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Surface Polarization and Flexoelectricity in 
Nematic Liquid Crystals 

SANDRINE  FORGET^, IVAN DOZOV~ 
and PHILIPPE MARTINOT- LAGARDEa 

aL.uboratoire de Physique des Solides, Universite' Paris-Sud, BLit. 510, 91405 
ORSAY cedex, FRANCE and bPermanent address : Institute of Solid State Physics, 

Bulgarian Academy of Sciences, Sofa 1784, BULGARIA 

We propose a technique for the measurement of the surface electric polarization in nematic 
liquid crystals from the birefringence variations of the texture under weak vertical electric 
field. We study experimentally 5CB aligned on SiO layer with strong tilted anchoring. We 
show that in this system the surface polarization is one order of magnitude stronger than the 
bulk flexoelectric polarization of 5CB reported before. We discuss the sign and the magni- 
tude of the surface polarization and the reliability of the proposed method. 

Keywords: Surface polarization; flexoelecticity; nematic liquid crystal; electrooptical effect 

INTRODUCTION 

The orientational order in the nematic phase is usually described by the 
3 1 

tensorial order parameter Q = - S(nn - - I), where S is the scalar order 
2 3 

parameter, n the nematic director and I the unitary isotropic tensor 
(fG = 8ij). By symmetry, the average macroscopic dipolar moment of the 

nematic is zero, even if the molecules have large permanent dipoles. In 1969 
Meyer"] demonstrated, that some nematic distortions break the symmetry of 
the phase and give rise to a flexoelectric polarization : the asymetric mesogen 
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W[ 121 81 SANDRINE FORGET et d. 

molecules are oriented by the distortion field and the average o f  their 
permanent dipoles is no more zero. Later, Prost and Mmerou[2] demonstrated 
that the flexodectric polarization is mainly o f  quadrupolar origin and i t  exists 
also for symmetric molecules : the spatial variation o f  the molecular 
quadrupoles, related to the director distortion, creates a macroscopic 
polarization. By symmetry, for both the dipolar and quadrupolar contributions 

the llcsoelcctric polarization dcnsity is[’”]: 

PI = el n divn + c p r l n  x n (1)  

where e l  and e3 arc the flcxoelectric coeflicicnts associated with splay and 
bend. 

Another way o f  brcaking the nematic symmetry i s  to vary in the space 
the scalar order parameter S, for cxample in the vicinity o f  a boundary surface, 

itlipsing surface order parimdcr S, # S. Barhro ct al. dcm~nstntcd[~~, that 

in this cilsc the spacial variation o f  Q givcs rise to an ordoelectric polarization 

densiiy. mainly ol’quadruplar origin : 

is thc qrwdruplar density o f  completely aligned 
(e ,  + e , )  
3s 

where -e,, = - 
nematic. The ordoclectric polarization is concentrated only close to the 

in a region comparable to the correlation length o f  the nematic 
phasc. Integrating. \vc obtain that the surface density /: 01’ the ordwlcctric 

polarization is  proportional to (Q-Qs).N, whcrc Q and Q, arc 

rcspcctivcly the nematic order pnmctcrs in the bulk md on the surface and N 
is the cxtcmal normal to the surface. 

More generally, the bulk symmetry is always broken at the surface 
scparating two diffcnnt media. Even for isotropic liquids this can create a 
“contact” surface dipole density Pis,,. by symmetry Pbol/N. This surface 

polarization is due to the different electric properties on both sides of the 
surface and to the orientation of the permanent dipoles along N. This trivial 
isotropic contact contribution csists also for nematics. but \vc are not 
interested in it because it is  dccoupled from the nematic order and orientation. 
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SURFACE POLARIZATION & FLEXOELECTRICITY [ 12 19]/6O7 

To the lowest order in Q ,  the anisotropic term is Pa, = parl Q N ,  with the 

same symmetry as the ordoelectric term and it  is difficult to separate from it. 
In the following, we will consider only this surface polarization term, assuming 
that the ordoelectric contribution is already included in it. 

A large number of techniques has been applied so far to measure the 

flcsoelectric and some of them enable also the study of the 

surfiicc dipole dcnsity"J- '8].  In  most of  t ~ i c  cases, the nexoelectric 
contribution can be integrated to give a surface term and ~ v e a k  anchorings arc 
needed to measure i t .  As a result. the separation and the intcrpretation of the 
different polar surface ternis are diflicult. Several other difficulties arise in this 
kind of experiment : the ionic screening of the flexuopolariration, the sensitivity 
to the lield gradients created by the space charge accumulation, the 
clcctrochcniical reactions on the electrodes, the difficulties to control and 
reproduce the bveak anchoring. the competition \ k i t h  the much stronger 
dielectric coupling to the applied licld. This explains thc large number of 
discrepancies in the values and e\en in the sign ofthc experimentally measured 
fle\ocoeflicients. 

