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Topological Flows Driven by Ericksen Stresses in 
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We will show here that, in a two-dimensional liquid crystal system where disclinationa are 
present, the elastic torque cannot balance alone an external torque ; a hydrodynamic flow 
must indeed occur so that the system can reach a stationary state. We suggest calling such 
flows topological flows. We will indicate how they are produced by the Ericksen forces. 

I .  RI<ACTIVE COUPLING BETWEEN T H E  ORDER 
PARAMETER AND FLOWS VIA ERICKSEN STRESSES 

l ' l i c  li~[lloilyii;iiiiics of the liquid crystals deals not only with tlows of niatter hut 
aI\o \ \ . i l h  ihc dynamics of the order parameters resulting from broken 
\yi i i i i ictr ie\ such ;is rotational andor translational syminetries [ I ] .  Because of 
i l ic On\agcr relations hinding the iluxch and the forces defined within the 
I i-;imeivork of the non-equilibrium theriiiodynamic\, the temporal evolutions of 
(lie Ilow and of the order parameters are coupled. The resulting coinplex 
~~l ie r iomcnolo~y IS furthermore entangled hy the presence of topological defects. 
I n  l l i c  iicmatic5. the director field n(r.1) and the velocity field v(r. t)  arc 
icc.tproc;illy coupled by dissipative (viscous) and reactive (elastic) t e rm 
occurring in  the cquittions of motion. The coupling via the dissipative 
tcrnis \KI\ extensively studied : i t  i s  known that 1"- due to the viscous torque. 
tlic tli i~ecioi- field n can be oriented by the flow v and. conversely. 2"- due to the 
\ I \COLI \  \ii.csses. the director lield n hi15 an influence on the flows (anisotropy 
(11' \,ihco\ity. hydrodynamic instahilities. hack-now eftccts). The existence o f  
ihi\ coupling is ohvious in this case hincc the viscous torque and the viscoti\ 
\ t i -c\w\ clcpcnd 5iiiitilt;iiie(~tisly o n  fields n and v .  

111 i111\ p ~ p c r .  we willit to focu\ our ;ittenlion 011 the reciprocal coupllng of  n 
,iiid v vi i i  the reactive terms : these term\ ;ire the elastic torque in tiic 
cqii;tt iori oi i i iot ioi i  of ihc director and the elastlc stres\ch known a s  the Erlckhcn 
\ I I ' L ~ \ \ L ' \  i n  thc cqiiation of motion of the fluid. I n  t h i \  case. the cxi5tc'nce of ;I 
i.oiipliii; Ibciwccn n and v is not ohvious any more since both the chstic torcpc 
.iiid ilic 1-,ricksen stresse\ only depend cxplicitly on the director field n .  A 
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596 C. CHEVALLARD et a1 

tlidgrain explaining this kind of coupling is given fig. I ' iu1 external torque r 
distorts the director field n. This &stortion generates Ericksen forces fEr in the 
bulk which in turn induce a flow v in the system. 

FIGURE 1: Scheme of di\sipative and reactive couplings between flows and the 

In  order to give a convincing demonstration of the action of the Ericksen forces, 
one has to eliminate all the effects due to the dissipative terms. For this reawn, 
,111 the tian\ient proces5es in which the director field is not static and can 
gciiemte "hack-flow$" must bc excluded. The director field n(r,t) can be static 
(time-independent) either at equilibrium or in a stationary state. At equilibrium, 
the Eixkscn forces can always be balanced by a suitable field of pressure so that 
no flow 17 produced [I].  For our demonstration we will therefore consider the 
second situation where a stationary state is induced by an external torque. 
We will \how here that in the presence of disclinations, the external torque 
cannot hc balanced by the elastic torque alone and that the system can only reach 
a mtionary state in which permanent flows appear. We propose to call such 
flows topological flows. We will point out that these flows are generated by 
the Ericksen force\. 
The generic example of an unusual hydrodynamic behaviour in the presence of 
topological defects i \  provided by the free-standing \mectic C films 121. 
Kccau\e of the very small thickness of these films as compared with their lateral 
dimension\, the hydrodynamic flows are two-dimensional here. In a reference 
frkime with the z-axis perpendicular to the plan of the film, one has: 

