PHYSICAL REVIEW E VOLUME 54, NUMBER 6 DECEMBER 1996

Critical behavior of dielectric permittivity in the isotropic phase of nematogens
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It has been shown that the temperature behavior of dielectric permittiwjtyn the isotropic phase of
nematogens can be described in the same way as in critical binary solutions. Hence, using a relation with the
critical exponent¢=1—a=0.5+0.03 it was possible to portray the results &{fT) measurements in the
isotropic phase of 5-heptyl-@'-cyanobiphenytpyrimidine and 4,43-octylcyanobiphenyl. The influence of
the position of the permanent dipole moment on the results was tested by additional measurements in
n-(p-methoxybenzylidenep’-butylaniline. It also has been shown that a fluidlike analogy can be applied to
the nonlinear dielectric effedNDE), which describes changes of dielectric permittivity induced by a strong
electric field. Measurements were conducted for the lowest frequency used in NDE ¢fudidskHz), so the
condition 7f <1 (with 7 the relaxation timgwas always fulfilled. Values of discontinuities of the isotropic-
nematic phase transition from both the analysis(d) measurements and NDE studies are in good agreement.
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PACS numbd(s): 64.70.Md, 64.70.Ja

I. INTRODUCTION moment is perpendicular to their long axis. In such cases
g(T) is a linear function of temperature amtk/dT<0
The properties of the isotropic-nematic-K) phase tran- [6,16]. For nematogens with the dipole moment parallel to
sition has attracted considerable attention recefitly14). the long axis of the molecule, Bradshaw and Rayi
Some basic experimental facts were obtained from measurg¢ound, on approaching,_y, the opposite trende/d T>0.
ments of physical properties that are known for their particu- To the best of our knowledge there is no analytical por-
lar sensitivity to fluctuations, conducted in the isotropictrayal of this anomalous, pretransitiongIT) behavior. Such
phase. For instance, the Kerr eff¢kE), the light scattering  an attempt is presented in this paper. It is based on experi-
(1), the Cotton-Mouton effectCME) (see[5-8] and refer-  manta| studies of linear and nonlinear components of the
ences therein and the nonlinear dielectric effe€NDE)  giglectric permittivity(e,Expe) in the isotropic phase of three
[9,10] were found to follow the same pretransitional behav‘nematogens: octylcyanobipheny! (8CB)  [5-8,16,11,
or 5-heptyl-2¢4’-cyanobiphenykpyrimidine (HCPP [14,18
(with the parallel dipole momenht and p-methoxy-
benzlidenep’-n-butylaniline (MBBA) [5-8,19 (with the
perpendicular dipole momentA considerable value of the
anisotropy of dielectric permittivity in HCPRA’~35)
T*=T,N—AT, T>Ty, (1) [14,18 allows one to expect a spectacular pretransitional be-
havior. The investigations presented in this paper make use
where& is a value ofl, CME, KE, and NDE, respectively. of the idea mentioned above of treatiig as a fluidlike,
T* denotes the extrapolated temperature of a hypotheticahear-critical poinf2—4]. To minimize the possible detrimen-
continuous phase transitiof,_y is the isotropic-nematic ta| influence of relaxation processes, investigations of the
phase transition temperatufthe clearing temperatureAT  nonlinear dielectric effectEype=(c5— ¢)/E?, wheree and
denotes the measure of the discontinuity of the phase transi® denote dielectric permittivities in a weak and a strong
tion, andA is the amplitude for thé, CME, KE, or NDE,  electric fieldE, respectively [20] were conducted with the

respectively. Singularities of behavior of the electro-optiC|owest (as far as we knoneasurement frequencies ever
KE (EKE), NDE, CME, and! in the domain of phase tran- applied[21,22.

sition may be described using the model proposed by de
Gennegdthe Landau—de GennékdG) model [5]. The ex-
perimental values oAT are usually in the range 0.5-2 K.
These are much smaller than the ones theoretically predicted
in the Maier-Saupé3,11,19 or LdG mean-field[3,12,13 Tests were performed in the isotropic phase of two nem-
models. Recently, Mukherjeet al. [2—4] employed the atogens with the dipole moments parallel to the long axis of
equation of state near a coexistence curve whereltNe the molecule HCPRA&?~35, T, =51.3 °Q [14,18, pre-
phase transition eventually falls, to obtalT~3 K. pared by Wiestaw Py from Warsaw University, and 8CB

It is believed that dielectric permittivitys) does not ex- (Ae°~10, T,.y=39.6 °Q [5-7,17,23-2§ purchased from
hibit the pretransitional, “critical-like” behavior in close vi- BDH-Merck. They were supplemented by measurements in
cinity to the phase transition poiritN [6,7,15,16. This MBBA (Ae°~—0.5, T, y=43.6 °Q, from Aldrich Chemi-
seems unguestionable in nematogens with nonpolar motals [5-7,9,10,19,2] for which the dipole moment is ap-
ecules or with polar molecules where the permanent dipol@roximately perpendicular to the long axis of the molecule.

A .
5I15CME,5KE,5NDE=W with y=1,

Il. EXPERIMENT
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All samples were degassed immediately prior to each mea-
surement.

The nonlinear dielectric effed20] measurements were
performed using an apparatus based on the frequency modu-
lation of anL C generator, described in detail in our previous ~ 40}
paper[21]. In the research presented we applied frequencies
of a weak measurement field much lower than those ever 2
applied in NDE studief21,22: f =67 kHz(HCPP and 8CB
andf=250 kHz(MBBA). This made it possible to avoid the

=3

50

4
2

Epe X (T-T%) (10MmAv2K)

o
8

Evpe’

influence of the coincidence between the measurement radio™ 2°[
frequency ) and the relaxation timér) of pretransitional
relaxation processes nedy.y [21,22. Thus the condition 10

f1 0 &£ .

