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5.1 Introduction 

The nematic (N) to smectic A (Sm A) phase transition is characterised by the 

onset of a density wave with a wavevector qo = 27r/d, where d is the layer 

spacing. This mass density wave with wavevector along the z-axis, i.e., along 

the director, is well described by 

where, po is the average density, q5 ,is the phase factor which fixes the position 

of the layers, ) $ I  is the amplitude of the density wave which is a measure of 

the strength of smectic order. This smectic order is fully specified by a complex 

number II, = I$leid where, 4 = qou, u is the displacement of the layers in the z- 

direction away from their equilibrium position. Transition between the nematic 

and smectic A phases can be either first order or second order with a tricritical 

point separating these two different behaviours. 

Experiments have shown1 that for a sufficiently large temperature range of 

the nematic phase, the nematic order is saturated and the transition is second 

order. When this range is reduced, the coupling between nematic and smectic 

order parameters increases and drives the N-Sm A transition from second order 

to first order. McMillan2 made a self-consistent mean field calculation by incor- 

porating the coupling between orientational and smectic ordering. According 

to this theory the appearance of the tricritical point is controlled by a param- 

eter r = TAN/TNI=0.87, where TAN and TNI are the N-Sin A and N-isotropic 

transition temperatures respectively. 
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de Gennes3 argued that owing to the complex nature of $, the N-Sm A 

transition should belong to the same universality class (d=3, n=2 isotropic) as 

the normal-superfluid transition and should exhibit 3D XY critical behaviour. 

There have been several t h e ~ r i e s ~ - ~  based on this model which have attempted 

to  describe the observed N-Sm A critical behaviour, including the anisotropic 

correlation lengths along (Ell = ([ltl-"~) and transverse (El = Elltl-Q) to the 

layer-normal, as well as the susceptibility ( X  = ~,ltl-Y), and specific heat a t  con- 

stant pressure (C, = Alt Here t = (T - TAN)/TAN.  These theories place the 

N-Sm A transition either in the inverted 3D XY universality class5 (identical to 

the 3D XY class except that the temperature axis is inverted) or in an anisotropic 

class. For the 3D XY universality class tlie predicted critical exl)oric~itsg are 

YI = v l  = uxy = 0 . 6 6 , ~  = 1.32 and o = -.007. For the anisotropic class, gauge 

transformation theory6 suggests extreme anisotropy, viz., vll = 2vl while disloca- 

tion mediated melting theory7 predicts vll = 0.83, vL=0.53. On the experimental 

side, N-Sm A transition has been studied by several experimental t e ~ h n i ~ u e s ' ~ ~ * ' ~  

including X-ray diffraction, light scattering and heat capacity. Measurements of 

tlie inte~~si ty ancl tlie widtli of the X-ray scatteri~ig yield tlie susceptibility ( x )  
and the correlation lengths (t)  respectively. Light scattering which also gives the 

divergence of the elastic constants, can be used to measure < and has been found 

to give values in excellent agreement with those obtained from X-ray measure- 

rnents. Two notable factors observed in experiments, in disagreement with any 

of the theories are (1) non-universal values for all the exponents (0.57 5 vll 5 

0.83, 0.39 5 v l  5 0.68, 0 5 o 5 0.5 & 1.1 5 y 5 1.53), (2) small but finite 

anisotropy in correlation length exponents (vll - v l  - 0.13). Interestingly all the 
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materials satisfy the anisotropic hyperscaling relation, vll +2vl +a = 2 to within 

the experimental limits. Recent high resolution calorimetric measurements" on 

a few materials with large nematic temperature ranges have yielded a values 

exactly equal to that predicted by the 3D XY model. X-ray experiments12 on 

another compound with a large range of the nematic phase has led to an inter- 

esting explanation for the observed anisotropy in vll, v l  values; the splay elastic 

constant is suggested to alter the critical behaviour of SL, thus influencing the 

value of v l .  In summary, therefore, the N-Sm A transition which is the most ex- 

tensively studied transition in liquid crystals remains a major unsolved problem 

in condensed matter physics. 

