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Classification of Static Field Effects 
in Smectic A Mesophase 

VLADIMIR A. KONOPLEVa, DMITRY E. ISAYCHENKOa 
and VLADIMIR K. PERSHINb 

State Technical University, Ekaterinburg 620002, RUSSIA and bUral State 
Economical University, Ekaterinburg 620062, RUSSIA 

Bifurcational analysis of the extended Landau-de Gennes model of smectic A (A) liquid crys- 
tal in external field is performed. Topological classification of phase diagrams of the system 
in “field-temperature’’ coordinates is made. Depending on mesogeneous properties the fol- 
lowing static field effects are demonstrated to realize: a) suppression of the nematic 
(N)-paranematic (pN) phase transition in the critical end point (CEP) (the Wojtowich-Sheng 
effect) ; b) induction of an intermediate nematic phase (the Rosenblatt effect) followed by its 
suppression (the induced Wojtowich-Sheng effect); c) induction of tricritical point (TCP) on 
the A-N phase transition line (the Rosenblatt-Hama effect); d) induction of the A-nonsponta- 
neous nematic (NSN) TCP in combination with the induced Wojtowich-Sheng effect; e) 
induction of the A p N  TCP in combination with the induced Wojtowich-Sheng effect (the 
Lelidis-Durand effect); f )  induction of the A-NSN-pN triple point (TP) by an arbitrary weak 
field; g) coincidence of the A-NSN-pN TP and the A-NSN TCP under the influence of the 
field (field analogue of the Achard-Sigaud-Hardouin effect); h) realization of the A-pN TCP 
in combination with prohibition of the induced Wojtowich-Sheng effect. Conditions are for- 
mulated leading to realization and prohibition of effects listed above. 

Keywords: static field effects; phase diagrams 
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3084 15521 VLADIMIR A. KONOPLEV et al. 

INTRODUCTION 

Liquid crystals are extremely sensitive to the action of magnetic and electric 

fields. A large number of investigations are devoted to description of struc- 

tural transformations in mesomorphic systems under the influence of external 

fields. In particular, the orientational order is found to be induced in iso- 

tropic-liquid (I) phase as the field is applied; as a result the paranematic (pN) 

phase occurs. It is predicted theoreticallyl'-'I that the nematic (N) - pN phase 

transition occurs without changing of mesophase symmetry, and the phase 

diagram includes the first-order phase transition line with critical end point 

(CEP) in "field-temperature'' coordinates (the Wojtowich-Sheng effect). Ex- 

p e r i m e n t ~ ~ ~ ]  confirmed existing of CEP. but this confirmation was obtained at 

the limit of experimental resolution regarding the magnitude of electric field 

applied. 

Nematic phase induction (the Rosenblatt effect) was predicted"' to be 

possible under the field with intensity comparable to the critical field of the 

Wojtowich-Sheng effect. In so doing, R~senblatt"~ considered that in absence 

of the field the smectic A (A) - isotropic liquid (I) phase transition took place 

and the smectic A - nonspontaneous nematic (NSN) phase transition was the 

first order one. In addition, the problem regarding the possibility of tricritical 

point (TCP) induction on the A-N phase transition line was discussed theo- 

reti~allyl~. '~ and the conclusion was made that this effect (the Rosenblatt- 

Hama one) could be exhibited experimentally under the action of a strong 

field only. 
It has taken near three decades to verify theoretical  prediction^"-^.^-'^ in . 

In particular, CEP was shown''] to be reached on the N-pN 

phase transition line in 4-n-pentylkyanobiphenyl with large positive di- 

electric anisotropy under the field of the order of 1,4 lo5 Vkm. Similar, but 
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other result, was obtained in more recent paper['): CEP on the NSN-pN line 

(the induced Wojtowich-Sheng effect) was found in 4-n-octyl-cyanobiphe- 

nyl and 4-n-decyl4yanobiphenyl mixture. Moreover, it was shown''' that 

TCP was exhibited on the A-NSN line under more stronger field than it was 

needed for the NSN-pN CEP realization (the Lelidis-Durand effect). The 

latter is similar to the effect predicted in the Rosenblatt and Hama theories. 