01 del pctr;\ItIeter 
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"MAGIC SPIRAL" SUBMITTED TO A TORQUE 597 

'I'hcw 2D flows 
itlg 21 

are coupled with the 2D orientational order parameter c(x,y,t) 

FIGURE 2 : Flows and order parameter in  SmC films 

In  the approximation of a constant tilt angle 8, the amplitude I c1 = sin8 of the 
two-dimensional order parameter remains unchanged so that the phase cp(x,y,t), 
i.c. the azimutal angle, is sufficient to describe the orientational order of the 
system. Under the same approximation, the smectic C films are incompressible ; 
thus, i n  the absence of external sources, the two components of the velocity 
field are linked by the matter conservation law : 

111 concl~ision, a smectic C film can be treated like a two-dimensional nematic. 
For this rcason, we will adopt in this paper the notations used in the 
ncmatohydrody namics. 
I t  hits k e n  shown for the first time by Cladis et al. [2] that the phenomena 
resulting from the coupling of the divergence-less flow v(x,y,t) and the phase 
i'icld v(x,y,t) depend on the presence of a ( + 2 ~ )  disclination in the film. In these 
first experiments, a circular SmC film of radius R was pierced in its centre by a 
lhin needle of radius ri <R (fig. 3.a). In the case, when the phase field at rest is 

defectless, for example uniform with cp(r,w,O)=O (in the cylindrical coordinates 
(r,w,z)),  the rotation of the needle by an angle *(I), results in a "winding" of 
the phase : at T= ri the phase rotates with the needle so that cp(ri,v,t)=@(t). 
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598 C. CHEVALLARD et al. 

FIGlJRE 3 : Cladis' et al. experiments [2,3] : a- flows driven by a rotating 
needle, h- rotating electric field apptied to the SrnC film. 

At the external edge of the film, the phase remains unchanged cp(R,iy,t)=O. 
Between R and ri it varies continuously as a function of r and t. When the 
needle is withdrawn from the film, the phase relaxes towards zero everywhere 
i n  the system. 
The behaviour of the phase field is quite different when this one contains at rest 
a (+2n) defect, for example q(r,W,O)=iy. In such a case, the rotation of the 
needle does not wind up the phase : this one tends towards a non-zero stationary 
value 'p=y+Acp (where O<A9<n/2 ), except at the boundaries. One says that 
there is flow alignment in the SmC film . 
Recently, Cladis et al. [3] replaced the rotating needle by a rotating electric field 
(fig.3b) and studied its influence on the behaviour of the phase field in the 
presence of a (+2n) disclination. The angular velocity of the applied field was 
large cnough so that the phase cp was subjected to a time-averaged electric 
torque. Without field, the equilibrium position of the disclination is located at 
the centre of the film. Cladis et al. have shown that, above a threshold value rcr 
of the torque r, the disclination is orbiting around a target-like pattern formed in 
the middle part of the film. The phase, created at a constant rate acp/dt in the 
ccntrc of the target is annihilatcd. at the same rate, by the orbiting disclination. 
The aim of this paper is to extend the study of Cladis et al. to the case of a S=+l 
disclination carrying an inclusion in its core. In the experimental section, we 
will show that for R r C r ,  the disclination, and thus the director field, are static. 
Nevcrthcless, steady flows (topological flows) are induced by the action of the 
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“MAGIC SPIRAL” SUBMITTED TO A TORQUE 599 

rocating electric field. In the theoretical section, we will specifl that these flows 
arc produced by forces resulting from the Ericksen stresses. 

11. MAGIC SPIRAL SUBMITTED TO A TORQUE 

The starting point of our theoretical considerations is the so-called “magic 
spiral” paradox 111. Transposed to the smectic C films, it can be formulated as 
follows : one considers a film drawn on a circular frame of radius R (see fig. 4). 
This film contains a small solid inclusion of a radius ri suspended in its centre. 
The inclusion and the frame exert an anchoring action on the phase field. We 
supposc that the director c is orthogonal to these two boundaries. 

frame 

FIGURE 4 : The Magic Spiral submitted to a torque, definitions. 