I lerc \vc propose a new tcchnique to study the polar efkcts i n  noiicities. 
The method is based upon tiie:isurcmcnt of small bircfringcnce variations when 
;i wcik electric lield is applied across a thin sample. Evcn l'or large dielectric 
anisotropy E,, the quadratic dielectric effect is dominated by the linear polar 

effects. The surface p o l a r i d o n  is measurcd on only one of the plates, chosen 
to have tilted and relatively strong anchoring. U'e present our experimental 
results for the s u r f k c  polarization of 5CD on SiO, showing polar effects of 
one order of niagnitudc stronger than those reported in the literature. 

i+IEASUREMENT PliINClPLE 

Let us suppose that a dielectrically positive (Ea>O) nematic liquid crystal is 

contained in a thin sandu.ich cell of thickness d. We choose the z-axis 
perpendicular to the plates. as in figure I .  The easy axes are tilted on the 
plates, respectively at angles W I  and W2. supposed arbitrary at the time being. 
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608/[ 12201 SANDIUNE FORGET ct al. 

FIGURE I Geometry o f  the cell 

A vcrtical electric field E i s  applied across thc ccll. parallel to the plates 
normals NI and Nz. Both substntcs align the molccules in the (xz) plane and 
no azimuthal torques are applied. We suppox then that the director remains 
cvcrywhcre in the vcrtical plane (xz), and its orientation is described by the 
angle 6(z), where cos6 = n.x (Figure 1). We suppose that the tilt of the 

director is small across thc cell(6' (:) << I )  and we ilssunie sirr 8 - 6. 
The total energy o f  the system can bc written as the sum o f  thc bulk 

( 6,). polar ( F,,) and anchoring ( 6,;) terms: 

F = 4,+ F\,+ 6,) + F"2 (3) 

The bulk cnergy due to thc dielectric and elastic contributions is 
11 

- 
9, 

where KI i s  the splay curvature clastic constant, < is  thc electric tield 
11 

correlation length 5 = "K, and a * =  S. 
E l F  (I: 

For small deviations (6; - wi ,l ofthe surface director from the easy axis. the 

surface anchoring energy i s  given by: 

i11.2 

where Li is the extrapolation lcngth of the anchoring on the surface i. 
The polar energy can be also integrated to give just a surface term: 
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SURFACE POLARIZATION & FLEXOELECTRICITY [ 1221 11609 

Fp = - E [ e ( 6 :  -6f)-pI6f  +p,6i ]+consf .  (6) 

I 
2 

where e = (el + e 3 )  is the quadrupolar flexocoefficient and the surface 

polarization ternis are taken in the simplest symmetry allowed approximation: 
1 
3 

P; =p;N.(nn- I / .  
1 

In small 62 approximation. rhc Eulcr Lagrangc equation becomes6” = - ,-a, 

giving: 
5 -  

1 (7) 
t l +  22 ti - ?i 

‘-5 25 
62 sir1  + 6, Sill 

and 

i 
I n  general, now n e  can lind 61 and 61 as functions of the applied field 

lioni the surface torque equilibrium on the two plates. for arbitrary Wi. 
\Vc note. howvcr. that for 6, = 261 the linear coupling with the lield 

disiippcars due to the symmetry of the systcm. To have the strongest possible 
polar cffcct, ivc choose then 1y2 = 0. i.c. the anchoring on the upper platc is 

planar. without prctilt. and the surface polarization on it is zero. This enables 
us to  study scpxcitcly the surface polarization on the prctiltcd lowcr plate. 
From the equilibrium equations. \be obtain approsimatcly. for low fields 

( .. << 1 )  and for strong anchorings (Li<<d): 
(1 

5 
62 10 md 61 x W I  - 2  LI (pi +e)Iyl E (9) 

KI 
Equation (9) enables us to obtain (PI  + e )  from the 61 variation under electric 
field. However, the direct measurement of 61 is a difficult experimental task. 
What can be measured much niore precisely (and easily) is the integrated 
bireliingence ofthe cell as a function ofthe applied field: 
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610/11222] SANDIUNE FORGET cr 01. 

d 

- 
2 

Substituting equations (7) and (9) in (10) and integrating. we obtain: 

