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FIRST TRULY FERROELECIlUC LIQUID CRYSTAL 

PHYSICAL PROPERTlES OF "HE FIRST TRULY 
FEXROELECIlUC LIQUID-CRYSTAL PHASE AND 

A PROPOSED ANTIE'ERROELECIWC 
LIQUJD-CRYSTAL PHASE 

H. R. Brand* and P. E .  Cladis 

AT&T Bell Labuatcries 
Murray Hill, NJ 07974, USA 

The first faroelectric liquid crystalline phase (in 8SI* (A!3-(+)-(4-(2'- 
methylbutyl) phenyl-4'-n-octylbiphenyl-4 carboxylate) is r ep ted  and its physical 
properties are discussed. The close connecbion between the phase sequences d 8%. 
and its racemate are established. Bcth compclmds show a llumbez d smectic 
phases above the newly discovered ferroelectric phase and its analcgue in the 
racanate. These phases (CJ and G? are tilted in the racanate 8SI and tilted with 
a helicadal structure in 8SI". In the truly faroelectric phase, X, the directar d 
the mdmles can be criented in a bistable way in an electric field Fhrthamcre 
when the field is turned df the directar mientation remains unchanged. This 
behaviar is fundametally different from that in bulk smectic phases which suppart 
the helix structure in the absence d external farces. A model far 'racemates' in 
higher smectic phases like G, G', H etc as well as a the newly discovered 
ferroelectric phase is presented. The mponse d chdesteric blue phases d 8SI* to 
an external field is discussed in an appendix. 

PACS: 6130Eb,Gd, 64.70Ew, 77.8 

I. INTRODUCTION 

Ferrdectricity, a phmommm well established in solid state physics, has not 

been discovered so far in liquid crystals, the stable phases which mediate the liquid 

to d i d  trailsitim in many crganic compQ1I1Lts. So far anly helielectric, chiral 

smectic liquid crystals have been reputed. In smectic liquid crystals, which have 

* Present address: Dep. d Physics, Kyushu University, Fukudca 812, JAPAN. 
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208 H .  R. BRAND AND P. E.  CLADIS 

attracted increasing attention m r  the last few years,('$) the dongated mdecules 

vhich exhibit these phases, are arranged in a layered structure. 

In a smectic A phase, the simplest type d a me&, the mdecules are 

completely disordered within the layers thus forming a tuadimersimal fluid 

whereas a density wave exists in the directicn d the layer namal. If aIl decules 

are tilted with respect to the layer ncrmal in a darn fashion but aherwise the 

&gee d fluidity inside the layers is unchanged, me calls such a phase smectic C. 

Increasing the degree d ader (a reducing the fluidity) within the layers leads to 

tilted phases like smectic F, I, G, G', H, H and to variaus d t e d  snectics: 

crystal B, hexatic B, E e t ~ . ( ~ - ~ )  

Whereas in C there is 2-dimensional fluidity within a layer, in F and I the 

mdecules are restricted to move cnly along the lines d a 2-dimensianal grid set in 

the layas. This is ax physical ndim d 'long range h d  a i e a t a t i d  at&r'ch) 

which accounts for the large heat d transitim (= 1 caVgm) at the C to I (at F) 

transitim. In the G, G and H phases, X-ray measuranents shcw long range 

correlations for the centers d mass d the mde~uIes(~-~) within a layer. 

mdecules are localized at the intersectim d the grid lines but rotate freely about 

their long axis in G and G' and in a hindered fashion in H and H. "hat is to say, 

there is still a considerable a m a t  d motian in the systan. There is practically no 

heat d transitim herved at the I (a F) to G' (a G) even though it is 

presumably at these transitians that Img range piticnal adering sets in. On the 

a h a  hand, b e e n  the d i d  phases and the liquid aystal solid-like phases, heats 

d transition are about 10 cal/gm suggesting that melatian between layers is still 

be building up in the G, H and H phases.(') 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 209 

If a ccmpnd is compcsd d chiral m d d e s  (r if me adds a chiral agent to a 

compound forming tilted smectic phases, the resulting smectic phases have a 

helicoidal structure, i.e. the directcr which characterizes the p r e f d  directim d 

the mdecules, rotates in a helical with a pitch typically 4-6 pn. 