Hence, theoretical investigations"-3. 5-71 performed describe qualita- 

tively well experimental pattern of phase transformations in smectic A under 

the field. However, a number of problems remains calling for further discus- 

sion and being under investigation in the current paper. Firstly, fundamental 

problem is not understood from theoretical point of view: is it always possi- 

ble to induce intermediate nematic phase by the field and does its usual ab- 

sence in experiment (and therefore, absence of both the Rosenblatt effect and 

the induced Wojtowich-Sheng one) suggest only about experimental diffi- 

culties of generation of required magnitude of the field applied? Secondly, 

the Rosenblatt-Hama and the Lelidis-Durand effects, while are similar, are 

different actually: in the first one induction of TCP is predicted on the A-N' 

line, in the latter TCP is observed on the A-NSN line. Therefore, question on 

the possibility of description of both effects in the frame of unified theory is 

appropriate. Furthermore, one must not rule out that in some mesogens the 

A-N and A-NSN phase transitions can occur without TCP formation on 

relevant phase coexistence lines even under fields as strong as are wished. 

This assumption requires its confirmation or disproof. Thirdly, it is foundl'l 

that the A-pN TCP realizes at larger field than the NSN-pN CEP. The point 

is of interest whether this conclusion is inherent to all mesogens with the A-I 

phase transition in absence of the field or only to specific substances (in par- 

ticular, the understood ones). In this connection it is also appropriate to recall 

the pape4'"' in which in absence of the field the possibility of coincidence of 
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3 lo/[ 15541 VLADIMIR A. KONOPLEV er al. 

the A-N-I triple point (TP) and A-N TCP in "concentration-temperature" 

phase diagram (PD) (the Achard-Sigaud-Hardouin effect) was found. This 

effect was described theoretically in'"'. Problem under discussion raises the 

question whether the possibility of field analogy of the Achard-Sigaud- 

Hardouin effect exists, that is can one find a mesogen or any mixture where 

coincidence of the A-NSN-pN TP and A-NSN TCP occurs by the field ac- 

tion? Finally, nowadays it is not doubt that one need in very strong fields for 

observation of the Wojtowich-Sheng effect. Is the analogous conclusion 

valid for NSN phase formation and realization of both the A-N and A-pN 

tricritical points under the field? 

Problems listed above one can accumulate as the unified problem of 

classification of static field effects in smectic A mesophase. We consider this 

problem below on the basis of bifurcational analysis of the Landau-de Gen- 

nes model. In the framework of this model all topologically different phase 

diagrams of mesogens in the "field-temperature" plane are constructed and 

conditions of realization of the effects under discussion both separately and in 

combination are found out. 

FORMALISM 

In accordance with the molecular system symmetry the free energy potential 

of A mesophase is taken in the form[". ''I 

F( Q , S )  = K IQ2 12 - pQ3 /3 + yQ4 14 + K 2s' 12 + bS4/4 - xQS' - pQ , ( 1) 

where p, y, b, x are positive material constants; the value 1 = x,H * /3 descri- 

bes the dimensionless contribution bound up with the action of the external 

field H; xa = x , ,  - xI > 0 is the anisotropy of diamagnetic susceptibility of 

mesophase molecules; parameters K, = a,(T- T:) , (a, > 0, k = 1,2) charac- 

terize deviation of the mesophase temperature T from the lower stability 
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CLASSIFICATION OF STATIC FIELD EFFECTS ... [1555]/311 

boundary T: of the I phase and the A-N phase transition temperature T,' in 

the case when orientational Q and translational S order parameters are non- 

interacting. From a mathematical point of view the potential (1) corresponds 

to the truncated modal catastrophe Xl.0 ['I' with two state variables (Q,S) and 

seven control parameters (TI ,T~$.~ ,Y,X,~} .  

