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In¯ uence of measurement frequency on the pretransitional

behaviour of the non-linear dielectric e� ect in the isotropic

phase of liquid crystalline materials

by ALEKSANDRA DROZD-RZOSKA

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

(Received 1 October 1997; in ® nal form 29 December 1997; accepted 19 January 1998 )

Results are presented of the non-linear dielectric e� ect (NDE) as a function of temperature
(T ) in the isotropic phase on approaching the nematic phase for the liquid crystalline materials
4 ¾ -cyano-4-hexylbiphenyl (6CB), 5-heptyl-2-(4 ¾ -cyanophenyl )pyrimidine (HCPP) and the
smectic A phase of 4 ¾ -cyano-4-decylbiphenyl (10CB). For low measurement frequencies ( f )
the NDE Õ

1 (T ) exhibits linear behaviour from the clearing temperature (TC ) up to about
TC +50 K. Increase of f causes an increased deviation from this dependence near TC . The
in¯ uence of the measurement frequency can be associated with the link between the system
time-scale, de® ned by the relaxation time of pretransitional processes(t), and the measurement
time-scale ( f Õ

1 ). A quantitative agreement with the relation derived from the Landau±
de Gennes model Ð NDE Õ

1 (T ) analysis Ð and with the results of time- and frequency-resolved
Kerr e� ect studies is shown. A possible in¯ uence of the intensity of the weak measurement
® eld on the pretransitional e� ect in the immediate vicinity of TC is discussed. Similarities
between pretransitional behaviour in the isotropic phase of the nematogens and in the
homogeneous phase of a critical binary solution are considered.

1. Introduction analysis ambiguous [4, 6± 10]. The situation for the
Studies of the Kerr e� ect (KE), the CottonÐ Mouton isotropic± smectic A (I± SmA) phase transition is less

e� ect (CME), light scattering (I) and the non-linear clear. Here the linear temperature behaviour predicted
dielectric e� ect (NDE) make it possible to investigate by relation (1) is only observed far from the clearing
certain properties of liquid crystalline mesophases still point [4, 6± 11]. However, recent theoretical [12± 15]
in the isotropic phase. For the isotropic± nematic (I± N) and experimental [16] investigations point to yet
phase transition, application of the Landau± de Gennes another possibility leading to this relation, i.e. a classical
(LG) model gives [1± 10]: but simultaneously critical, ¯ uid-like pretransitional

behaviour. The I± N phase transition point falls here
KE Õ

1
, CME Õ

1
, I Õ

1
, NDE Õ

1=C Õ
1
(T Õ T

*
)c (1 ) upon a hypothetical coexistence curve and consequently

T
* becomes a pseudo-spinodal temperature [12± 15].with T >TC , T

*=TC Õ DT and c=1. Here C is a
Noteworthy is the speci® c position of the NDE in theconstant amplitude characteristic for a given measure-

group of physical properties mentioned above. In thisment method, TC is the clearing temperature, T
* denotes

research method, the frequency of the measuring ® eld fthe extrapolated temperature of the hypothetical con-
lies in the radio-range. The importance of this featuretinuous phase transition and DT is a measure of the
has been shown by recent low frequency (LF NDE)discontinuity of the I± N transition.
studies ( f =250 kHz) involving the series of n-cyano-The validity of the relation (1) leads to the broadly
biphenyls [17]. They showed a linear dependence ofrecognized conclusion concerning the mean-® eld charac-
NDE Õ

1 (T ) in the range from TC to T # (TC + 50 K),teristic of the I± N transition [1 ± 4]. In experimental
both for the I± SmA and the I± N phase transitions.studies, the validity of relation (1) extends typically from
This untypical behaviour may be associated with theTC to TC+ (5 � 10 K), except for the immediate vicinity
coincidence between frequency f and the correlation timeof TC where small, permanent discrepancies appear
of pretransitional processes t, observed previously in the[4 ± 10]. These are related to the possible vicinity of
analysis of the critical behaviour in critical solutionsthe tricritical point (TCP) or to the crossover from the
[18]. In 1990, PyzÇ uk [19] pointed out the possiblemean-® eld to the critical region [4]. Unfortunately

the weakness of these deviations makes their numerical importance of this factor when analysing the NDE for
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836 A. Drozd-Rzoska

f # 1 5́ MHz for the isotropic phase of 5-heptyl- was measured by a platinum resistor (DIN 43 760)
placed in the cover of the capacitor and a Keithley2-(4 ¾ -cyanophenyl )pyrimidine (HCPP, I± N transition).