These chiral analogues d the tilted smectic phases are knuun to arist for C, I, F, 

G' and sane G phases. They are then usually called C*, I*, F*, G'* and G* &re 

the asterisk indicates the spiral structure. As has been wed cut by 

Meyer et ul.(") a permanent pdarization which locally twists in a plane 

papendicular to the axis d the helicoidal structure d the directcr, results from the 

combination d layering, tilt and mdecular chirality. Tbis ccm even if the units 

forming chiral phases are dimes d strcngly pdar mdeCula~.(~') Because d the 

rigid coupling between directu mientation and pdarization there is M net 

pdarization m a scale much larger than the pitch: it globally averages to z e z ~  

Here we present a detailed discussiOn d the first ttuly ferroelectric liquid 

crystal(12) we cherved in 8SI* and its analcgue in the racemite SI. Unlike the 

higher temperature chiral phases (C*, I* and G"), there is no eal structure far 

the directu in smectic X, and within a layer, the tilt directicn d the directcr 

assumes mly a finite number d crientatims. Applicatim d an electric field allows 

for a reuientation d the directcr fran me d these states to another if the field is 

above a certain threshold value corresponding to the energy barrier between each 

state. This feature differs from &a1 smectic phases which exhibit no ttnghdd 

due to the complete degeneracy between diffmt crientations in these phases. (12~13) 

In additim, X possesses a net peamanent pdarization in the absmce d any mernal 

forces including surface fccces, a feature very different fran the bulk C* phase 
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210 H. R. BRAND AND P. E. CLADIS 

even if the latter is 'un~cund'.('~) 

So far, cnly two classes d in-plane crdering have been ckmd for tilted 

phases. In both cases, the in-plane crdering is re~tangular(~-~*~) and they are 

distinguished by how the directcr tilt is criented relative to the rectangular lattice. 

when the directcr tilt is along the shut side d the rectangle, the phases are called 

I, G ,  and H ;  when along the lmger side, they are F, G and H. It is really not 

known how a helix structure wadd mdfy these ideas. Subsequent to au 

amamcement d the existence d X in 8SI*, recent x-ray d~servatiorrs(~') indicate 

its in-plane structure to be cf the Gtype. A truly ferrelectric smectic has also 

been &~ervrd('~) in anaher compound where the in-plane structure is known(15) to 

be similar to H'. 'Ihus it seems that liquid crystal phases in which there is a net 

pdarization and no spiral structure are na pecdar to a unique structure. We 

prop~sed('~) the hat symbol be used to designate these phases. For example, the X 

phase in 8SI* shculd ~ 3 w  be called 6. G* indicates a spiral structure and G dow 

not usually exhibit a polarization, thus neither d these designations are carect. 

The newly discmered ferroelectric liquid crystalline phase naturally raises the 

question: what dog its analogue in the racemate lodc like both m a macrosccpic 

and a micrcsccpic scale? We will propose that the analogue cf X is basically an 

antiferroelectric liquid crystal phase with macroscopic regions d qycsite net 

pdarization. 

The p a p -  is crganized as follows. In section II we present m experimental 

results far 8SI and 8SP: X-ray determinatim d the layer spacing, differential 

scanning calorimetry, micrascopic chervations d bulk  ampl la and freely 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 211 

suspended thin films and response to an external ac.  and d.c. electric field In 

sectionlII we give a discussion d cmr results a d  a comparison with the behavior 

d similar systems. In an appendix, we include an interpretatim d the electric 

response d the two chdesteric blue phass ct 8 W .  

II. EXPERIMENTAL RESULTS 

A. Tmmition Temperatma and Heats of Tmmition 

The transition temperatures d 8SI and 8SP1") weze determined using D6C 

(differential scanning daimet ry)  and abservations in the pdaization micrawpe 

In detail, we find the scquem: 

a) for 8SI* 

409 61.7 663 703 81 136.4 141,4 ("q 
1.8 - - 1.0 1.1 

X t d -  X n  G * -  I * -  C*- A -  .L ISO 
0.4 (d/gm) 

b) for8SI 

40.1 62 65 68.7 838 135.1 140.6 ("'1 
1.7 - - 1.1 - 1.1 0.5 

Xtal - A -  G -  I - C M  A - Nem - Is0 

(cahm) 

The transitim temperatures d the racenate ftx the transitim isotropic-nematic, 

nematic-& A-C and GI agree within l0C with thme given previarsly by W b y  

and Gray17 whereas those far 8SI* have not been published befm At 1 m r  

temperature, i.e. below the I phase we find, however, two additional smectic 
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212 H. R. BRAND AND P. E. CLADIS 

1 .oo 

V w 
v) 
\ 
J 0.50 
a 
I 
V 

8 S P  W L *  - 

A f Is(] I* c* 
I 

I 
I 

I 
iG'* 

- 

- -X-I CHOLE ST E RIC 
I 
I 
I 
I 
1 
I 

Fig. 1: DSC coding trace for 8SI* 

The DSC tram m e  taken rn a Perkin ELma D6CIVand are shm rn 

coding in Qure 1 far 8SI* and in figure 2 for its racemate. In bcth cases there is 

a large heat d transiticn at the I - C(or I* - C*) transitirn iKticating a majar 

change in the degree cf freedan inside the layas, a change which is very subtle to 

see in the light micrascope. Althcugh the transitirn G'* - X and G' - X cannot 

212 H. R. BRAND AND P. E. CLADIS 

phases, namely G'' and X, the analogue d X in 8 W .  This is in contrast with the 

Wngs d ref 17, where cnly me phase (H) was repated to occur belw the I 

phase. 

