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Mean-field behaviour of the low frequency non-linear dielectric 
effect in the isotropic phase of nematic and smectic 

n-alkylcy anobiphenyls 
by A. DROZD-RZOSKA*, S. J. RZOSKA and J. ZIOLO 

Institute of Physics, Silesian University, ul. Uniwersytecka 4, 40-007 Katowice, 
Poland 

(Received I 4  December 1995; accepted 24 March 1996) 

Results are presented of studies on the low frequency (f= 250 kHz) non-linear dielectric effect 
on approaching the nematic and smectic A phases in 4-cyano-4-n-alkylbiphenyls (nCB, for 
n=6, 7, 8, 10, 11, 12). In all cases, the mean-field behaviour was valid up to the clearing 
temperature. In the case of the isotropic-nematic transition (6CB, 7CB, 8CB), a quantitative 
agreement with the relation based on the Landau-de Gennes model was also ascertained. The 
specific feature of the research method applied was that the characteristic time introduced by 
the measurement field (T ' z l j f )  was always greater than the relaxation time z, i.e. the 
condition: (T ' / z )>  1 was satisfied up to T,. 

1. Introduction 
The properties of isotropic-liquid crystal phase trans- 

itions have been the subject of experimental and theoret- 
ical studies over the last several decades [ 1-91, The best 
known experimental fact is the 'critical-like' behaviour 
of physical properties particularly sensitive to fluctu- 
ations in the isotropic phase, on approaching the clearing 
temperature [ 1-4 and references therein]. For instance, 
for the isotropic-nematic (I-N) phase transition, the 
light scattering (I), the Kerr effect (KE) and the Cotton- 
Mouton effect (CME) exhibit similar, simple behaviour 

K E - ' ,  CME- ' ,  I- 'cc(T- T*)y 

[ 1-41: 

T > T , ,  T * = T , - A T  (1) 
where T, is the clearing (I-N) temperature, T* denotes 
the extrapolated temperature of the hypothetical second 
order phase transition, AT is the measure of the 
discontinuity of the phase transition, and the exponent 
y= 1.  

The phenomenological Landau-de Gennes (LdG) 
model enabled a quantitative description of this mean- 
field type behaviour [l] to be made. It justified the 
determination of AT in relation (1) and allowed estima- 
tion of the amplitude of the susceptibility, molecular 
anisotropies of electric permittivity, polarizability, mag- 
netic susceptibility and refractive index [ 1-4, 10-121, 
and even the position and value of the permanent dipole 

*Author for correspondence. Telephone: 48 32 588431. 

moment [13, 141. Based on time resolved Kerr effect 
studies, the LdG model enabled additionally discussion 
of the relaxation time changes [ 11,15,16]. However a 
small deviation from this model in the immediate vicinity 
of the nematic phase seemed to be a permanent feature 
of the majority of experimental results [4, 17-20]. This 
is probably connected with the influence of non-classical 
fluctuations on approaching the 'critical temperature' 
T*, or with the possible vicinity of the tricritical point 
[4]. These deviations may be responsible for a significant 
scatter of values of AT obtained for the same liquid 
crystalline material [4, 17-20]. 

The group of physical magnitudes very sensitive to 
fluctuations also includes the non-linear dielectric effect 
(NDE) which describes changes of electric permittivity 
A E ~  due to the application of a strong, steady electric 
field E [21,22]. Applying the LdG model one can 
obtain [23]: 

A E ~  ANDE 2 AcfAc0 -+--- - 
E2 T - T *  3 T -  T* U-1E0 ~ ( 2 )  

where: AcE/E2 is the measure of NDE, u is the amplitude 
of the susceptibility (second rank term in the LdG series), 
and A E O ,  are molecular anisotropies of electric 
permittivity in the zero-frequency limit and for the 
measurement frequency (radio-range), respectively. 

Tests conducted up to now for the isotropic phase of 
nematogens corroborate the mean-field character of the 
temperature changes in relations (1,2), but a significant 
discrepancy in the value of amplitude A,,, has been 
found [23-261. 
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Markedly more complex behaviour has been observed 
for smcctogens with an isotropic-smectic A (I-S,) phase 
transition or with a narrow zone of nematic phase 
separating the smectic from the isotropic liquid. On 
approaching the clearing point, the reciprocals of the 
effects mentioned trend up or down from the mean-field 
linear rclation (1)  [4, 17 201. In certain cases near T,, 
no changes in value (i.e. 'saturation') have been detected 
[ 18,271. To the best of our knowledge no theory has 
yet been reported which would elucidate this variety of 
behaviours 141. 

Comparison of experimental results for NDE 122-241 
in  the isotropic phase of liquid crystalline materials 
indicates that deviations from mean-field behaviour 
(relations (1,2))  can be associated with the frequency of 
the weak applied measurement field (,f'= 1.5-6 MHz). 