As pointed earlier a 3D XY value for a is seen in compounds which had a large 

temperature range for nematic phase.11 But with an increase in r(= G A I T N Z )  

or with a decrease in the nematic phase temperature range, the exponent a, 

characterising the critical heat capacity departed from the 3D-XY value, through 

interlnediate positive values, to values close to 0.50, a tricritical exponelit ((w=0.5 

a t  the tricritical Heat capacity measurements by Brisbin et a1. l4 

on iZS5 series showed that for 8S5, r = 0.936; a = 0; for 9S5, r = 0.96; a = 

0.22; and for a S 5 ,  r = 0.985; a = 0.45. They made the important observation 

that nS5 homologous series reveal the presence of critical- tricri tical crossover 

behaviour up011 increasing the chain length which in turn reduces the nematic 

phase temperature range. Heat capacity measurements of Thoen et all5 on nCB 

materials also showed a similar behaviour. cu which had a value of -0.03 (in 

a mixture of 7CB and 8CB), increases with increase in r, having a=0.32 for 

8CB (r=0.978) and approaches a tricritical value of 0.5 with further increase in 
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r (=0.994 for 9CB). Similar crossover behaviour in a is seen in other systems 

a l ~ o . ' ~ - ' ~  The value of r for which tricritical behaviour is observed is equal to 

0.994 in 9CB-1OCB system,15 r 0.984 for nS5 series14*19 and r 0.992 

in 8CB-1OCB system.16 This value of r showing a tricritical behaviour is much 

larger than the theoretically predicted value of 0.87.2 This also suggests that in 

order to see a first order Sm A-N transition, systems with a very narrow nematic 

range should be studied. 

The measurement of density is a fundamental property in understanding 

phase behaviour. In particular, the continuity or discontinuity of the transition 

can be confirmed by precise measurements of density as a function of tempera- 

ture. But there are only few such investigati~ns.~O-~~ The reason could be that 

even across the first order Sm A-N transition the density changes are expected 

to be quite small which would call for high precision measurements. In this 

chapter we present precise density measurements near the Sm A-N transition in 

materials with a very narrow nematic temperature ranges. 

5.2 Experimental 

5.2.1 Materials Used 

Experiments were conducted on 4-n-nonyl-4'-cyanobiphenyl or 9CB and binary 

mixtures of it wit11 its higlier hornologue I O C B . ~ ~  The structural formulae and 

transition temperatures of these compounds are given in Table 5.1. 
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Isotropic --t N -+ Srri A 
49.6 47.6 

Isotropic -+ Sm A 
50.6 

Table 5.1: Structural formulae and transition temperatures (in "C) of 9CB & 10CB. 



Density studies near Sm A-N tricritical point 

5.2.2 Density Measurement 

Density measurements were made using an Anton Paar instrument consisting 

of a microcell (DMA 602MH) and a digital processing unit (DMAGO).. A block 

diagram of the experimental setup is shown in figure 5.1. The principle of 

determining density involves measuring the period of oscillation of a glass tuning 

fork filled with the sample to be studied. 

The microcell consists of a hollow oscillator made out of borosilicate glass 

(Duran 50) fused into a dual wall glass cylinder. The space between the U-shaped 

sample tube arid the inner wall of the dual wall cylirider is filled with a gas of 

high thermal conductivity. This will facilitate a rapid temperature equilibration 

of tlie saml~le wit11 tlie tlierrnostat liquid. 'l'he microcell lias been provided with 

ports which can be connected to a bath liquid circulator. A high flash point low 

viscosity (Thermal H, Julabo) was circulated around the microcell using silicon 

tubings. The temperature of this liquid was varied and controlled by a precision 

thermostat (Hetofrig CB7). For good thermal regulation the length of the tubes 

between the thermostat and the density meter were kept as short as possible 

and were well insulated. A high precision potentiometer placed in conjunction 

with the preset on the thermostat control, made it possible to  achieve long 

term stability of the sample temperature to better than 10mK. Although the 

electroriic pre-processing unit on DMAG02MH (which initiates and rrlaintains 

the sample tube oscillations) is thermally insulated from the sample chamber, to 

achieve better signal to noise ratio, the processi~ig part was r~lai~itairled a t  room 

temperature by circulating water with the help of another circulator (Julabo 



Pre-Pracessing Unit 

.. "**.*."I*...*." ..... ***.I*.. "...I 

Figure 5.1: (a) Block &gram of the expcrirnental setup, (bf  Sattlple ccll. 