By inspeaicn d the transiticn tmpexatures cf 8SI and =I*, it is clear that 

there is a dase correspcndence between the data for all phases - except for two 

chdestenc blue phases which do not exist in the racenate. 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 213 

C 
0 w cn I 

be extracted beycnd doubt fran the DSC traces and me has thus to rely m optical 

measuranents (to be described below) a small step might be identified m the DSC 

trace. The heat d transitim fu both the G'* - I and G'- I transitim is too 

small to be observed and me relies sdely an t a t w e  changa in the light micrmrxp 

to identify this transitim. On coding t h ~ ~ g h  X, the transitim to a crystal phase 

takes place at 40.2' C with a heat d transiticn d 1.8 cal/gm. This is considerably 

less than 8 5  cal/gm &served at the melting transition (48.2"c) but larger than 

any d the heats d transitims at the higher temperature transitim. In this sense 

then, we consider all phases d 8SI* and 8SI a b m  40°C 'liquid aystalline" as 

apposed to simply "crystalline". 

I 

I 
I 
I 

- 
a 
0 
I 

- w 

-x-+ 

0.50 

k 

I 
W z 

a 

0.00' ' I 1 I I I I 1 I I I 
40.00 60.00 80.00 100.00 120.00 140.00 

TEMPERATURE ('C) 

Fig. 2: DSC mling trace for 8SI clearly awing  a similar sequence d 
transitim as for 8SIc 
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214 H. R.  BRAND AND P. E. CLADIS 

Intuitively, the magnitude al the heat cf transiticn associated with change &an 

me phase to another gives a measure d the difference in ordering between the two 

phases. For example, typically, 05cal/gm is &served at nematic-isotrcpic 

transitim which differ by orientaticnal order whereas 2 cal/ gm is m e  typical d a 

smectic A-isotropic transition in which both or ien ta t id  order and 1-d periadiaty 

are involved. At the melting transitim in 8SI*/8SI the differerne between X (and 

%) and the stable d i d  phase is 9 cal/gm whereas cnly 1 cal/gm separates them 

fran the h i d  C* (and C) phase. (G')* is so ''fluid'' it suppcrts the helix structure 

with a relatively tight pitch (4-5 pn). This suggests that the curelatian between 

layers is not fully developed. Somehm the rectangular structure mates from layer 

to layer in (G?* hereas in X the rectangles are presumably criented from layer to 

layer. The strength d coupling between the directcr tilt and the in-plane structure 

is still relalively weak and changes between (G')* and X in 8SI* to the G 

structure. We will shm later, laboratory strength, but large, electric fields can 

change the uientation al the director in the X phase. 

Another characteristic d transitions between d i d  phases and liquid crystal 

solid-like phases is hysteresis. Very little to no hysteresis is &served at liquid 

crystal-liquid cxystal transitim whereas, the= is very &en large differences in 

solid-liquid crystal phase transiticn temperatures upon heating and cwling. The 

transitim temperatures at the X-(G')* and (G')*-I* transitions and theii analcgues 

in the racemate are the same (II heating and coding whereas the X-d id  transitim 

is not reversible in this way. 

We n e e  that there is a 10°C difference between the melting transiticn in the 

racenate and the chiral species but all liquid crystal transitions, involving X and X 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 215 

mcur at very similar temperatures. 

B. X-ray Meirsurements 

The layer spacing in the d c  phases was determined by X-ray diffractim 

using a Rigah rotating anale and a linear detectcr. We have plated cur results 

as a function d temperature in figure 3a for 8SI and 8SP. In the C* phase, the 

layer spacing first decreases to 28981correspding to a tilt angle d 16" and then 

Fig. 3a: Layer spacing as a functim d tanperatwe in 8SI* and 8SI. 

increases again behe leveling df in the A phase (zero tilt) at 308c The N l y  

extended length d the mdecule evaluated in the all trans configuration d the space 

filling model is 339i When heated fran the crrjtal phase to the I* .. C* 
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216 H .  R .  BRAND AND P. E. CLADIS 

transition the layer spacing increases monaollically h n  289A to 292A. llge 

cbservaticns diffet drastically from those made frx 9OSI(lB) where the layer spacing 

deaeases at b&h the I - G' and G .. H transitions in a discontinums way. 

Again we nde  the extracrdinary similarity between 8SI and 8SI* in the liquid 

crystal phases but the 2%1 discrepancy between the sdid structure d 8SI and 8SI*. 