We present here the results of studies on the low 
frequency (.f'= 250 kHz) NDE on approaching the nem- 
atic phase and sniectic A phase in 4-cyano-4-n-alkylbi- 
phenyls (n-cyanobiphenyls, nCB, for n = 6 ,  7, 8. 10. 11, 
13). I n  all cases, the same mean field pretraiisitional 
behaviour up to T,  was observed. For the isotropic- 
nematic transition quantitative agreement with the LdG 
model was also ascertained. 

2. Experimental 
The NDE experiments were conducted using an 

apparatus constructed based on an idea proposed by 
Malecki [ 281, improved and constructed by Goriiy 
[29]. It comprises two generators. one a reference 
generator and the second with the test sample, con- 
nected i n  a differential system. Applying a strong 
electric field to the sample causes a change in the 
frequency difference between the generators. In our 
apparatus this change. which is proportional to the 
change in permittivity of the liquid tested, was recorded 
by a 12-bit digitizer (sampling time lops) with a 
computer system. 

A difficult design problem for an apparatus working 
at low frequency (250kHz in our case) is to ensure thc 
possibility of using short impulses of the constant ficld 
E together with sufficient sensitivity of measurement. 
The first feature could be of particular significance due 
to the possible influence of electrocaloric and hydro- 
dynamic effects [ 1 , 2  ]. For the materials tested here, the 
influence of length of impulse on recorded changes A& 
was observed for impulses of a strong steady electric 
field E of duration greater than 20ms. Results presented 
below were obtained using the rectangular impulses of 
a strong electric field (intensity 2000-7000 V cm ') last- 
ing for 4-8 ms. repeated every 1-3 s. The intensity of the 
measurement field of f=250kHz was 20Vcm '. 

Recorded changes i n  capacitance induced by applying 
the field E had values of 1-5 fF. Typically, accumulations 
of 10-40 responses to impulses of the strong electric 
field were used for analyses. For every temperature 
difference from T,, the condition Al-:'ccE2 was satisfied 
with an accuracy bctter than 2%. Thc samples were 
placed in a flat parallel capacitor (radius 10mm. gap 
0.5mm) made from Invar 1301. Thc stabilisation o f  thc 
temperature was better than 0.02 K 11-' . The temper- 
ature was measured by means of a platinum resistor ( A 1  
class, DIN 43 760) placed in one of the covers of the 
capacitor and a Keithley 195A multimeter with a 
resolution 0.01 K. 

Studies have been conducted on 4'-cyano-4-rr-alkyl bi- 
phenyls (n-cyanobiphenyls, iiCB) with an isotropic neiii- 
atic (I-N) phase transition (6, 7, 8. 11  CB) and an 
isotropic-smectic A (I-S,) transition ( 10, 1 I ,  12CB). For 
the sample of 7CB used, below the nematic phase of 
temperature width 8 K ,  a smcctic A phase exists. Some 
authors suggest [ 18, 191 a narrow zone (0.5 K )  of nem- 
atic phase between the isotropic and smectic A phases 
in 11CB. Some materials were purchased from Merck 
Ltd ( U K )  (8, 10, 11, 12, CB) and some (6, 7. 8. CB) were 
synthesised by Professor Dabrowski's group at the 
Technical Military Academy in Warsaw. All samples 
tested were degassed immediately prior to measurements. 
Their conductivity was always less than 3 x lo-" 
(W' cm '). The data were processed using the ORTGIN 
3.5 software (Microcal Software Inc.). 

3. Results and discussion 
Results of NDE measurements on the isotropic phase 

of the liquid crystalline materials tested are shown in 
figure 1. On passing from 6CB to 12CB, the pretran- 
sitional increment becomes increasingly weak. Remote 
from T ,  the NDE values for all the materials converge. 
within the limits of experimental error. Figure 2 shows 
the reciprocals of the measured pretransitional effects 
for four of the n-cyanobiphenyls on a normalised scale, 
relative to the amplitude A,,, (table 1) appropriate for 
each given nCB. In all tested materials, N D E - '  varies 
linearly with temperature. 