. 
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water circulator). 

The actual temperature of the sample was measured using a high resistance 

(1 MR at 25°C) and a large temperature coefficient bead thermistor (YSI 44011). 

It was inserted in a short capillary tube provided inside the inner space of the 

dual wall cylinder thereby ensuring determination of the true sample tempera- 

ture. The resistance of the thermistor was measured using a four probe config- 

uration by a digital multirneter ( ~ e i t h l e ~  195A). For the purpose of obtaining a 

numerical conversion between the resistance R of the thermistor and the mea- 

sured temperature T (OC), the table of R and T ("C) values supplied by the 

manufacturer were fitted to the following e x p r e s s i ~ n . ~ ~  [As a second check we 

also measured the resistance as a function of temperature by placing the ther- 

mistor in a calibrated programmable hot stage (Mettler F P  82). The measured 

and tabulated values were found to be in excellent agreement over the entire 

range of interest, viz., 25-100°C]. 

Here A = log(R). T is the calculated value of temperature in O C .  Figure 5.2 

shows the fit of the data to  the above expression. 

As mentioned earlier, the underlying principle is the determination of the 

change in the natural frequency of vibration of a hollow oscillator when the 

density of the filled fluid changes. The oscillator tube is electronically excited in 

an undamped harmonic fashion. The direction of oscillation is perpendicular to 

the plane of the U-shaped sample tube. The density p of the sample is given by 

p = A'(r2 - C) (5.3) 



Density studies near Sm A-N tricritical point 
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Figure 5.2: Plot of calibration curve of the thermistor. Solid line is a fitting to 
equation 5.2. 
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where, T is the period of oscillation. Owing to the properties of the glass used 

the constants Ir' and C are temperature dependent. These instrument constants 

were determined by measuring 'T values for two samples with known density 

values. For this purpose we used air and water. A brief description of this 

calibration procedure is given below. 

Calibration of the Instrument 

The sample chamber was thoroughly cleaned to avoid traces of any foreign par- 

ticles. The tube was set into oscillation and the period Tair was read on the 

processing unit. The T values were observed to be constant over long periods of 

time (> 2 hours), a further evidence of the absence of any foreign substances. 

For better statistics the period T was measured over a large number of oscil- 

lations (10,000 cycles). In order to ensure that the scans taken for the liquid 

crystalline samples lie well within the calibration runs, the readings of Tair were 

taken from 30-70°C at 1°C intervals. The second substance used was double- 

distilled water. To make sure that the filling of water is uniform the following 

procedure was adopted. Water was taken into a hypodermic syringe which had 

a specially made tip such that it fits snugly into the inlet port of the sample 

tube. Care was taken to see that the introduction of water takes place slowly, 

the meniscus of the water filling the tube should be concave and not convex. 

This is to avoid trapping micro air bubbles on the wall of the sample tube which 

prevents stable period readings. After filling the sample tube with water the two 

openings of the microcell were closed with a teflon stopper. Twater as a function 

of temperature is ~neasurcd in a si~nilar way as for ?-air. 'rile ratio of Tair to Twater 
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agreed with the values given by the manufacturer. The instrument constants K 

and C are calculated in the following manner. 

Pair = I { ( T i i r  - C) 

Pwater = "('I",ater - C) 

The values of pa,,, pwater were taken from Handbook of chemistry and physics, 

60th edition, CRC Press 1979. I( and C were calculated using 

Pair - Pwater I( = 2 
('air - 'water ) 

2 Pair c = (Tair - -) 
I( 

The values of I{ and C were determined at  each temperature of these cali- 

bration scans. Figure 5.3 shows a plot of I( and C versus temperature. For 

mat hematical convenience they were fitted to a straight line with temperature 

as the independent variable. Using these constants, Ii' and C the density of 

sample can be determined by measuring the period T a t  any given temperature. 