Fig. 3b s h w  qualitative changes in the scattered x-ray intensity as a functicn 

d scattering angle in the wide angle regime. The vertical axis in Fig.3b is 

normalized by the maximum number d m t s  in the interval shm. The 

horizontal axis  is the same for all temperatures and spans the interval (781)-' cn 

the left to a tmt  (4%1)-' cn the right. In gemal, to &ain the spectra, a minimum 

d two hours counting time was required. 

The fluidity d the C* phase is evidmed by the broadness cf the peak. 

Progressively woling to the crystal phase, the peak narrows and the intensity in the 

'kings" drops. In the crystal phase, additicnal structural features can be resdved. 

A crude measure d the in-plane rxder is estimated fran the peak width at half 

the maximum intensity relative to this same- quantity in the C* phase. In the 

phases C*, I*, (G')", X and crystal we fund 1.0, 035, 027, 023 and 0.20 

respectively. The last number represmts the instrumental resolutian. The 

narrowing cf the peaks is a measure d the progressive enhancement d correlaticns 

between planes as the tenperature decreases, in agreemet with the first results d 

Dwcet et al. fu smectic G and m e  udexed smectic phases.(') D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
13

 2
0 

Fe
br

ua
ry

 2
01

3 



FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 217 

Fig. 3b Photographs cf the x-ray scattering intensity versus scattering angle in 
the wide angle region showing growth d in-plane ardering in the 
varicxls phasts d 8SI'. 
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218 H .  R .  BRAND AND P. E. CLADIS 

C. Optical Micmscope Ohsenstions 

I .  Free Standing Films 

Ch id  smectic phasg are cqtically uniaxial, because d the helix structure, 

whereas the X phase turned cut to be biaxial. To observe this we locked at a free 

standing film d 8SIL in the micrasqe. All a.u films w e  drawn in the smectic A 

phase (100' C) and shwed the same degree d optical extinction in the CL, I* and 

G+ phase between crassed pdarizers. Only changcs in fluidity marked these 

transitim upon heating and coding. "he transitim G+ : X not d y  shows a 

change in fluidity but also the sudden appearance d birefringence colcrs just k l w  

62" C and the film Iat  its Smodhness (see Fig. 4a and b). Fran th is  we infer the 

biaxid nature d this phase. We distinguish between the colcurs d cptical rotatcry 

paver and biaxiality by rotating the film between crassed pdarizers. In the former 

case there is no change in color ncr in intensity d transmitted light whereas in the 

latter there is. Thus X is biaxial in au films. 

In the racanate, 8S1, the transiticlls becane visible as a change in fluidity in 

the vicinity d the varims transitim tanperaturea and as an (apparent) increase d 

the rigidity cf the textures &served. In Figure 4 we show a photanicrograph d 

the X and X phase at 54" C and 42°C mpedvely. This illustrates another 

physical characteristic which prcnnpts us to amsida X and % liquid crystal as 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 219 

Fig. 4: Photanicrographs d a) X phase at 54" C and b) 8 phase at 42" C in a 
thick freely suspended thin film. The fact that these phases are stable 
as freely suspended film is additional evidence d their liquid 
crystallinity. 
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220 H .  R.  BRAND AND P. E.  CLADIS 

cpposed to solid crystal phases. Freely suspended films d X and % are stable. 

When the sample crystallizes, the film breaks. Solid phases such as graphite and 

mica exist as sheet like structures since there is wry weak coupling between layers. 

The difference then between a liquid crystal X and a solid phase may be in the 

strwgth d the condatims between layers. 

In a bulk sample, X easily escapes observaticn if coding is done rapidly. It is 

cnly after semal hours that the X phase untwists spantanemsly giving a hint d 

the achirality d the phase. For its analogue X in the racunate, this problem does 

not exist, since bcth G' and X are tilted and tiaxial and thus birdringent in the 

thin film geunetry. 

2. Electro-optic Respome 

The mcst elegant and clearcut way d distinguishing the I*, G* and C* phases 

m the me hand and the X phase m the aher is certainly the different electrmptic 

behavia d these phases. In 8SI*, X psesses a net permanent pdarizatim 

(whereas its counterpart in 8SI does not) and can be switched in a bistable way in 

an electric field. ?he existence d a permanent pdarizatim in smectic X was 

demmtratd by applying a dc electric field acms a 52 pm thick sample (see e.g., 

Fig. 5). In order to dtain well-ordered samples; 8SI' and 8SI were rapidly coded 

fran the isotropic phase to the A phase in a magnetic field d 10 Kgauss parallel to 

the electrode surface. This technique with slow coding gives d-crdered smectic 

phases d relatively thick samples (- 504 provided there is a smectic A-isctqic 

transition. cooling 8SI* rapidly enabled us to "shat-circuit" the MITOW chdesteric 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 22 I 

phase (and blue phases) and mectic A batonnets were formed in the iSaWpic melt. 