11.1. Equilibrium in the abse nce of the external toraues 

to  satisfy the Laplace equation 
At equilibrium (in the absence of external torque), the phase field (p(r,w) has 

which expresses the vanishing of the elastic torque in the approximation of the 
isotropic clasticity. Solutions of (3), compatible with the boundary conditions, 
;ire : 

cp = cpns ( r )  + sly ; S=+l 
where 

(4) 
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600 C. CHEVALLARD e t a /  

' W=M 1 ,+2,. .. 
In( r / R )  
ln(r, I R) '  q,,, ( r )  = (WK) 

coiie\pond\ to the non singular component of the distortion The integer W 
h i t  we p~opow to call the winding number 15 a topological invmant of' the 
ph,t\e field in the cwe of a strong anchoring (W=-1 on fig 4). 

Due to this distortion, there is an elastic torque acting on the edge ot the 
i i i c  I i ivon 

When &p/&>O, this torque is positive (anticlockwise), as shown on fig. 4. 

FIGURE 5 :  Genesis of the Ericksen stresses 

If there were no other contribution to the torque exerted on the inclusion. then 
the el~istic torque C would induce a perpctual solid-like rotation of the inclusion. 
Fortunately, in addition to this "direct" elastic torque, one has to consider the 
torqiie resulting from the action of the elastic stresses on the edge of the disk 
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"MAGIC SPIRAL" SUBMITTED TO A TORQUE 60 1 

I \cc [ I ] 1 .  Thc elastic stress tensor, also known as the Ericksen stress tensor, 
c\prc\\cs the response of the LC to a deformation of the director field cp(r) 
\\,liicli consists in ;I displacernent u(r) of the molecules preserving their 
oi~lcnt:llion : 

cp'(r+u(r))=cp(r) (7  1 

11s origin appears clearly from the example shown on fig. 5 .  When the 
i i ~ o I c c i i I c ~ .  c h w n  i n  hold type, ;ire transported a s  indicated on the figure. the 
cl: iwc tleli)rmation dcp/dr is relaxed by the amount -(dcp/3yr)(drr/dr). Let's 
ciiipliiisi/e that. i n  the ahsence of  anchoring at the edges of the film, the elastic 
t ~ i i t * y y  stcii-ecl in the lognrithniic phase field, q=cpoln ( r /R) ,  could he completely 

rcl;iscd hy the deformation cr(r)=cpoln (r/R) 
Thc Erickscn stress component (3 ,.,,, exerted hy the LC on the edge o f  the 
inclusion is: 

Er 

'1'1ii\ \ti 'c\s produces a negative (clockwise) torque which cancels the "direct" 
t9:istic torque cnlculatcd above (see eq.6) for S= 1 . Therefore, ;IS mentioned i n  
rcl'.I I I .  h e  peiFetuul motion paradox is avoided. Thc Ericksen stresses cxctir 
; i l \ o  111 the hulk of the film and can produce a force per unit area. In order to 
~~: i Ic~i I ; i tc  this force in the cast of the niagic spiral configuration, one has to take 
into ;iccount dl stresses CJ ,.,,,and rs wr acting on a surface element rdyrdr. Aa 
:I rc\tilt. one gets : 

Er Er 

1 1 -  
111 the tnagic sptrul configuration. the coniponent B 

tcii\oi. Iias the a;inie foriii ;is CJ ,." given i n  eq. (8) s o  that 

,of thc Erickscn stress 
El 

I .c , I ' \   no^ that. except toi, the t"ictor -S/r. this expression of  the Erickscn f o ~ u  i s  

ickii\ic;il to the cxprcshion of  the "direci" elahtic torque KAcp. For this re;ison. i i i  

llic L'J\C 01' the niagic \piral (S=+ I ) ;it equilihrititii ( i n  the ahscncc o f  extcriiiil 
Ioi(liic1. the cI;istic torque and thc Erickscn force vani\h simultaiieoti~ly. 
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602 C. CHEVALLARD el a1 

11,2.:Iction of a n  external torque 

I.ci (I\ \uppo\c now that the magic spiral configuration is subjected t o  an 
L ~ \ t L ~ I . I 1 . l l  torcpc per unit m i l  T(r)  = Td). I f  there were n o  L'low, the \tcady staic 
1 1 1  t l i c -  IiIi;i\c field could not he reached. This ciin he \ii i iply demonstrotctl hy tlic 
11)1lo\< iiig di \cu\ \ ion 1 x 1  11s iissunie that v=O and dcp/C)t=O : there i s  thcrcl'oi-c no 

\ I ~ C O ~ I \  IOIKILI~ and Ihc external torque acting on the dii-ector c i s  then haliinccd 
I1y I l l C  cI;I\IIc torqtiL! 