Before filling the liquid crystalline sample the sample tube was cleaned with 

alcohol and flushed using a built-in air pump. This procedure was repeated until 

tlie displayed T values coincided with that of rair measured during the calibration 

process. Since the higher viscosity of the smectic A phase may preclude uniform 

filling, the samples were filled in the nematic phase. For all the materials studied, 

tlie Sm A-N transition is above room temperature. Hence the syringe had to 

be heated for the filling operation. A cylindrical copper heater surrounding 

the syringe was used for this purpose. The sample thus preheated to be in 
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Figure 5.3: (a) Temperature variation of constant K and (b) constant C. Solid 
line is a fitting to a straight line. 
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the nematic phase was injected carefully into the oscillator (which is also kept 

above the Sm A-N transition temperature) in such a way that there were no 

air bubbles. The sample was cooled slowly to be well in the smectic A phase 

before starting the run. Now the temperature of the sample was varied with a 

step size dependent on the proximity to the transition. Between two temperature 

intervals, sufficient time (N  10 minutes) was given for the thermal stabilisation of 

the sample. The equilibration of the temperature at any set point was monitored 

till it was constant to within 10mK. For better statistics, at each temperature 

T value was recorded for 5 different cycles. DMA6O has a BCD output. For 

ease of interface this was converted to ASCII format using a home made BCD- 

ASCII converter which in turn was interfaced to HP 86B computer through 

an RS232 port. The temperature measuring multimeter (Keithley 195A) was 

also interfaced to HP 86B. The precision in the determination of density is 

5 x  10-5g/~rn3. The off-line analysis of the data has been carried out using a PC 

386 personal computer. 

5.3 Results and Discussion 

9CB exhibits isotropic--+N--+Sm A as the phase sequence with decrease in 

temperature whereas lOCB shows a direct isotropic-Sm A phase transition. 

The partial temperature-concentration (T-X, where X is the mole fraction of 

lOCB in the mixture) phase diagram of the 10CB-9CB system obtained using 

optical observations is shown in figure 5.4. The temperature range of the nema.tic 

phase which is already small for the 9CB (2OC) further decreases on addition of 

lOCB and finally ceases to exist for concentrations, X>0.35. 
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X (mol fraction ) 

Figure 5.4: Part of the temperature-concentration phase diagram of 10CU-9CB 
system. X is the mole fraction of lOCB in the mixture. 
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Density experiments have been carried out on 9CB and for three mixtures 

of lOCB with 9CB, viz., for X=0.04, 0.2 and 0.3. Figure 5.5 is a representative 

plot showing the thermal variation of density near the Sm A-N and N-isotropic 

transition. From this plot it can be seen that the thermal variation of density 

has an abrupt change across the transition, whereas it shows smoother variation 

within the phase. The value of density, p changes by e 0.54% across N-isotropic 

transition but only by '21. 0.2% near N-Sm A transition. These features are 

in very good agreement with the earlier studies of Dunmur et a1.,20 on nCB 

series. The decrease in density values on going from smectic A to nematic and 

a much lower value in the isotropic phase reflects the decrease in the degree of 

molecular order in these phases. Similar behaviour is seen for 9CB and X=0.2 

and 0.3 mixtures. 

Although the thermal variation of density (p) across Sm A-N transition sliows 

a concentration dependence, it was not significant enough to locate the tricrit- 

ical point accurately. Zywocinski et al. 21*25 pointed out that the asymptotic 

variation of thermal expansion near the phase transition can be described by a 

simple power-law equation with the exponent being equal to (1-a) where a is 

the heat capacity exponent. Hence the density variation has been fitted to a 

simple power l a ~ ~ ~ 9 ~ ~ 1 ~ ~  of the form 

where t = T-T*N TAN denotes the Sm A-N transition temperature, po is the 
TAN ' 

value of p at  TAN. Figure 5.6 is a representative plot of the density variation in 

the vicinity of TAN. Also shown is the fit to equation 5.6. It is observed that 
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Figure 5.5: Tlie temperature variation of the density ( p )  in the smectic A, 
nematic and isotropic phases for X=0.04. 
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Figure 5.6: Thermal variation of p for X=0.04. Solid.line is a fitting to a simple 
power. (Equation 5.6). 
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the simple power law is sufficient to describe the data. A simple way of checking 

this fitting would be to plot the data on a double logarithmic scale (i.e., log lbpl 

versus logt). A   lot of log lSpl versus logt would be a straight line with the 

slope being equal to (1 - a). Figures 5.7 and 5.8 show such plots for X=0.04 

and 0.2 respectively. Some observations that can be made by looking at  these 

fits are 

1. The data above and below the transition show the same asymptotic be- 

haviour, i.e., they are described by the same exponent. 

