecting
nematic liquid crystal and a magnetic � eld. This surface
distortion is in some way responsible for the travelling
waves we observe over wide frequency and voltage
ranges. A phenomenological picture of convective roll
cells interacting with the surface state leading to trans-
verse forces has been developed. It is suggested that the
transverse forces are responsible for the nucleation of
disclination loops. The formation of DSM 2 and DSM 1
is a result of the formation of Ranganath bend–splay
defects and an increase in local shear. Since the surface

(a)

(b)
walls are not present if no magnetic � eld is applied, this

Figure 10. (a) Shows DSM 2 nucleating out of DSM 1 after mechanism is not applicable to the zero � eld DSM 2
a voltage jump above the DSM 1 � 2 transition voltage.

transition, although increased shear due to the breakupBefore the darker DSM 2 can fully cover the region the
of the DSM 1 convective rolls may be responsible forelectric � eld is turned oŒrevealing (b) the orientation of

the surface walls as indicated in the text. the increased turbidity of DSM 2.
The magnetic � eld stabilizes the DSM 1 and DSM 2

transition, preventing DSM 2 from becoming turbulent.
The DSM 2 state is seen to possess the same symmetry� gure 3 (a)—and shear � ow nucleates disclination loops.
as DSM 1 and to diŒer only in production and rate ofWithin DSM 2, the region of uniform surface walls has
decay of disclination loops. The transition between thesea much smaller characteristic size and, since the system
two states is well described by a scaling relation putis far from equilibrium, these regions wander around the
forward in this paper.top and bottom surface independently. When the top

A magnetic � eld-dependent coexisting DSM 1&2 stateand bottom surface states have the same orientation,
has been observed for the � rst time. Coexisting phases� ow is induced in one direction while in an adjacent
are consistent with the type of nucleation observed butregion the orientation may be in the opposite sense, so
inconsistent with the lack of hysteresis observed by� ow is induced in that alternate direction resulting in

strong local shear and enhanced nucleation of disclination ourselves and others.
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