The relation applied by PyzÇ uk for describing the 195A multimeter. 5-Heptyl-2-(4¾ -cyanophenyl )pyrimidine
(HCPP, TI± N# 51 9́ ß C) was prepared by W. PyzÇ ukexperimental data can be written in the form:
from Warsaw University, and 4 ¾ -cyano-4-hexylbiphenyl

NDE (T ) =NDEB+ [NDEvt<1
C + NDEvt>1

D ] , v =2p f
(6CB, TI± N#30 8́ß C) and 4¾ -cyano-4-decylbiphenyl (10CB,

(2) TI± SmA#50 5́ ß C) in Prof. DaÎ browski’s group at the
Technical Military Academy, Warsaw, Poland. All thesewhere subscript B denotes the non-critical background
materials have a permanent dipole moment approxi-e� ect and terms in the square bracket are associated with
mately parallel to the long axis of the molecule. Thethe pretransitional behaviour. NDEvt<1

C 3 (T Õ T
*) Õ

1

molecular anisotropy of the dielectric permittivity in thefor T >TC=10 K and NDEvt>1
D 3 (T Õ T

*) Õ
3 Ô 0 6́ in the

zero-frequency limit is about 35 for HCPP [19] andimmediate vicinity of TC .
10 8́ for 6CB [22]. All tested samples were degassedThis paper aims to present a preliminary study of
immediately prior to each measurement set. The datathe in¯ uence of measurement frequency on the pre-
were analysed by means of ORIGIN 3 5́ software.transitional behaviour in the isotropic phase of some

liquid crystalline materials.
3. Results and discussion

Figures 1 and 2 show reciprocals of measured values2. Experimental
of the NDE in the isotropic phase on approaching theStudies of the non-linear dielectric e� ect were
nematic phase for HCPP and 6CB, respectively. Figure 1carried out using the apparatus described in detail
also comprises results of the earlier studies by PyzÇ ukin ref. [20]. Measurements involved the application
[19] for f =1 5́ MHz. The pretransitional behaviourof two electric ® elds: a weak measurement ® eld of
for the I± SmA transition is presented in ® gure 3. In allradio frequency (peak± peak voltage Up-p=1 3́ � 10 V,
cases, with increase of f the departure from the linear

f =67 kHz � 9 MHz) and a strong electric ® eld in the
dependence of NDE Õ

1 (T ) appears near TC . Theseform of rectangular pulses of duration Dt =2 � 8 ms
discrepancies are much more signi® cant for the I± SmAand V =200 � 1000 V. For the applied duration of the
transition, and this may be due to the more complexpulses the condition Dt &t was always ful® lled so that
nature of pre-smectic ¯ uctuations in comparison withthe measured value of the NDE was the stationary one.
pre-nematic ¯ uctuations. Far from TC all experimentalIn such a case: e

E=e + 3bE
2+ ¼ (where e, e

E are the
data follow a straight line, up to about TC + 50 K. Fordielectric permittivities in a weak and a strong electric
lower frequencies the straight line extends to the clearing® eld E , respectively) and the experimental value of the
point, with no distortion near TC . Such a behaviourNDE is De

E
/E

2= (eE Õ e)/E2=3b [21]. Taking into
enables the determination of the amplitude a of theaccount this de® nition, the following relation may be
second rank term in the LG expansion. Assuming thatderived from the LG model in the isotropic phase:
De

f=De
0# 10 8́ and taking from ® gure 2 C

LF
NDE# 13 9́,

(10 Õ
15 m2 V Õ

2 ), relation (3) gives the estimate ofDe
E

E
2 =

CNDE

T Õ T
* =

2

3
a Õ

1
e0 Ö

De
f
De

0

T Õ T
* ,

a =0 0́5 Ô 0 0́02 J cm Õ
3 K. This value is in reasonable

agreement with the estimation based on Kerr e� ect
T >TC and T

*=TC Õ DT (3 )
studies [22]: a #0 0́53 J cm Õ

3 K.
The quantitative agreement with the theoreticalwhere CNDE is a constant amplitude, De

0 and De
f are

the molecular anisotropies of the dielectric permittivity predictions of relation (3) and the simple behaviour of
NDE Õ

1 (T ) over a wide temperature range were obtainedin the zero-frequency limit and for the applied frequency
f , respectively. The coe� cient a is the constant ampli- for the total measured value of the e� ect, i.e. for

NDEB# 0 in relation (2). It is noteworthy that the sametude in the second rank term in the LG series [1± 4 ].
For the LF NDE mentioned in the introduction, the slope (reciprocal of amplitude CNDE called C