Equations of state of the physical system are determinated from the 

condition VF(Q,S) = 0 and have the form 

YQ' -PQ' + T , Q - ~ - x s ~  = 0, 

S(7, - 2xQ + bS2) = 0. 

(2) 

(3) 

Equations (2). (3) describe three types of solutions: S+O, Q#O (A phase), S=O, 

Q+O (h' or pN phases), S=O,Q=O at p=O ( I  phase). 

Using Formulae (1 H 3 )  we can write the stability matrix 

71 - 2PQ + 3yQ2 Hes(F) = (4) 

The zero value of its determinant at the account of solutions (2), (3) defines 

bifurcational set (separatrix) dividing the control parameters space into open 

areas with topologically different structures of the potential (1). It is conven- 

ient to represent this separatrix as a superposition of three subsets: X , ,  

( Xk U X i  ), and X, described in (72, 71) coordinates, as it is evident from 

Formulae (2)-(4), by 

x, : T I T 2  = 0 
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3 la[ 15561 VLADIMIR A. KONOPLEV ei al. 

T~ =PQ-YQ* +I/Q+XF(Q)/Q,  (8) 
x,: T~ = ~ X Q  - ~ F ( Q X  (9) 

(10) 1 F(Q) = [- 2byQ’ + bPQ2 + 2x2Q - bp] I (bx). 

Analysis of the curves corresponding to parametric representations (5H10) 

(with Q parameter as the parameter of the curves) allows to provide topologi- 

cal classification of the XL,XK,X, separatrices and phase diagrams in 

( ~ 2 . ~ 1 )  and “field-temperature” coordinates and define critical values of the 

field parameter p corresponding to different singular points of PD as well. 

It follows from Eqs. (7H10) that tangency points of the X; and X, 

separatrices obey the equation 

2byQ’ - bpQ’ -2x2Q + bp = 0. 

As it is known”2-”’ these points can appear as TCPs in PD of the system un- 

der certain conditions. According to (7H11) TCP line in (tZ.71) coordinates 

is a part of the parabola 

TY = -3y(T~)’ / (4X’)+T:CPp/X+2X2/b 

with parametric representation 

T, = 2pQ-3Vq’ + 2 x 2  I b, 
‘c2 =2xQ, 

Later it will be of interest the right branch of this parabola only (the B B  

branch in Figure I a) when Q parameter in Eq. (12) varies within the range 

QH’<Q<QB, where 

QB = (p + ,/-) / (4y), Q”’ = p I ( 3 y ) .  (13) 

Behaviour of smectic A at the left branch of the parabola (12) was investi- 

gated in“8. 19’. 

The A-N-pN TP is determined by equality of free energy minima of 

these phases 
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CLASSIFICATION OF STATIC FIELD EFFECTS ... [ I557]/3 13 

F A  ( S , Q A  ) = FN (QN 1 = FpN (QpN ) (14) 

with constraints 

VFA ( S , Q A )  = 0 1 VFN ( S , Q N  ) = 0,  VFp,(S,Qp, =O, (15) 

where Q p ~ .  QN. QA are orientational order parameters in corresponding 

mesomorphic states. This system consists of six equations with respect to un- 

known values ( Q p ~ .  QN, QA, S, TI, ~ 2 ) .  The result of its solving is detection of 

the A-N-pN TP line in ( ~ 2 . ~ 1 )  coordinates. Analysis of Eqs. (14H15) shows 

that in  the case of strong orientational- translational coupling 

xz ’ bP2/(9Y 1 (16) 

.:’ = 3Y(P + 2PCl,P)/P, 

TP line has the following parametric representation 

(17) 

where p is the parameter of the curve and varies within the range OIpSpc~p; 

pckp = P’/(27y2) is the critical field value such that the N-pN phase transi- 

tion is suppressed, that is the Wojtowich-Sheng effect realizes. Eqs. ( 1  7) de- 

scribe, as well, the A-N-pN TP in the case of compensated orientational- 

translational coupling 

i T: =2xP /(3y) + Jby[P2 / (9y2)  + X’ (by) - 3~ PI 

x’= bP2/(9y). (18) 

However, system behavior changes essentially in the case of weak ori- 

entational- translational coupling 

x? < bP2/(9Y 1 3 (19) 

characterized by the following TP line parametric representation 

T:, = 3Y(P +2POP)/P. 0 P 5 Prtp. 