These coalesced to fum manadomains m the uder d 400-500 pm (see Fig. 6) in 

the usual way.(19) We did nd treat the glass plates with any surfadant. 

First d all, we studied the respcnse when a dc electric field was applied acrm a 

12 pm thick sample d 8SI* M d  between transparent electrodes. We refer to this 

sample configuration as a switching sample. b a s i n g  the field resulted in a 

mientation d the directu at an angle d abmt 45 degrees to its previous 

mientation giving rise to good contrast between the two states. When the field was 

t u r d  df, the sarnple returned to its equilibrium configuration d the unifcrdy 

twisted state. When a rectangular vdtage pulse was applied to the &a1 smectic 

phasg d 8SP: C*, I* and G", walls moved as a solitary wave as discussed 

previously in some detail('*) i.e., the csliral phases d 8SP show the 'soliton switch' 

behavim('2) and the switching time is famd to be propcrtionn~ to I/* and to y, 

&ere V is the applied voltage and y the crientational visccsity. (xu results for the 

switching ti~ne are summarized in Figure 7. As expected G'* shows the longest 

switching time, which is no surprise due to its larger viscosity. 

At 66" C, we observed in the pdarizing ~crascope that 1SV cleated the sample 

d the surface lines Shawn in Fig. 6. When the field was turned df, the director 

configuration relaxed to the helicoidal structure (in secmds u less)" and surface 

lines r e a p e d  in about a minute. Figure 6 shows the state d the safnple at this 

pint when the surface lines are about 4.6 pm apart. With time, m e  lines appear. 

cooling in steps d 1°C to 62"C, we repeated this experiment and found 

qualitatively the same behavicr: the heliccidal structure reappeared (in seanck u 

less) and the surface lines grew back (in 1 u 2 minutes). At 61°C samething 
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222 H. R .  BRAND AND P. E. CLADIS 

ANALYZER\ 

Fig. 5: Schematic d the two states d well-crdered smectic X phase, which 
~ccurs at laver t e q a t u m  than the Gw liquid crystal phase which 
has been characterized as a crystal. The detailed in-plane structure d 
X is similar to G in 8SI*. P is the polarization which is "up" for cne 
state (a) and "dm"  for the &a (b). In an applied field, X switdm 
fran state (a) to (b) via wall mticn parallel to the layas. Ihe nail- 
head indicates the end d the directar behind the page. 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 223 

different happened. The directcr re-criented slowly (-secs) in a 12V dc field but 

no change was observed at the end d an hour after the field had been switched cff 

(state (a) in Fig. 6). When the sign d the field was reversed, the directcr r e  

ariented to state (b) in Fig. 6 and again, when the field was switched df, no change 

occurred. 

8 SI* 

66 'C 
6i 'C 

(a) 

61 'C 

(bl 

Fig. 6: mical  micrographs d 8SI' at at 66°C and 61°C for states (a) and 
(b). The sample is viewed thraugh the transparent electrodes d Fig. 5.  

Unlike the phases above 61"C, there was now a threshold vdtage, Vc, to r e  

arient the director. For example, at 58"C, no change was herved fa fields less 

than 50 vdtd 12p. In the vicinity d Vc, ((V-Vc)/Vc = SO%, we measured with 

a stcp-watch the times to change from state (a) to state (b) acrcss a fixed area cf 

the sample (about 500 pm2) sanewht larger than Shawn in Fig. 6. The stop 

watch was started m e  the field was reversed and stopped when the danain wall 
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8SI * 

Fig. 7: Switching time 7, as a functicn d l O O O / q  far the C*, I*, G* phases 
d 8SI'. In a r k  to obtain the switching timg for 66" C and 64" C, 
multiply the ardinate scale by 10 and 100 respectively. These curves 
were obtained by measuring the change in contrast as a function d time 
when the field is switched from +V to -V within 05 g secs. The total 
switching time T has an elastic contributim arising from the repulsive 
interaction between walls. If the field is released, the walls take -1 sec 
to relax back to the darn twisted state. In these experiments, the 
field is reversed rapidly and the walls are pushed to their ~ESV lacation, 
befare elastic relaxaticn can take place but not befcre some intial elastic 
repulsicn has already started the switching procesf. This reduces T a 
constant amount, T ~ ~ ~ ~ ~ ,  at constant temperature. T is plotted here as 
T =qrcpl~ive (m~ecs) + b (msec~ VdtsU2)/ *. At T = 77°C (C' 
phase), 68°C (I*), 66°C ((G')') and 64°C ((G?*), the values far 
~,pl l ivc and b are (026, S.O), (024, 32), (32, 635) and (14.8, 287) 
respectively. 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 22s 

had traversed the area under examination. Prmided we were within 50% CC V, so 

that the switching times, T, were fairly lmg, we f a d  that V In T (with V in vdts 

and T in secmds) was constant to k t e r  than 7% For aample; at 555"C, we 

found for V = 140,160 and 180 volts, 7 = 33.1,275 and 18 secmds respectively, 

giving an average V l n ~  = 514k20 [volts In sea]. In Fig. 8 we pla this 

parameter (with the dxrved spread as an error bar) as a functim cf temperature. 