Note that the quadratic c1T~u.t~ (dielectric coupling or higher terms in the polar 
couplings. neglected in the previous equations) do not contribute to this  
formula 

RESULTS AND DISCUSSION 

\Ve apply this mcasuremcnt method to thc nematic liquid crystal n-pcntyl 
cymobiplicnyl (SCB) contained betwvecii two transparent indium tin osyde 
(ITO) coated glass plates. To induce an alignment. thc two elcctrodcs have a 
silicon rnonoxyde (SiO) grazing evaporation coating. Dcpcnding of the 
evaporation angle. planar or oblique anchoring i s  achievcdf'"''U'"J . For the 
uppcr ekctrodc. to ensure a planar alignmcnt. the angle of cvaporation is of 
60". The lower plate is cvaporatcd at 82.5" to cnsurc an oblique anchoring 01' 
the ncmatic molecules. The pretilt on this plite, WI = 20" k I". was mcasurcd 
by the comparison of the twin domains birefringence["] in scparatc 
esperiment. 

We use thin cells of variable thickness (IpmSdSlOpm) obtained by 
changing the spacers but remaining physically on the m e  two plntes and in 
the same area. 

We measure the bircfringcnce variations using a Leitz polarizing 
mieroscopc. The cull thicknuss is determined using a compensator and 
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SURFACE POLARIZATION & FLEXOELECTRICITY [ 12231161 1 

measuring the birefringence of the cell when no field is applied. The optical 
signal is detected by a photo-multiplier and analyzed with a differential 
amplifier connected to an oscilloscope. The applied voltage is of square profile, 
which allows us to average on a large number of accumulated data and to have 
directly the optical response as a function of the time. In order to optimisc the 
sensitivity and to have the best precision, when measuring the small variations 
A\ wider electric iirld we w o k  i n  the linear (U4) regime : by the compensator 

n e  introduce tlie phase diffi.rcncc needed to niake tlic total phase difference 

equal to (h + 1) . where ni is an arbitrary integer. By this way, good 

precision and sensitivity is achieved (much better than IA). 
For SCB, no=l.6, ne=1.75['3], K1=6.10-12N[ '~]  and we estimate 

L 1=20nrn from the anchoring breaking tl~resliold['51assuming that the energy is 
of Ikipini I'apouI.1 r 1' orm. 

Experimentally, ~ v e  have measured tlic phase difference as a function of 
thc voltage at lised cell thickness. Just after the pulse, we observe fast 
response with rclasation time '51 in tlie order o f (  1-10 nis) depending 011 tlie cell 
thickness. 'This fast response is ch;iracteristic for the field induced texture 
change. At longer time scale the optical signal goes back to  zero with much 
slo\ver clinructcristic rcI;!s;ition time Tz. 'l'liis slo\v process niay be attributed to  
parxitic cI'l;.cts, such ;IS ionic screening of the field. volume charge 
accuniulation and electrocliciiiistry. To avoid coniplications, w e  choose the 
pulse duration of the order of few times '51. much faster than the ionic effects. 
klorcovcr. \vc apply ;in :ilternntivc square electric signal with zero mean vnluc 
in order to avoid at long term any cell damage due to elcctrocheniical reactions 
or ions adsorption. LVc have also measured the current through the cell during 
the cspcrimcnt. We observe that for "high" ticld ( 1  00mV/pni). the currcnt 
bcconies asynictric with tiit: voltage polarity. We attribute this effect to 
electrochemical reactions. To avoid them, the field used in our measurements 
was limited to values inferior to this electrochemical threshold. 

The fast contribution to tlie optical phase difference is presented on 

A, 
4 

figure 3- as a function oftlic applied voltage. 
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A d=lO.Spm 
0 dt7.Spm 
# d=S.lpm - d=3.&m 
+ ds3.3pm 
A d=2.7pm 

- 
0.0 4 

1 I I I I I 
0 20 40 60 80 100 I20 

U (mW 

FIGURE 2 Uircliingcnce variation of the cell 

We obscrvc. up to U=l50niV, linear dcpendcncc of AI on the applied 
voltagc U. The s lop  of AI(U) for a11 thicknesses d larger than about 2pm is 
indcpndcnt on d. in good agrccment with eq. ( I  1). For dQpm, we obtain 
typically 20-30% smallcr AIIU slops. showing that for thin cells our 
approximations arc no more well satisticd. In prticular. some parasitic ionic 
eflccts ncglcctcd in our model can br. very important in thin cells. e.g. the ions 
adsorption in the SiO aligning screening partially the licld and 
changing the ficld profilc closc to the plates. 