KAq=-T ( 1 1 )  

1 ' i x l c r  tlic wi ic  conditions. the equation (10) tells us that [he Ericksen lorcc 
I"',,, acting on the fluid is ST/r # 0 and must induce llows in  the f i l m .  ThI\ i \  
iiicoinpiitihlc with the assumption v=O ; thus this assumption is had. 
When flows cxi\t. one must take into account the viscous torque acting on the 
tlircctor. I n  the simplest cxse when the viscosity coell'icicnt y? is set to ZCI-O. t h  
I O I ' L ~ ~  rewlts only from the difference 

hct\\ ccii tlic angular velocities of the director iuid o f  the fluid so that the equation 
Ill. 111011011 01' the director writes : 

111 tlic \ m e  approximation. the equation of motion of  the fluid. writtcn ;is thc 
Iu l : i i ~cc  of  torque\ rf  due to the body foIcea l',,,, has the form : w 

l3c\iilc\ tlic torque due to the Erickhen force (last tcriii), t h i s  equation cont;lin\ 
tlic I\\ o contrihtitioiis due to the viscous slre\;scs. The first term corresponds to 
tlic ;inti\ymnietric part of the viscous stress tensor and represents the torqtre per 
t i n i t  ,iIcii + y~ N which i \  the counterpart of the viscous torque - y~ N felt hy the 
iiitiIcL,tiIc\ iiiid prehcnt in the eqtiiiticin ( 13~1). The \ccond term i \  duc to tlic 
4 )  i i i i i ie i i  ic i i l  part  ol' the viscous slresh tensor. 
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"MAGIC SPIRAL' SUBMITTED TO A TORQUE 603 

I'Iic cquiitions ( I  3u) and ( 1 3 h )  contain the two unknown functions v$r) and 

cp(r).  First (>Tall let us find vv(r ) .  We calculate KAcp from 13a and substitute it  
111 1311 : 

T h i s  iiic;ins that the shear viscosity is opposed to the torque r. I n  the 
i i i i l i i . o ~ t i i i ~ i t i ( ~ n  whcrc the radius of thc inclusion is veiy small (r ,  <<R). we caii 
no\\ C~II~LII;II~ the Ilow field : 

TR r 
I-,,, = - -? In(?)  with ? = -  

2 v  R 
\Ylicn P<O (clockwise from i t s  definition - see fig. 4). the velocities vw iire 

IIC~;III\C ( In( r /R)<O)  so that the circulation i n  this flow pattern should hnvc the 
~ i n c  wiiw a\ the external torque (see fig.4). The advection of the phase due to 
\tic11 ;I 1 . 1 0 ~  results in the rotation of the molecules in thc sense o f  the cxterml 

K i i o \ v i n ~  the Ilow piittern. we c;in now calculate the distortion of  the phirhe field 
I i o m  IIIC cqualion (13;i) : 

I l l~qLIc. ;I4 cxpcctcd. 

\ i ' i t I i  S= I. ;ind vw given hy eq.( 16). o~ie  obtains: 
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604 C. CHEVALLARD C t  al. 

' l 'hi\ cqti;ition tells us  that the fraction (y1/4q) of the external torque 

cli\\ip;iled iii the persistent flow and only the remaining fraction of the torque 
(li\lort\ rhc logiii-ithmic static configuration of the mngic spiral. 
It ilic iiiclii\ion S=+l I S  locutcd at the film centre, the distortion cp(r) ha\ thc 
1l)1'111: 

( 1 ' ) )  

is 

cp = cp,,,, ( 1.) + s y /  ; s=+ I 

\\.licrc tlic non \inpular component qns( r )  satislying the cquiition ( I X )  must have 
tlic lollowing form 

W=O, &I, &2,. and cr+D=l 

When thc torque i \  zero, a=l and the distortion is purely logarithmic. In  thc 
pre\cncc of the torque r, sonie fraction p of the total phase winding hccoiiies 
p:ir;ilx)l~c. From equation ( 18). one gets : 

t. 
1 ~ W X =  ( R l - f ? )  