Interestingly, we find a straight line which extrapdates to zero at 61.4" C. 

It is important to ncte that in mder to make these chervations, fairly well- 

miented saniples are necessary ahex wise it is hard to see any contrast. The 

change from state (a) to state (b) proceeds by wall mdcn in the layers (sketched 

in Fig. 5 )  and some degree d co-operativity may be necessary to effect this 

transiticn. When the danains are small (less than 50p, say) it is in fact difficult to 

observe any change in X with field. 

The kind cf wall mdon we observed in X is different fran that d C*, I* and 

G* phases where wall rnctim proceeds perpendicular to the layers in what we have 

cakd the "~diton-switch'.(~~) The electroc@ response in phases equippd with the 

helicoidal structure proceeds withcut a threshdd field and, in the absence d 

external forces, without bistability since in these phases, the allowed directar 

mientation is infinitely degenerate an the surface d a cone. For example, m e  the 

field is t u r d  df, a field ariented C* phase will relax to sane other configuration, 

as determined by surface forces, say. In X, we propose that the directar can 

assume cnly a discrete set d cxientations on the cone surface thus accounting far 

its threshdd behaviar in a natural way, i ndepdmt  d the detailed crystallagraphic 
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226 H. R. BRAND AND P. E. CLADIS 

structure. Furtherrncre, Fig. 8 shows that T = exp ClTc-TI/V where C is a 

pitive constant where the free parameter, Tc, is identical, within the accuracy d 

OUT measurements, to the G'* z X transitim tanpsature. Qualitatively, cne 

might interpret this relation as Ridence d the existence d an activation energy to 

start directcr re-orientatim. The factor 1/V effectively reduces the activaticn 

m=gY. 

{ I  

To get some additimal insight into the meaning d the term 'kacemate" for the 

m e  adpred srnectics, we also prepared a 50 pn switching sample d 8SI 

CRYSTAL L tPt 
40 50 60 70 

( O C  1 

Fig. 8: Vlm as a functim cf temperature in the X-phase d 8SI*. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
13

 2
0 

Fe
br

ua
ry

 2
01

3 



FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 221 

*ch was wiented by cwling slowly thrmgh the iw-c to n ~ a t i c  trarrsitim in 

a magnetic field cf 10 Mi. In the C, I and G' phase we. did not observe any 

switching. Howem regular arrays d birefringent lines spaced between 2 and 4 cpn 

apart appeared in the phases. Furtherrncre we observed rather annplicated 

electrd~ydrcdynamic instabilities depding an frequency and aMed vdtage. In 

the analogue d the X phase, this picture changed and we were able to &erw 

m d m  parallel to the layers at very large vdtages (e.g., 6OOV across 50 w). 

When the field was switched df, the configuration stayed withat any perceptible 

change. Frau the high vdtage necessary to induce any mction however, it is dear 

that the pearnanmt pdarizatim in Xis either very small u m a  

III. DlSCUSSION OF RESULTS 

(3w results for switching times in the chiral smectic phases d 8SI' shm that 

the soliton switch mechanism propxed recently(u) has a ratkr brad range d 

applicability. It applies at least for C*, I* and G* phase - where the range d 

applicability might ady be restricted by dectrchydradynamic imtatilitia, which 

dominate the switching behaviol u by the fact that the sditm is not wtll fumed 

as is the case eg., in large pitch chiral smectics. By hpactim d Figure 7 we 

notice, however, a n m k  d additional interesting features. First d d the 

absdute magmtude d the switching time in the C* and I* @ase d DOBAMBC 

(pdecylcxybenzylidp'-amim 2methylbutyl chnamte) is lmger than it is in 

8SP. On the aha hand the pdaht ian  d DOBAMBC('O) is an uder cf 

magmtude larger than that d S I C .  'Ihese two facts together with the relatian 

[T - &) lead to the rmclusim that the directcr visccsity in 8SI* is abaut an 
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228 H .  R .  BRAND AND P. E. CLADIS 

crder d magnitude smaller than that d DOBAMBC. The molecular structure cf 

the two canpcunds is so similar that this seems unlikely so, a tentative hypGhesis is 

that the enhanced viscasity cf DOBAMBC is due to the met d 

dectrahydrodynamic (EHD) instabilities during the switching process. Ceatainly, 

me &serves mdon in DOBAMBC for relatively large fdds when E > rhrp/qsinO. 