0 5 P S  PC,. (20) 2xP / (3Y )[I + J-1, 
2xP/  (3y) + f i [ P z  / (9y’) + xL /(by) -3p / PI, Pc, 5 P PUP. 
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3 144 15581 VLADIMIR A. KONOPLEV er al. 

where pCr = pCEp[l-9~'y/(bP')] is the critical field value such that the A- 

N-pN TP coincides with the A-N TCP. The latter is possible only when the 

condition (19) is fulfilled; pcr'O when the condition (18) is fulfilled, that is 

TP coincides with TCP in the absence of the field in ( T ~ , T I )  coordinates; when 

the condition (16) is fulfilled the A-N TCP realizes already at p=O and exists 

at p>O (compare with"'l). 

Thus, TP line is the segment of the straight line in the cases of (16), 

(1 S), and consists of two pieces - the segment of the straight line (C'C" in 

Figure 1 a) and the part of the parabola (CC' in Figure 1 a) joined smoothly at 

p=kr (in the C' point in Figure la) - in the case of (19). 

RESULTS AND DISCUSSION 

In Figure 1, as an example, it is shown PD in ( T ~ , T I )  plane when the 

condition (19) is fulfilled (b=l, P=1, y=1/9, x=3/4) and the external field val- 

ues are different: O<p<kr (Figure la),  REP (Figure lb), R r < C ( $ . C E P  

(Figure Ic). In accordance with Eq. (20) the A-N-pN TP transfers along the 

CC" curve as p increases from 0 till REP. As analysis of Eqs. (1 2) and (20) 

shows the CC" curve intersects the B B  TCP line in the c' point at p=kr in 

all relations of model parameters. The areas of localization of two smectic A, 

A', and two nematic N, pN phases are determined by bifurcational set cross- 

section methodf2'* '''. Smectic states evolution under the field was considered 

inl18. 191 and is not discussed later. First and second order phase transition 

lines are shown as solid and dotted curves, respectively. The A-N-pN TP lies 

on the X: separatrix at p<kr and in the area between X: and XI\ curves at 

k r < p s P C E P .  

It is important that if the condition (19) is fulfilled stability areas of A 

and N states are delimited by the X: parabola below the tangency point 
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C 

+ 
=2 

FK3URE 1 Phase diagrams of smectic A liquid crystal in (T*,T,) coordinates 
with virtual (a) and real (c) tricritical A-N point and in the case 
ofmhcidenceoftritxitid A-Nandtriple A-N-Ipoide (b). 
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3164 15601 VLADIMIR A. KONOPLEV ef a/.  

(TCP, in Figure la) of the X, and X: separatrices, and localization areas of 

A, N and pN states are overlapped above this point. This means that only 

second order A-N phase transitions are possible below TCP, point, and only 

first order ones - above this point; therefore, it can be interpreted as the A-N 

virtual TCP. However, turning the field on changes PD, "pressing out" the 

virtual TCP, (see Figure la) into the A and N coexistence area (see Figure 

Ic). In so doing, at p=p,-, the situation is always available when TCP coin- 

cides with TP (see Figure 1 b). At p>pc, the virtual TCP transforms into the 

real one, the A-N-pN TP leaves the X: separatrix line and moves to the 

overlapping area of localization region of these three phases. 