To show more clearly the possible deviations from thc 
mean-field theory, the apparent critical amplitude 
NDEx(T- T*) versus (7- T*) is plotted on the semi- 
log scale shown in the inset on figure 2. The constant 
value of N D E x ( T -  T*), which according to relation ( 2 )  
determines the amplitude ANDE, shows that the mean- 
field relation appears to hold over a temperature range 
of 7'- T* 240-C, with no 'non-pretransitional' back- 
ground effect. The quantitative agreement between the 
pretransitional effects obtained and the relation ( 2 )  
derived from the Landau-de Gennes model enables a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Non-linear dielectric eflect in n-CBS 275 

Figure 1. Results of NDE meas- 
urements on 6CB (O), 7CB 
(A),  8CB (0), lOCB (O), l lCB 
( V )  and 12CB (X). The arrows 
show the clearing temperatures, 
T,. The inset presents more 
details of the pretransitional 
behaviour in l lCB and 12CB. 
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Figure 2. Reciprocals of NDE for 
6CB ( O ) ,  8CB (0), lOCB (U) 
and 12CB (X)  on a normalised 
scale, relative to the amplitude 
ANDE (table 1). The inset shows 
the apparent critical amplitude 
versus the temperature interval 
from the point of hypothetical 
continuous transition on a 
semi-log scale. 

comparison of amplitude ratios. For instance: 
Table 1. Values of clearing temperature, discontinuity of 

the phase transition and pretransitional amplitude in 
n-cyanobiphenyls. (z) ~ 1 . 4 2  and 

AND, exp 

nCB T,/"C ATrC ANDE/10-"' m2 V-' K 

6CB 30.9 1.1 
7CB 42.1 1.35 

130 f 4 
8 7 + 3  

( 3 )  

8CB 39.6, 1.65 92 f 3 where A&- E 10.8 (6CB) and 11.7 (8CBI (measurements " I \  

lOCB 50.7. 4 4  69-5 f 3 for f =  100 kHz); a ~ 0 . 0 5 3  J ~ r n - ~  K (6CB) and 
11CB 57.5 5.6 51.5 f 3 
12CB 58.9 6.9 5 2 k 3  A good agreement between theory and experiment 

0.09Jcmp3K (8CB) [l5]. 
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Table 2. A comparison between the experimental and 
theoretical (LdG model. relations (2. 3)) ratios of the 
amplitudes A,,,E. 

LdG relation 

n-Cyanobiphenyls Experiment Data ref. [ 151 Data ref. [ 111 

A';",", 1.42 & 0.08 1.44 1.59 
~ 

0.94 & 0.07 0.90 0.9 1 

1-49 0-08 1.3 1 1.42 A ~ C B  
YUh 

~ 

A% 

can also be found for 6CB/7CB, and 7CB/SCS (table 
2).  The values of AT obtained for these materials 
(table 1) lie within the limits determined by previous 
studies using other physical methods mentioned in the 
introduction [ 10 191. 

The mean-field relation ( 1)  also satisfactorily describes 
the pretransitional effects for the I-SA phase transition 
in IOCB. 11CB and 12CB. This permits the estimation 
of values of the discontinuity of phase transition, AT 
and also amplitudes, A,,, (figure 2 and table 1). Values 
of AT and ANDF obtained for the nCBs tested are 
collected in table 1 and presented in figure 3 .  

4. Conclusions 
The results presented above show that for the low 

frequency NDE the simple mean-field description may 
be valid for approaching both the I-N and I-SA phase 

Y 

Figure 3. Values of discontinuity 
of phase transition and ampli- 
tude A,,, for the rz-cynobi- 
phenyls tested. 

transitions. This conclusion differs from results obtained 
from previous experiments mentioned in the introduc- 
tion [l-4. 10-201. For the I-N transition a very good 
qualitative agreement with the relation derived from the 
Landau-de Gennes model has been found. This behavi- 
our is undoubtedly associated with the frequency of the 
weak measuring field applied (f= 250 kHz). particularly 
when taking into account a variety of pretransitional 
behaviour obtained for higher frequencies ( 1.5-6 M Hz. 
[21-271). The reciprocal of the frequency of the applied 
measurement field (i.e. T 2 11250 kHz = 4 ps) may be 
approximately treated as a characteristic time of meas- 
urement. As a natural time scale on approaching the 
clearing point, the relaxation time (7 )  of pre-nematic 
fluctuations (swarms) [ 11, 1.51 may be taken. 
Comparison of the two indicates that thc following 
relation is valid up to x: 

T 
->1 (4)  

This condition (4)  is not valid for methods applying 
light (KE, CME, 1) or for previous NDE studies. 
Relation (4)  could signify that the information obtained 
may come not from a single, average pre-nematic (pre- 
smectic) fluctuation, but from a group contained in the 
region of dimensions ( ( T ' i z )  > (, where ( denotes cor- 
relation length. This additional averaging could have 
the effect that only orientational ordering, with a mean- 
field characteristic, influences the low frequency NDE. 
A similar influence of the time scale involved in the 
weak measurement field on the pretransitional behaviour 
of NDE was recently observed in critical solutions where 

z 

6 7 8 9 10 11 12 

nCB 
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a strong, steady electric field induces quasi-nematic 
ordering [ 291. 