These instabilities arise because d the Competition between the pdarization and the 

dielectric anismqq to dent  the &ectu in an applied field. In 8SI* bah these 

effects are in the same directim and we do not &serve EHD instabilities, whereas 

in DOBAMBC, these two effects compete giving rise to EHI) and lcnger switching 

times. In fact in suf€iciently large fields, EHD can lead to an increase in switching 

times with increasing vdtage! 

We f d  that 8SIL possesses a truly ferrcelectric liquid crystalline phase which 

is biaxial, without a helix structure and can be switched in a bistable way. 

Furtherme X pcssesses a net permanent pdarizaticn and a finite threshdd fa 

switching. These facts together with the law fa the switching time given above, 

(Fig. 8), lead us to propose that the finite threshold is due to the existence d an 

activatim energy barrier which must be mrcane. to start the direct- r e  

uientation (unlike the phases with a helix, the directu in X has cnly two 

equivalent directicns). 'The activation energy is greater, as me cods further into 

the X-phase. The prefactcr 1/V in the spamt for T also has a simple qualitative 

and intuitive interpretatim: a larger applied vdtage reduces tht activatim energy 

barrier and thus yields faster switching. It seems to be impartant to stress that all 

features are independent d the detailed crystallcgra@c structure within the plalre 

d the layers. Our mcdd is compatible with bah, l a g  range translatianal uder 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 229 

inside the plane ar lmg range bond arientatianal arder rigidly coupled to the tilt 

degree d freedan. 

In amcluding the discussion d the X-phase d 8SI*(12) we mention that we have 

found X in a h a  compounds: e.g., in C92M4(S-(+)-(4-(2'methylbutyl)benzoate4'- 

nonyl~xybiphenyl))(~~) and in the liquid crystalline phase d HOBACPC (p 

hexyloxybenzilidene p'-arnine2chloropropyl hamate )  which appears belw 

50"C(") i.e., helm the Smectic IV phase d Jain and WahlJ2') In M O W 2  (s-4- 

(6methyl)actylresarcylidene4'-dodecylaniline) belw 245°C we have found an 

additional liquid crystal phase which shows true bistability.(22) In this case, 

however, the switching mechanism is not annpletely clear. Fran au preliminary 

experiments we would mclude that switching proceeds both ppendicular and 

inside the layers simultaneously. 

Althcugh we believe the main interest in X is a fundamental me and with the 

lmg intrinsic switching times d currently available materials, immediate utilizatim 

d X se~lls unlikely, however, coupled with a higher tanpaatwe, sub-micrcl& 

switching but not bistable C* phase, X could be useful far dectrooptic storage 

rather like the smectic A valve!a) In the Cc phase d 8SI*, we &served switching 

times typically m the uder d 10 peccnds (see FTg. 7). 

' h e  results an the racenate clearly indicate that there is a my clme 

mespandace in the phase sequence between 8SI and 8SIc, an cbservaticn which 

is also true for the magnitude d the heats d transition. Fran the results d the 

elect~ooptic experiments discussed in the last section, the question d the structure 

d X, the counterpart d x arises. &re we conjecture (in agreanent with a~ 
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2 30 H .  R .  BRAND AND P.  E.  CLADIS 

aperimental obseavations made so far) that X is an antifedectric liquid crystal, 

i.e. regim with non zero net pdarization alternate in a regular IMI~K. This 

model is capable cf accounting for the strange e l e c w c  respcnse we heaved.  

The thickness cf the domains with me preferred direaim d the net pdarizatim 

wculd be cf the same mdea d magnitude as the distance between the regular 

arrays d lines &eaved in 8SI. We speculate that these arrays d lines in phases 

like I and G’ which exist with a helix structure in 8SI* carrespolld to regions d 

qrpasite screw sense d the helices in 8SI. This hypahgis needs to be tested by 

othea, independent techniques. In Figure 9 we give a sketch d cur model. 

/ / / / / / / / / / / / I  

,\\\\\\\\\\\\\ 
\\\\\\\\\\\\\\ 
///////// /// /, B ’ /////// / I / / /  /, 

1 
.., 31-Lm ‘///////////I/ 

f 

Fig. 9: Sketch d the mdel 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 23 1 

It is interesting to nae that Dmcet et al.(”) came to similar amlusias when 

studying the racemate d HOBACPC. These authon &served that chiral 

HOBACPC exhibited Brag spots in an electric field These spots were m a 

hexagmd lattie miented perpendicular to the directcr. In the racemate they did 

not observe such spots and fran that concluded that left and right handed layas 

were interleaved in the racenate. 