Different PDs in Figures la-c can be represented as the result of de- 

formation of unified PD as p parameter increases and TP and TCP are dis- 

placed along corresponding trajectories C C  and BB. These phase diagrams 

can be interpreted as the cross-sections of three-dimensional PD in (tz,tl,~) 

coordinates by p=const planes, this allows to recalculate ( ~ 2 . ~ 1 )  PDs into 

"field-temperature'' ones. In so doing, one must take into account that, in so 

far as according to Landau theory of phase transitions thermodynamical evo- 

lution of specific mesogen is in conformity with oriented straight line di- 

rected from 111 to 1 quadrant of ( t z , ~ ~ )  plane, we can introduce a dimension- 

less mesophase temperature t by equations 

t , = A t + B ,  t,=t, (21) 

where A>O and B are the parameters of thermodynamic way. In so doing, 

lines (21), at different values of A and B, can be interpreted as thermody- 

namic ways of mesogens of the same homologous series or mesophase mix- 

ture with different component concentration. Results of proper recalculation 

are presented in Figure 2 (x=5/4, graphs 1-7) and Figure 3 (x=3/4, graphs 1- 

9) at coupling conditions (16), (19). Calculations of (p,t) PDs were carried 
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CLASSIFICATION OF STATIC FIELD EFFECTS ... [ 1561]/3 17 

CEP 3 

C C  

CEP 4 TITo 

FIGURE 2 Phase diagrams in (T*,T,) (central part) and ( p ~ )  coordinates 
(graphs 1-6: B=6.5( 1),6.0(2),5.5(3),5.2(4),4.0(5),2.8(6);A=O.S) 

out for fixed thermodynamic ways shown in the center of these Figures as 

straight lines against the background of fragments of ( t 2 , q )  PDs in the vicin- 
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318415621 VLADIMIR A. KONOPLEV et al. 

ity of the A-N-pN TP. As an example, the P-P'-P" and R-R-R" curves be- 

ing in conformity with different transition lines at p=O and p=p,-~p, respec- 

tively, are presented in the central parts of Figures 2 and 3 as well. Analysis 

of possible arrangement of the A-N TCP (12) and the A-N-pN TP (17),(20) 

curves with respect to thermodynamic ways (21) allows to write the condi- 

tions of realization of all field effects described by the model under consid- 

eration. The basic analytic results of this analysis performed for cases (16) 

and (19) separately are presented in Table 1 and numerical ones are in Fig- 

ures 2 and 3. 

Formulae (1 2), (1 3), (1 7). (20), (21) allow to determine field and tem- 

perature values such that the A-N TCP and the A-NSN-pN TP are realized 

in PD. These values are 

PTCP = -2YQ:cp + PQtm + 2X2Qrrp 1 b, (22) 

fTCP = 2xQTrp 9 (23) 

3byQ2 + 2 b ( ~ A  - p)Q + (bB-2x2) = 0. (24) 

for TCP, where Qrcp is the greatest positive root of equation 

For TP these values take different forms in accordance with approxi- 

mation used: in the case of (16) 

pTP =p[-D+dD'  -y2G2-4AP~G/(3y)] ,  (27) 
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TIT, 1 

1*4?(@ @ 

1 .o @ @  

-A 
0 2 4 c 1  

l.:v2% 3 

1 .o 
,-* 
0 2 4 P  

0 2 4 c I  

1 . 4 p d N 2 :  TIT, 

TP=TCP 

1 .o - 
0 2 4 P  

FIGURE 3 Phase diagrams in (T,,T,) (central parl) and (p ,~ )  coordinates 
(graphs 1-10: B=2.7 (l), 2.2 (2), 1.1 (3), 1.0 (4), 0.7 (5), 0.53 (a), 
0.3 (7), 0.17 (8), 0.5 (9); A=0.5) 
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I .o - 
0 2 4 c c  

TITa A 7 

0 2 4 c c  

6 

1 .o 

0 2 4 P  

TITo 4 8 

0 4 8 P  

FIGURE 3 Continued 

G = 6yp, /P-B, D = Y[G -2APx /(3y)]+2A2~'. (29) 

Formulae (27)-(29) are valid at the condition pnSp Cr. At the opposite con- 

dition p cr<pnS~m one must use previous Eqs. (25),(26). Note that calcula- 
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tions by Formulae (22x24)  lead to accurate results only if the thermody- 

namical way (21) intersects the TCP line (12) in ( ~ 2 ~ 7 , )  plane. Analogous re- 

mark refers to Eqs. (25X29), but this case requires the Occurrence of a com- 

mon point of the TP line (17) or (20) and the straight line (21). 