(p I  +e)= +2.6.10-3c.g.s.u (stotvolts). This result is one order of magnitude 
larger than the usually reported flcxococffkient values. For examplc. 
Mahcswan Murthy et al.t5] report for thc same nematic SCB: 

‘1 +‘3 = + I O S . I O - ’ C ~ ~ ~ - ~ / V - ~ .  giving inournotations 

From the mom reliable thick m p l e  values on figure 2, we find 

K 
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-4 e = 1.1.10 c.g.s.u., factor of 20 smaller than our results. This discrepancy 

cannot be attributed to our esperimental uncertainties, like the approximate 
estimation of the anchoring extrapolation length. A systematic underevaluation 
of the reported llexocoefticients by one order of magnitude is not very realistic, 
taking into account the large variety of measurement methods. Most probably, 
our  results show the wry  important role of the surface polarity, much larger 
than the flcxoclcctric polarization. our ( e f  pl  ) value is similar to the one 

reported recent\y[l('l for another system ( e + p l = l  . I O - ~ C . ~ . S . U .  in our 

notations). 
The large value of the surface polarization coeflicient P I  can be due in 

our case to the strongly polar molecule of 5CB. By our definition of P I  i t  is the 
surface dipole density of honieotropically oriented nematic. We can estimate 
the upper limit of the surface polarization due to the molecular permanent 
dipole as Nm p where Nlll i s  the surface numerical density of the 

nematic molecules (i.c. we suppose th:it the surface is covered with dense 
nionomolccular layer. with perfect polar ordering). Taking p = 4 d c h y  and 
Nni = 4.10"cni-' (arca pcr molecule: 2jA2). we obtain PIim = 1.4.10-3 c.g.s.u. 
(statcoul.) compatible n i t h  our cspcrimental value for P I .  This estiniatcd Plin1 
v;iIue is ol'thc same order of magnitude than the measured value, but slightly 
\vcakcr. We can attribute this difference to the high porosity of SiO. the 
cfkclive surface is larger t h x i  the plane surface. 

From the same rcasoncnicnt n c  can find easily also the sign of pi. related 
to the sign of the molecular dipole moment and to the biphilic affinity of the 
niolecules u i t h  the surface. Due to the large polarizability of the SiO 
evaporated surface, \vc expect the lirst layer of 5CB molecules to be oriented 
\vith their polar heads 10 the surface, as on fig. 31, giving negative sign ofpi. i n  
drastic disagreement \\ ith our measiirenicnts. To understand this discrepancy, 
we should take into account that the first layer is strongly adsorbed on the SiO 
surface and its molecules cannot reorient. even under very strong torques. 
Therefore. the dipole moment of this layer is "invisible" for our experiment, 
much as the dipole monicnt of the substrate itself (in fact, the adsorbed layer 
becomes a part ofthc substrate). The first. properly speaking. nematic layer is 
on the top of the adsorbed layer \vith tail-to-tail orientation (fig. 3b) due to the 
large affinity of the hydrophobic molecular tails. Our measurement gives the 
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dipole moment density o f  this layer, which is fm to vary its oricnntion under 
e x t m l  torque. 

a) b) 
FIGURE 3 a) Amngemcnt of the surface layer expected by thc polarity 
ofthc nematic molecule. in disagreement with the experimental result. 
b) Possible explanation of the observed molecules in the first layer does 
not rotate under the licld 

Furthcr experiments arc nwdcd to scpantc bctter the p1 and the c terms 
in our nicasurr'mcnts. For csaniplc. one can study the change of the sign o f  the 
polar cwflicicnt when changing the biphilic aflinity o l  the surface or nematic. 
Another approach is to vary the surface (i.c. PI) remaining with the samc 
nr'malic (i.c. s;~iiie e). Finally. hy similar technique, but in symmetric cell. 
tilted to the observation asis. onc can measure scparatcly c, without any 
surlhcr' polarimtion intlucncs. 

To conclude. we propow a simple tcchniquc to study the polar effccw in 
ncmatics using thin cells. low voltages and weak dcrormations we avoid the 
intlucncc o f  thc diclcctric coupling and the pansitic ionic effects. For SiO - 
SCB system we measure polar coupling cwllicient 30 timcs largcr than thc 
rcportcd tlcxwlectric contribution. We cxplain qualitatively the sign a d  the 
large value o f  the polar coefticient by thc oricntation o f  the large 5CB 
permanent dipoles on the surface. 
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