4 K  
I..oi "4 )  (see fig. 4 where W=- I ) and in the prexnce o f  the effective torquc 
?<O. 13 is p i t i v c  so that the distortion due to the phase winding WK partially 
lo\c\ i1 \  logarithmic, torqueless form ; i t  gradually evolves, with the effective 

I -  

torcltll ' V ~ L I ~  F. into ;I "parahold  distortion. F O I  I-= Fcr StIch [hiit p = I alld 

( f = O .  the di\tortion loses its logarithmic chariicter completely. Finiilly. lor 

r > 1 'cI.. rx hccomes negative which means that the logarithmic contrihution to 
tlic distortion changes its sign i n  order to satisfy the conservation o f  the winding 
nunihcr. In thc accompanying papcr [XI. we show that the inversion o f  the sign 
t i t  the iliStortion c;in he avoided by moving the inclusion away from thc film 
C'C 111 rc . 

- -  

111 coiicltibioii : when the magic spiral is subjected to an external 
torque, its nonsingular phase field loses its logarithmic character : 
some fraction of the phase winding is transformed by the external 
torque into a parabolic distortion. This transformation i s  
wxompanied by flows. These flows never stop - they persist in 
the steady state when the phase field is static. 
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"MAGIC SPIRAL" SUBMITTED TO A TORQUE 605 

11.3. Kelaxation of the magic spiral 

I .cr t i \  w p p o w  now that the external torque i s  removed. The distortion that it 
cicaiet l  niu\t now i-cliix which means that the molecules w i l l  rotate backward\. 

'I lit\  h,ickwartl rotation is led by the elastic torque ( i t s  initial value is - r )  whose 
\CYIW I \  opposite to the sense of I-. The angular velocity of the molecule+ &p/r)r 
c~rc:trc\ \i\ccius torques and viscous stresses which could generate hack-flows 
141 I)oc\ thik relaxation have to he accompanied by back-flows '? The answer i\ 
NO' I '  I ~L '~ ; IL I \~  the contrihutions of the stresses clue t o  they1 term i n  the equatioii 
( 1 1  iilot ion 01 '  the fluid ( I3b) vanishes in the presence of the S=+ I disc1in;ition 
'l'lic ci1ti:itioii (13h)  tells 11s that no back-flow can occur during the 
relaxation of  the magic spiral. This theoretical conclusion is confirmed by 
cspctiments (section 111). The relaxation process i s  therefore described hy the 
i *c lua t t i i i i  (13a) i n  which vw IS ' set to zero: 

('2) 

,\I tlit' lheginning ol' the relaxation. the angular velocity &p/& i \  tlic siinic 
I,\ c~1.b I\ liere. Later on. the relaxing p h a x  tield takes the form of ;I 13csscl 
I iinct ion ; i nd  the relax;ition hecomes exponential. 

111. KXPERIMENTAI, 

111.1. S e t - U D  

In  the experiments we used the room-temperature SmC'k mixture SCE4 from 
I % I ) t I .  Sniectic f i l m s  o f  dimensions 3innix3mtn were drawn on ii rectangular 
I'i-;inic with iiiovahle edges (fig.6h) which is described in details in i;ef.[h]. The 
I! p i c i i l  rhickncss of  these films was ahout 20 nioleculur layers (6OOA). The 
1 I a i i i c  \\';I\ I;iitl on the stage of ii rctlectmg polariring microscope. 
I lie I i l i i i s  wcrc ohservcd, through microscope. wi th ;I T V  caiiierii connected to 
. in A V  coniputer which allows to record either \elected pictures o r  serie\ of  
~ I L , I U ~ L > \  t,ikcn ;it ;I rcgulx time interval. 
' I h -  ror;1tlng electric field was produced by four needle-sh;iped electrodes. 
placed helow the film and forming II square iis indicated on the figtires.0.c anti 
(1.  l'hc clccr~-odex were centred on the field o f  the microscope und their dist;incc 
I\ 1111 rc\pcci to the lilm wiis controlled hy ;I translation stage. The clccirocie\ 
li.oiii t l ic opposite coriiers of the \quare ( 0 . 3 ~ 0 . 3  nini) form two pairs which ;ire 