LF
NDE in the

sequel ) can be determined for low frequencies from TCrelation is simpli® ed: De
0#De

f [17].
The samples for test were placed in a ¯ at parallel- to (TC + 50 K) and for higher frequencies remote from

the clearing point TC .capacitor (gap d =0 2́ Ð 1 mm, radius r=10 mm) made
of Invar. Changes of capacitance induced by the strong Recently the existence of pretransitional, slowly relaxing

¯ uctuations has been explicitly shown in transientelectric ® eld E were of the order DC
E=1± 5 fF and were

registered by a three digit resolution. For every temper- grating Kerr e� ect studies of the isotropic phase of liquid
crystalline materials [23± 25]. It has been found thatature interval from TC the condition De

E3 E
2 was

satis® ed with an accuracy of Ô 2%. The temperature their existence ceases to in¯ uence the behaviour in the
isotropic phase when they are reduced to a few moleculesstabilization was better than 0 0́2 K h Õ

1. The temperature
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837Non-linear dielectric e� ect

Figure 1. Reciprocals of measured
NDE values in the isotropic
phase of HCPP for selected
measurement frequencies. Data
for f =1 5́ MHz are from [19].
Intensity of the measurement
® eld for f =67 kHz and 670 kHz
is Em #20 V cm Õ

1. The value
of the pretransitional ampli-
tude (the reciprocal of the slope
of the solid line) is equal to
3 6́ Ö 10 Õ

4 m2 V Õ
2. The inset

shows the apparent amplitude
analysis CNDE (T )= NDE(T ) Ö
[T Õ T

*]. Solid lines represent
relation (4). The arrow indicates
the clearing point and the value
of the discontinuity of the
transition.

Figure 2. Reciprocals of measured
NDE values in the isotropic
phase of 6CB for a series
of measurement frequencies.
For f =60, 330 and 620 kHz
the studies were carried out
at Em #20 V cm Õ

1. For f =
2 5́ MHz index (1 ) is for Em =
500 V cm Õ

1 and index (2 ) for
Em=100 V cm Õ

1. The value
of the pretransitional ampli-
tude (the reciprocal of the slope
of the solid line) is equal to
14 Ö 10 Õ

15 m2 V Õ
2. The inset

shows the apparent amplitude
analysis. Solid lines represent
relation (4). The arrow indicates
the clearing point and the value
of DT .

for T >TC + 50 K, which coincides with the limit of where v =2p f , and C
HF
NDE and C

LF
NDE are constants. For

linearity of NDE Õ
1 (T ) . the relaxation time, the relation t=t0 /(T Õ T

* )c with
The insets in ® gures 1 and 2 represent results of the c=1 and t0=const has been applied as proposed by

apparent scale analysis of the experimental data from the the LG model [1± 4] and con® rmed by experiments
main parts. With the exception of the region of in¯ ection [4, 26, 27].
near the clearing point, the apparent amplitudes may be Results of simultaneous ® tting for all applied
portrayed by the relation: frequencies, presented by the solid lines, are as follows:

C
LF
NDE=3 6́Ô 0 1́, C

HF
NDE= Õ 0 2́ Ô 0 1́, (10Õ

14 m2 V Õ
2 K),

CNDE (T ) =NDE (T ) Ö (T Õ T
*
) =C

HF
NDE+

C
LF
NDE

1 + v
2
t

2 and t0=0 3́2 Ô 0 0́5 ms for HCPP;
C

LF
NDE=13 9́ Ô 0 3́, C

HF
NDE= Õ 1 5́Ô 0 5́, (10Õ

15 m2 V Õ
2 K),

and t0=0 5́5 Ô 0 0́8 ms for 6CB.(4)
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838 A. Drozd-Rzoska

Figure 3. Reciprocals of measured
NDE values in the isotropic
phase of 10CB for a few of
the measurement frequencies.
Studies were conducted at
Em#20 V cm Õ

1. The value of
the pretransitional amplitude
(the reciprocal of the slope of
the solid line) is equal to
3 Ö 10 Õ

15 m2 V Õ
2.