In Figure 2 the graph 1 describes the A-N-I phase transitions sequence 

at p=O, the A-N-pN sequence in the range O<p<p~~p, during which the A-N 

PTs are of second order. In graph 2 new feature appears: the A-N TCP origi- 

nates at pTcp=O and exists at pTCP>O (see graph 3 also). This means, in con- 

trast to16.71, that the Landau4e Gennes model predicts the possibility of reali- 

zation of the Rosenblatt-Hama effect in fields as weak as are wished. Situa- 

tion when intermediate NSN phase arises in weak fields with concurrent oc- 

currence of TCP on the A-NSN phase transition line is presented in graphs 4 

and 5. Anyone of a number of cases is possible: pTCp<pc~p (graph 4). 

pTCp=pc~p and pTCp>pc~p (graph 5) .  The latter is in conformity with experi- 

mentally observed the Lelidis-Durand effect’”. Note that pTcp>pTp always for 

the case (16). In addition, analysis shows that, if the limiting condition 

x 2  + bp2 / (9y) is fulfilled, induction both the A-NSN-pN TP and the A- 

NSN TCP occur at pTP<<pc~p, pTCp<<pc~p, that is the Lelidis-Durand effect 

can be observed not only under strong field but under weak one as well. Be- 

sides, there is the possibility of coincidence the A-NSN-pN TP and the 

NSN-pN CEP at pTCP>pTP=pc~p (not shown in graph). In this case induction 

and concurrent suppression of intermediate N phase occur. In graph 6 the 

only effect of the A-pN TCP induction realizes (the Rosenblatt effect is pro- 

hibited). This is true under strong field only. 

Graphs presented in Figure 3 allow to carry out classification of field 

effects in smectic A in the case ( 1  9). Let us point out some fundamental fea- 

tures only. Firstly, the effect of induction of the A-NSN-pN TP with totally 
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second-order A-NSN boundary is possible (see graphs 2 and 3), that is in this 

case realization of the Rosenblatt effect at pTp+O with prohibition of the Ro- 

senblatt-Hama effect (see line 4 of Table 1) is possible. Secondly, the model 

leaves room for coincidence of the A-N TCP and the A-N-pN TP at 

pTP=pTCP=p~, (see graph 4 and line 5 of Table I ) ,  that is the field analogy of 

the Achard-Sigaud-Hardouin effect"'] is possible in the approximation ( 19) 

only. Realization of some effects is possible in the approximation (16) only 

(see lines 2 and 3 of Table 1). A number of effects are available in the case of 

both strong and weak orientational-translational coupling (see lines 1 and 6- 

8 of Table 1). 

CONCLUSION 

Thus, we describe the well-known field effects (the Rosenblatt, Rosenblatt- 

Hama, Lelidis-Durand, Wojtowich-Sheng effects) and predict the novel ones 

(field analogy of the Achard-Sigaud-Hardouin effect, coincidence of the 

NSN-pN CEP and the A-NSN-pN TP, realization of the A-N TCP in the 

absence of intermediate N induction effect). Conditions when a number of ef- 

fects can be prohibited for realization in certain mesogens and when some of 

them must be mutually conjugate are determined (see Table I). Note also that 

the effect of induction of the N-pN CEP is often lies in the limit of experi- 

mental possibilities, whereas the investigation performed allows to conclude 

that there are no fimdamental physics reasons for the A-NSN-pN TP and the 

A-NSN TCP could not be observed at essentially smaller field values. 
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