\t11y~Iicil hy AC voltages in phase quadrature: Vsint(tot) for one pair and 

\ ~ .oq i i ) r )  101- thc other one. The frequency o i s  about I k l h .  This set ot 
L ~ I C C I I I ) ~ ~ \  ~cner; i~cs  x i  electric field of ii quite coniplex gcoiiietry. F o r  thc 
p t i i q h o \ c  o f  rhc prcwnt expcrimenis. we arc only interested i n  the coniponcnt El/ 
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606 C. CHEVALLARD et al. 

ot the electric field tangent to the film. For \ymmetry reason, the field must be 
p,iiallel to the film at the cenlre of the square but has a component E, nortnal to 
11io filtn ehewhere 

smectic film 
oh i ec t i ve 

d 

FIGURE 6: Experiniental set-up 

One hiis also to consider the polarization of the field. It is circular in  the centre 
ol'thc square but elliptic everywhere else. In a very rough approximation, one 
can suppose that the torque exerted by the rotating field is confined to a small 
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"MAGIC SPIRAL" SUBMITTED TO A TORQUE 607 

region in thc centre of the square. This localization of the torque has an 
;dvantaFe : as we will see below, it is difficult to control the position of the 
tli\clinations in the film ; however, since the frame supporting the film can be 
it;in\lated (using the niicroscope stage) with respect 10 the electrodes, the 
iw1;ited disclinations ( o r  the groups of disclinations) can always be positioned 
in  thc small area where the electric torque is localized. In this way one can study 
ilic individual or collective response of the disclinations to the external torque. 

'0 1.5% PreDaration of film s contaimne dl s w t i  ns 

1 1  i s  well known that the steps corresponding to the changes in the filni 
thickness exert an anchoring action on the vector field c 171. This property can 
I K  iised for the preparation of smectic C films containing only one (+27c) 
d i \c I i ti a tion. 

. .  . .  

Fig.7: Preparation of an aged disclination with a blocked winding: I"- 3 fresh 
ili\clination is winded up with the electric torque, 2"- after several hours, dust 
particles are accumulated in the disclination's core - the winding is hltxked: 
when tlic torque i s  suppressed, the disclination keeps its winding nuniher, the 
tli\tortioii field relaxes. its logarithmic configuration. 
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608 C .  CHEVALLARD rt (11. 

( ) i i c  II;I\ to proceed as follows : during the initial stage of the sniectic lilm 
i~~.l11/,iiioii, I .C. when one starts to open the rectangular frame. ;I s m a l l  (=I00 
~IIII iii tli;imctcr) disk-shaped thin nucleus of rrnectic tilm (surrounded hy a thick 
liic1ii\cu\) I \  created. The topology of the vector field c in this nucleu\ ciin k. 
Lyi\ily tlctcctetl hy direct ohservntion in the reflecting poliirir.ing iiiicro\cope. I n  
iiiciii!' L'.I\c\. thc nucleus ol' the film colitiiin\ o n l y  one (+3x) disclination. When 
II I \  i i ~ i c ,  one c;in draw ;I lilni of much larger dimensions hy moving \,ciy 
\lo\\ I! 'iiid \moothly the mohile edge of the frame. During th ia  proce\\. l low\ 
iii;iy occtir iii the film ; this makes the disclination drift hut it docs not niiitler 
\Iiicc. C I U C  to the mohility of the frame supporting the film. the (+?n)  
t I i \ c l i i i a t io i i  c;in always he positioned ahove the electrodes. We ciill tlic 
~ l i \c l i i i i i t io i i \  .ju\t created in this way "fresh" tlihclinations in oppohition to ihc 
"sigctl" di\cliii i itions that have been staying in the lilni f o r  several hours. On 
wcli (I long tiiiic wa le .  the d id ina t ion  traps the dust particles floating i n  the 
Iiliii ;iiid one caii then ohserve ii progrcwve growth 0 1  the disclination's core. 
'I'lii\ ;iccuiiitilation of dusts in the core o f  the disclination ;icts as the inclusion of 
r ' i c I i u \  rI thai we considered in the theoretical section : i t  exerts ;in anchoring 