2. For both 9CB & X=0.04, the powerlaw description holds good, indicated 

by the data falling on a straight line, suggesting that the transition is 

second order in nature. The values of the exponent are a = 0.5 f 0.01 

for X=0.04 with a smaller nematic range; TNI-TAN = 1.7OC and r=0.995 

whereas cw = 0.43 f 0.01 for 9CB, with TNI-TAN = 2OC; r=0.994. In con- 

trast the data for X=0.2 shows a clear deviation from the linear behaviour- 

evidently a signature of a first order t r a n ~ i t i o n . ' ~ * ~ ~  Similar behaviour was 

observed for X=0.3 mixture also. 

Thus the N-Sm A transition is first order for X=0.2 and is second order for 

9CB. Recall that at a tricritical point cw=0.5. Since the X=0.04 mixture shows 

a value exactly equal to 0.5, we conclude that this mixture should be a t  or in 

the immediate vicinity of a tricritical point. 

To check the reliability of these results a temperature dependent linear 
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Figure 5.7: Double logarithmic plots for X=0.04. Solid line is a fitting to 
equation 5.6. Goodness of the fitting even very close to the transition 
( t  = 5 x lo-') indicates the second order nature. 
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Figure 5.8: Double logarithmic plots for X=0.2. Solid line is a fitting to equation 
5.6. Deviation of the data from the straight line suggests the first order nature 
of the transition. 
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background term was added to the powerlaw expression (equation 5.7). 

where, B is a constant. Results of computations carried out using equation 

5.7 do not change the conclusions arrived using the simple powerlaw form (the 

contribution due to the linear term is observed to be less than a few percent far 

away from the transition decreasing as the transition is approached). 

It may be mentioned that Thoen et al.15 have measured latent heat (AH)  

using adiabatic calorimetric technique in the mixtures of 9CB and 10CB. Figure 

5.9 shows a plot of A H  vs temperature near Sm A-N transition in 9CB and mix- 

tures of 9CB+lOCB. A H  which is highest for the largest lOCB mole fraction, 

decreases drastically with decrease in X or with an increase in nematic range. 

From an extrapolation of A H  versus r curve to zero they showed that the tricrit- 

ical point is located very close to pure 9CB with r=0.994 (see figure 5.9). Ocko 

et all9 have measured longitudinal and transverse correlation lengths (ti,, G ) 

near the N-Sm A transition using high resolution X-ray scattering techniques 

in the same system (see figures 5.10 and 5.11). The temperature dependence of 

tII and tI could be described by a single powerlaw (see figures 5.10 and 5.11). 

Further, their results also indicated the tricritical point to lie at or very close to 

X=0.09. Thus our density measurements are in very good agreement with the 

calori~rletric'~ and X-ray re~u l t s . '~  

In conclusion, we have carried out the first detailed density studies near 

Sm A-N tricritical point in 9CB-IOCB mixtures. The results confirm the exis- 

tence of a tricritical point for a concentration very near to X=0.04 mixture, in 

good agreement with earlier results. 
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Figure 5.9: The Sm A-N latent heat AllAN as a function of TAN/TNI for the 
9CB-1OCB mixtures. (From Ref. 15). 
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Figure 5.10: Longitudinal correlation length (4,) VS. reduced temperature (t)  for 
nCB samples. The solid lines are single power law fits. For first order transitions 
(X=0.2 and 0.28) the behaviour is non-linear. Suitable corrections is applied by 
the authors for these concentrations. (From Ref. 19). 

Figure 5.11: Transverse correlation length vs. red~tced temperature ( t )  for 
nCB samples. The solid lines are single power law fits. For first order transitions 
(X=0.2 and 0.28) the behaviour is non-linear. Suitable corrections is applied by 
the authors for these concentrations. (From Ref. 19). 
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