Also meriting attention is the systematic change in 
the value of the temperature discontinuity AT obtained 
in these experiments (figure 3). From this aspect it may 
be suggested that the n-cyanobiphenyls tested here may 
be divided into two groups (6, 7, 8CB) and (8, 10, 
11, 12CB). 

This research was sponsored by the Council for 
Scientific Research, Poland, under project 2 P 302 94 06. 

References 
[l] DE GENNES, P. G., and PROST, J., 1993, The Physics of 

Liquid Crystals, (Oxford: Clarendon Press). 
[ 21 CHANDRASEKHAR, S., 1994, Liquid Crystals, (Cambridge: 

Cambridge University Press). 
[3] VERTOGEN, G., and DE JEU, W. H., 1988, Thermotropic 

Liquid Crystals-Fundamentals, (Springer Series in 
Chemical Physics, vol. 45). 

[4] ANISIMOV, M. A., 1991, Critical Phenomena in Liquids 
and Liquid Crystals (Philadelphia: Gordon and Breach). 

[5] TAO, R., SHENG, P., and LIN, Z. F., 1993, Phys. Rev. 
Lett., 70, 1271. 

[6] LELIDIS: I., NOBILI, M., and DURAND, G . ,  1993, Phys. 
Rev. E ,  46, 3618. 

[7] MUKHERJEE, P. K., BOSE, T. R., GHOSE, D., and Saha, M., 
1995, Phys. Rev. E ,  51, 4570. 

[ti] FUCHS, J., and BURCHARD, W., 1994, J. Phys. I I  (France), 
4, 1451. 

[9] RWMTSEV, E. I., OSIPOV, M. A,,  ROTINYAN, T. A,, and 
YEVLAMPIEVA, P., 1995, Liq. Cryst., 18, 87. 

[lo] COL.ES, H. J., 1978, Chem. Phys. Lett., 59, 168. 

[ 111 COLES, H. J., 1978, Mol. Cryst. liq. Cryst., 49, 67. 
1121 ZINK, H., and DE JEU, W. H., 1985, Mol. Cryst. liq. 

[13] YI, J.-H., Ho, C.-H., LEE, J.-H., and CHANG, J.-S., 1990, 

[ 141 HAUSER, A,, SCHAEDLER, U., and DEMUS, D., 1979, Krist. 

[l5] YAMAMOTO, R., ISIHARA, S., HAYAKAWA, S., and 

[ 161 KOLINSKY, P. V., and JENNINGS, B. R., 1980, Mol. Phys., 

[ 171 DUNMUR, D. A., and TOMES, E. A., 1981, Mol. Cryst. liq. 

[18] POULIGNY, B., MARCEAU, J., LALANE, J. R., and COLES, 

[19] SHU-LIN, Z., Yu, D.-Z., Jm, W., SHEN, T.-H., and 

1201 MUTA, K.-I., TAKEZOE, H., FUKUDA, A,, and KUZE, E., 

[2 I ]  CHELKOWSKI, A,, 1994, Dielectric Physics, (Warsaw, 

[22] RZOSKA, S. J., 1993, Phys. Rev. E., 48, 1136. 
[23] RZOSKA, S. J., and Zioto, J., 1994, Liq. Cryst., 17, 629. 
[24] DROZD-RZOSKA, A., RZOSKA, S. J., GORNY, M., and 

ZIOLO, J., 1995, Mol. Cryst. liq. Cryst., 260, 443. 
[25] RZOSKA, S. J., and CHRAPE~, J., 1990, Mol. Cryst. liq. 

Cryst., 191, 333. 
[26] PYZUK, W., 1990, Chem. Phys., 142,495. 
[27] ZIOLO, J., CHRAPE~, J., and JAD~YN, J., 1990, Liq. Cryst., 

[28] MALECKI, J., 1976, J. chem. Soc. Faraday Trans. I I ,  

[29] RZOSKA, S. J., DROZD-RZOSKA, A., GORNY, M., and 

[30] RZOSKA, S. J., CHRAPE~, J., and ZIOLO, J., 1988, J. phys. 

Cryst., 124, 287. 

J. Korean phys. Soc., 23, 7. 

Tech.. 14, 809. 

MORIMOTO, K., 1978, Phys. Lett. A, 69, 276. 

40, 979. 

Cryst., 76, 23 1 .  

H. J., 1983, Mol. Phys. 4, 583. 

QUIANG, W. N., 1983, Mol. Cryst. liq. Cryst., 91, 295. 

1979, Jpn. J .  appl. Phys., 18, 2073. 

PWN). 

7, 583. 

72, 104. 

ZIOLO, J., 1995, Phys. Rev. E,  52, 6325. 

Chem., 92, 2064. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1