, i~' i ioi i oii the vector field c .  The phase $(ri.yf)=yf+Wx is hlocked and cannot hc 
;iIicIcd hy the nction of  the elcctric torque. In  the fre\h disclinationa o n  the 
coiiii.'iry. the SniA-likc core structure does not impose any constraint o n  the 

I l o \ \ c \ c r .  i i i  tlie (+?x) disclinations, there are energy harriers (due to the 
;iiii\oti.opy cil'thc elastic constants) to overcome in order to wind up the phase. 
11 i \  nc\crtlieleas pos4hlc when the applied elcctric torquc is large enough. Thc 
ph;isc \vindiiig proces\ IS then quite visihlc in the polarizing microscope : the 
c ~ \ i i i i c i i o i i  hrushc\ of  the disclination are winded into a spiral as shown on the 
\cliciiic of. fig.7. This winding process is pailially reversible i i i  the fresh 
t l i \cl in;it ions : when the torque is suppressed. one ohnerves the unwinding o f  
tlic pha\c during which the existence of energy barriers is ohvious. However, 
\\.lien ii disclination is maintiiined i n  thi\ winded state during several hours, the 
u u m u l a t i o n  of dust particles in the core blocks irreversibly the phase. An 
c s m p l c  of w c h  ii winded and aged disclination is shown o n  the photogriiph 
pi.c\cnicd I'ig . X. 

I l l l ' l \ L ~ .  

111.3. 'l'ouoloeical flows. results 

Tlic icqiologul Ilowa induced hy the clcctric torque were detected hy looking ;ii 
ilic ii iotioii of  w i i i l l  d u 5 t  purticles Iloating in the film. Their position5 wcrc 
tlcieriiiiiicd ti-om photographs taken with tlie TV caiiier,~ and rccoided on thc 
L'oiiipuicr. A sc'i-ic o f  pictures takcn at ;I regular t ime  interval wcrc stipcrimposcd 
l i y  Li\iiig a11 image processing software. A typical exwiiple of  such i i  compo\itc 
pic'iurc I\ \howti oii fig. X.  On r h i h  image. the wrioti\ positions o f  ;I d u a t  
~ u i i i c l c  ;irc indicated hy white d o h  One can notice that the distoilion licld doc\ 
iioi c.li;iii:c throughout the experinicnt which iiieiins that the system w a a  in ;I 
\i~*d! \t i i tc, Thc dust p;iiliclc\ cvolvc. i n  this stntionxy d i w r t i o n  field. 011 
1.1 I L.II~;II. oi.hii\ around I tie disc1 i ix i t  ion. 
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“MAGIC SPIRAL” SUBMITTED TO A TORQUE 609 

IJRE 8: Topological flows around a (+2x) disclination. This picture 
i.po\itioii of five irnages taken at tinic intervals of 20 see. The positior 
piii?iclcs i re  indica~ed by white dots. The flow is circular and its veli 
ncis o n  the distance to the discliriation core. 

0 1 5 V  

A 10 V (scaled) 

6 0 0  I 8 V (scaled) 
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0 2 4 6 8 1 0  1 2  1 4  1 6  
radius of the orbit (a.u) 

IS il 
IS of 
.>crty 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
9:

32
 1

7 
A

ug
us

t 2
01

2 



610 C. CHEVALLARD et ctl. 

. .  I hc wmt: of circulation is similar to the sense of rotation of the electric field. 
‘I‘liis i\ i n  agrceincnt with the theoretical schenie on fig.4. The velocilies of  thc 
IxiiticIcs i i i r  constiint. Typically, for a radius D=O. IS mni of  the orbit, the 
pci.iod o f  [he orbit is T=S00 sec. and the velocity v= 1.9 yndsec. 
( ) I I  ~ h c  composite picture of fig.8, several dust pwticles evolve on circular orbits 
01. diflbrent radii. Their velocities have been plotted V ~ T S L I S  the radius o f  the 
cwbii on fip.0. I n  this case, the voltage applied to the electrodes was 1 0  V.  On 
ilic !,iinic plot we have also represented other data obtained for the lollowing 
\,olt;igc\ : CI=6. 8 and IS V. All these data have been rescaled with respect to 
i l i o e  citrresponcling to 1 SV ; the velocities have been multiplied by the factor 
l ~ x ~ o i  ( t> ’ / lS  V$. The rescaled data (filled niarkera) arc aligned on the s;tnrc 
c t i i w  \vliich clcinonstrates that the torque exerted on the molecules by thc 
roi;iting tkld varies as E2. Thus, as expected, the averaged torque due to the 
yxvitiineotts polarization of the SmC* phasc is zero. 