coNcLus1oN s 

We &served the first truly ferrcelctric liquid crystal phase in 8SF. This phase 

is characterized by a high degree d 2-d (in-plane) crder. Unlike phases in d i c h  

there is a helicadal structure as well as layers, there are rnly two equivalent 

mientations fm X relative to an in-plane rectangular lattia. We prqwe this as 

the reason fa the inherent bistability d X 

As evidence d its liquid crystallinity, as apposed to crystallinity, we have 

presented 1) the absence d a heat d transitim betwen it and an accepted liquid 

crystal phase (I*) compared to the 85 calf gm tfre stable solid phase gives up when 

it melts to X. 2) The ahsarce d hysteresis between X and (G3* and the 

d hysteresis between X and the sdid phase. 3) The fmmatim d stable freely 

suspended films in both X and X whereas the cnw d crystallizatian usually 

ruptures films. 4) The solid phases d 8SI and 8SI* exhibit a difference d 2%i in 

their characteristic lengths whereas the magmtude d the layer spacing d the 

cancnical liquid crystalline phases d 8SI and 8SI* are identical. ’Ihis structural 

similarity is also observed in X and A. Whereas chiralip results in structural 

differences in d i d  phases, as first pcinted cut by Pasteur, structural clues d 
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232 H .  R .  BRAND AND P. E.  CLADIS 

chirality are absent in fluid phases. 

The ferrcelectric nature cf X is demonstrated by its behaviar in an applied &id 

where it is &served to switch in a bistable manner. Furtherme, we observed a 

threshold field belw which no direct= response was observed. When T w8s the 

time to switch with an applied voltage V, the functim Vtm was found to be a 

m t a n t  at constant tempaature and decreased linearly with increasing 

temperature to be ZKO at the X-(G’)* transitim temperature. We interpreted this 

to mean that V lmred  the barrier kween the equivalent arientatim d X 

relative to a 2-d in-plane lattice. 

The pdarization d X is about three d e r s  d magnitude smaller than in solid 

ferrdectrics like BaTiQ. The total mergy d a t e d  with the usual ferrdectric 

ardeting caused by the interadan between pdarization and the local internal 

electric field caused by the pdarizatim itself, is mall in 8SI*.(24) ‘Ibis inteadm 

energy is ---(h*E) and E is d the arder d the saturation pdarizatitn (=lo0 esu 

in )<).(21) Thus per unit cell, R “ = 1 0 0 X Z O ~ ~ 1 0 ~ ~ ~ = 1 . 4 ~ 1 0 ~ 1 9 e s u  and 

1 -(R.E) = 0.7~10-~~~100 = 1.4~10-” erg which is much smaller than K& when 2 

T. is around roan temperature. 

1 
2 

The faroelectric nature d X results because d the strcng coupling between 

mdecular asymmetry, the directar n and the 2-d in-plane lattice. The very small 

values far the saturation palarization indicate that there is sti l l  a fair amount d 

rotational degrees d freedan assaciated with X. 

We called the analogue d X in 8SI X and proposed that its structure is a 
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FIRST TRULY FERROELECTRIC LIQUID CRYSTAL 233 

macroscopic segragaticn into alternating left and right handed sheets: thus 

alternating regions d "up" and "down" pdaxization states. The analogue d the 

spiral states in 8SI are alternating layers d right and left handed helices. Evidae 

for this are the striped appearance cf these phases in the pdarizing micrasccpe as 

well as the complicated response d the racemate in applied electric fields. 

We thank J. W. Goadby for providing us with 8SI and 8SI*. 
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'Ihe electric field response cf the two blue phases d 8SIc is also d scane 

interest.'sm In 8SI* we find that an atemal field applied to blue phase I induces 

the transition to the chdesteric phase whereas an electric field applied to blue phase 

II seems to favor a transitim to the isaropic phase. 

We propcse the fdlwing intuitive arplanaticn fa these obsavatiuns. We 

imagine BPI to be fonned d a cubic array d cbjects made d isotropic liquid 

sitting in an infinite duster d cholesteric which is nct endmved with a unique twist 

axis. BPII is then the converse: chdesteric cbjects sitting an a cubic lattice inside 

an infinite cluster d isotropic liquid l 'h is  ficture is in spirit similar to the modd 

propcsed p r e v i ~ u s l y ~ ~  it avcids, b a ,  a tm  detailed spedicaticn d the cbjects 

sitting on a cubic lattice, a questim which is anyway, at present, cut d reach 

expeximentally. ' h e  effect d an electric field on BPII in the above picture 

basically amounts to a breakdmn d the cubic lattice d chdeteric units which 

becane isotropic via dunic heating. In the m e  d the response d BPI the electric 

field brealcs the spatial isotropy d the twist directim thus stabilizing a uniaxial 

chdesteric phase as appcsed to the isotropic blue phase. 

Al. P. L. Finn and P. E. Cladis, Mol. Cryst. Gq. Cryst. 84,159 (1982). 

A2. G. Heppke, M. Krumrey and F. Oestreicher, Mol. Crst. Liq. Cryst. 99, 99 
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