The values of t0 obtained are in a good agreement ment ® eld (Em ). It is likely that in the immediate vicinity
with those estimated from time [22, 26, 27] and fre- of TC the Em is strong enough to infuence the state of the
quency [28] resolved KE experiments involving the pre-nematic ¯ uctuations. Such a shift of the equilibrium
nematogenic n-cyanobiphenyls. These measurements show should give an additional positive contribution to NDE.
that the largest value of t in the isotropic phase of 6CB This hypothesis may be supported by two facts shown
is about 0 5́ ms at T #TC . For the lowest tested measure- in the insets in ® gures 1 and 2. The ® rst is that for the
ment frequency f =60 kHz, the measurement time-scale same values of intensity of the measurement ® eld, the
may be estimated as T ¾ = f Õ

1#17 ms and the condition in¯ ection near TC is more pronounced for a molecule
T ¾ /t>1, taking place near TC , is always ful® lled. For with a larger permanent dipole (HCPP) than for
higher frequencies the opposite condition T ¾ /t<1 occurs 6CB. Secondly, for measurements carried out on 6CB at
and discrepancies in NDE Õ

1 (T ) from relation (3) appear f =2 5́ MHz for two di� erent values of Em , the in¯ ections
on approaching TC . are di� erent. The values for the apparent amplitude

The amplitudes C
LF
NDE and C

HF
NDE obtained in the for Em =100 V cm Õ

1 equals about 5 Ö 10 Õ
15 m2 V Õ

2 K
apparent scale analysis, relation (4), may be associated at TC , whereas for Em=500 V cm Õ

1 it equals about
with the behaviour for T ¾ /t&1 and T ¾ /t%1, respectively. 8 5́ Ö 10 Õ

15 m2 V Õ
2 K at TC . The in¯ uence of even weak

For C
LF
NDE, a good qualitative agreement with relation (3) external disturbances on the state of the system is often

exists after the De
f=De

0 substitution as was shown above. observed in complex liquids [30].
The small negative value of C

HF
NDE on approaching T

*
In the isotropic phase of nematogens, the temperature

may be associated with the anisotropy of the dielectric behaviour of the NDE and electro-optic Kerr e� ect
permittivity (De

f ) at higher frequencies. Dielectric dis- (EKE), the ¯ uid-like description can be applied [15, 31].
persion studies of similar nematogens in the nematic Taking into account the relation describing the pre-
phase just below TC have shown that De

f drops to a transitional behaviour of the NDE in the homogeneous
small negative value in the megahertz region [29] which, phase of binary solutions with a critical consolute point:
according to relations (3) and (5), may lead to a negative

NDE 3 7 DM
2 8 V Ö x, with x=x0 (T Õ TÄ C ) Õ c, denotes the

sign of the NDE amplitude. susceptibility ([16] and refs therein) and c=1, i.e. the
Another feature of the experimental data obtained is mean-® eld value as in relation (3)

the in¯ ection (`bending up’) of the apparent amplitude
in the immediate vicinity of TC in ® gure 2. In the author’s

NDE 3 7 |DM | 8 0
V Ö 7 |DM | 8 f

V Ö x
*3

De
0
De

f

T Õ T
* Ö x

*
0opinion the in¯ ection is probably due to the in¯ uence

of yet another factor which should be taken into account
in NDE studies, i.e. the intensity of the weak measure- (5)
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839Non-linear dielectric e� ect

where 7 DM
2 8 V denotes the mean square of the for the total measured value of the e� ect, i.e. NDEB#0

in relation (2) (for vt<1). The value obtained for the¯ uctuation of the order parameter; the amplitude x
*

may be identi® ed with a Õ
1 in relation (3). exponent c also does not exclude the hypothesis of the

TCP character of the I± N phase transition mentionedFor T ¾ &t, the characteristic features of a single
¯ uctuation do not in¯ uence the NDE value and in § 1.

Studies carried out in this paper as well as those in7 DM 8 f
V# 7 DM 8 0

V3 De
0. If the measurement time-scale

f Õ
1 and the system time-scale t (T ) are comparable, the [14, 16, 31] point to yet another important problem that

still remains open, i.e. the ¯ uid-like, critical behavioursymmetry of a single mean ¯ uctuation may in¯ uence the
NDE pretransitional behaviour and this may induce a in the isotropic phase of liquid crystalline materials.
departure of NDE Õ

1 (T ) from linear behaviour near TC .
When T ¾ and t approach each other, the NDE pre- A. D.-R. wishes to thank Jerzy Zioøo and Sylwester

transitional e� ect in the isotropic phase is progressively J. Rzoska for stimulating discussions and support. The
in¯ uenced by relaxation processes associated with the author is also grateful to MichaøGoÂ rny for constructing
di� usion of elongated molecules, which may result in the NDE measurement apparatus. The author would like
the changing of De

f. to acknowledge the ® nancial support of the Committee
It is noteworthy that the dependence for the critical for Scienti® c Research (KBN, Poland ), Project No. 2

slowing down applied in relation (3) and (5) can also P03B 030 12.
be derived beyond the mean-® eld model, from the
dynamical scaling theory within the hydrodynamic
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