111.4. Relaxation of the magic spiral 

After the suppression of  the external torque, the non singular part of the phasc 
fi~*ltl relaxes towards its logarithmic configuration. The theory developed in the 
xxtion I I  predicts that, during this relaxation, thc circular flow v,,,(r) should 
\top. This theoretical prediction is experimentally confirmed. In the serie of 
IIirec p1iotogr:iphs shown on fig. 10. the dust particle indicated by arrows has a 
i -xl i i i l  trajectory. It does not  circulate around the disclination but only follows 
llie collapsing extinction hriishes. 

l.lCi[lRE 10 : Relaxation of  the magic spiral after the suppression o f  thc 
c\tcrnal lorqw. The dti\t particle indicated by the ;irrow doe5 not circulate 
i~rotind the disclinntion : vv=O. I n  its radial motion, the particle follows 
cw1I: ipi  ng extinction brushes. 

V. COX(X,USlONS 

lii  th is  piipcr. wc have shown, both experinicntally and theoretically that a11 
cxtcrniil torque. applied to the orient:itional order parametcr c of the StnC fil im, 
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“MAGIC SPIRAL” SUBMITTED TO A TORQUE 61 1 

c;inii(it he h;ilanced by a static deformation of the director field c when II (+’IT) 
tli\clin;ition i \  prewnt in the film. Instead of an equilibrium state, the sy\teni can 
i )n ly reach ;I steady state in which permanent flows occur. 
i:i.oiii ;I theoretical point of view. this conclusion follows directly froiii the 
L%\pi.l>\\ioii of the two coupled equations ( 1 3 1 )  and ( I3h).  The motion equation 
( 1 1  ttic Iluitl ( 13h) exprcsws the balance of the torques produccd by the body 
Ii)rcc\ acting on ;I fluid piulicle : it contains the teriii which corresponds to (tic 
L~I~I\IIC 1;ricksen t‘orcc. This one depends explicitly on the topology o f  the 
t l i icctor field : i t  is pi-oportional to the strength S o f  the disclination. Exccpt lor 
ih t \  t x ~ t o r  -S. thi\ teriii i \  identical to the elastic torque occuring i n  the motion 
i~(lii;iiiiiii o f  the tlirecior ( I3a). Consequently. when the director field. duc to thc 
<.\ tL* i . i i< i I  torqtic. leaves its equilihriuni stiitc. not only an elastic torque x t i n g  on 
I I I C  I I I I L ~ ~ ~ O I ~  hut iilso body forces acting on the Huitl particles are induced. I t  I \  
oh\ ioii\. \t;irting f r o m  the equaiion (I%), that these Erickscn forces c;in only he 
lul;inccd by the viscous forces. Therefore, the system can only reach a steady 
\talc in which flows must persist. 
1 : r o m  the cxpcrinicntid point of view. the evidence for these topological 
f’lo~rs I \  obtained by observing the motion of dust particles wspended in  the 
Sin(‘ I‘iltii : i n  the stationary state, those are orhiting around the tlisclination with 
;I velocity which depends on  thc radius of the orbit. 
~\iiothcr qtiitc wrprising consequence of the equations of motion ( 131) and 
I I i h i  I \  tha t ,  alter the suppression of the externid torque. the system rcI;ixes 
~ow;ir(I\ tlic equilibrium state without tlow. Once again, this behaviour is due t o  
ilic p c w n c c  of’ the disclination in the director field. The equations of motion 
( I 3 a )  ;inti ( 1 % )  can a l w  be used to predict patterns of tlows and distortions in  
IIic c;i\e when the director lield contains a S=-I disclination. In such a situation. 
1 1  c u i  be h o w n  that topological tlows are also ~nduced hut in a sense opposite 
to the cxtcrnd torque one : if the torque is clockwise, the circularion of the fluid 
\hoi11d hc now nnticlockwise. The behaviour of  S=- I disclinations subjected to 
; in  cxiciml torque is considered i n  the accompanying paper 181. 
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