= >1 2

T CO)

was fulfl!lgd up 0 th_e clearing point. . . FIG. 1. Reciprocals of the measured low-frequency NDEs in the
To minimize the influence of heating or hydrodynamic, i pace’of HCPRT), 8CB (O), and MBBA (A). Data are

motions[S] the strong electric f'eld was applied in the form normalized by the amplitud@ype appropriate for the given liquid-

of rectangular pulses of d.uratl%%d' ms. The voltage of crystalline material. The inset enables a comparison of values of

the weak mgasyremept field sv& V and for the strong, Anpe @and AT and shows the lack of distortions from the classical

steady electric fieldE) it ranges as followstg=50-900 V' enayiorrelation (1)].

in HCPP, 300-1000 V in 8CB, and 500—-1100 V in MBBA.

The values decreased on approaching, so that the regis-

tered changes of the capacitank€(E) were always in the

range 5-30 fF. The samples were placed in a flat-paralle

capacitor made of Invdi28] with gapsd=1 mm (Cy~4 pF

for HCPP and 8CB and 0.3 m(€,~9.3 phH for MBBA. At

phase transition, 0.7 K for HCPP and 1.6 K for 8CB, are,

ithin the limit of experimental error, in agreement with the

nes previously obtainefl14,17,23-2h For MBBA the

value of AT (=2 K) is greater than the one found froim

. L KE, or CME studies(0.7-1 K) [9,10,19,26,27. It is note-

?:gis)tirlri]gt\j\/r:;u;ﬁ/vagftszrtliﬁiecif r\/c\)/glg\ln etr?c?r Iecsosngwlg(r)\nl%.worthy that NDE investigations of MBBA performed for
f=6 MHz also gaveA T~0.7 K[9,10], but with a significant

The dielectric constant was measured using the same cg: : ; ;
pacitor and SOLARTRON 1260A impedance analyzer, Withalsagreement with the amplitudgpe derived from the LdG

five-digit resolution. Tests conducted fée=10 kHz, 100 model[10}

kHz, and 1 MHz did not show any influence of this fre- A 5 AeOALf

guency shift on results. This agrees with previous studies in o= —NDE _ = 2828 3
the isotropic phase in 8CI6,15] and MBBA [6], which NDETT-T* 3270 T-T*

clearly showed that these frequencies are beyond the disper-
sion region. Results presented below are ferl00 kHz.  whereAs' Ac® are anisotropies of dielectric permittivity for
The temperature of the capacitor, measured by a platinunthe measurement frequency and in the zero-frequency limit,
resistor(Al class, DIN 43 76pand Keithley 195 multimeter  respectively. The coefficierd denotes the constant ampli-
with a resolution of 0.005 K, was stabilized by means of atude of the second-rank term in the LdG serfié% In the
double-stage water thermostat system with an accuracy 0.Qdresented studies it was assumed that~A&%. Based on
K/h. Fits were done by means of tf@RIGIN 3.5 software  the results presented in Table | and on valued\et men-
(Microcal Inc). All errors are given as three standard devia-tioned above, the value of an important phenomenological
tions. coefficienta was found to bea~0.089 Jcm3K ™! (0.09
Jcem 2K tin Ref.[23]) for 8CB anda~0.055 J cm3K !
Il RESULTS AND DISCUSSION (0.056 Jcm?® K’l in Ref.[27]) for MBBA. The agreement
between obtained values and reference data from KE mea-
Figure 1 shows reciprocals of measured low-frequencysurements confirms the quantitative validity of relati@
Enpe Values for HCPP, 8CB, and MBBA in a normalized for the low-frequency NDE. For yet untested HCPP one can
scale, relative to the amplitud&ype [relation (1)], corre-  estimatea~0.19 J cm 3 K ™2,
sponding to the given liquid-crystalline material. It is clearly  Figure 2 presents results of measurements of dielectric
seen that for each case the same type of pretransitional bpermittivity in the isotropic phase of HCPP. It exhibits the
havior occurs. It is noteworthy that the range of validity of pretransitional behavior on approaching the clearing point as
relation (1) (about 50 K is much larger than the one found mentioned in the Introductiofil6]. It appears that in the
previously in NDE, KE, CME, orl studies (5-15 K}  temperature rangd, y—T,.,+50 K dielectric permittivity
[5-10,14,17,19,22-37 A very sensitive apparent scale can be described by the relation
analysis, presented in the inset, additionally confirms the va-
lidity of relation (1), with no distortions neaff,_y. It also e(T—T*)=g*+a*(T—T*)+A*(T—T*)?
makes it easier to compare valukgye andAT obtained for
tested nematogens. The values of the discontinuity of the with ¢$=0.5+0.02, T>T,_\, (4)
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TABLE I. Values of parameters describing the pretransitional behavior of dielectric permittieiation(4)] and the nonlinear dielectric
effect[relation (3)] in the isotropic phase of tested liquid-crystalline materials.

ANDE

SNDEZW 8:8*+a*(T_T*)+A*(T—T*)¢

Liquid- ANDE T T
crystaline  (107¥“m?V 72 (°C) & a* A* (°C)
materials % AT 02 (K™ (K™ & AT
HCPP 3.720.02 51.09%0,02 18.04..02 —0.043.0.005 0.265.0 01 0.503.0,02 51.07.0,04

(1.9 0.68.0,03 1.2 0.7:0.05
8cB 0.93.001 38.15.002 10.29.0.02 —0.37:0.005 0.260.0,01 0.498, 02 38.65.0.04

(1.3 1.55.0,03 (1.3 1.6:0.05
MBBA 3.9x1033 o, 41.6.4 05

(1.9 1901

where ¢* is the value ofe at T=T* anda* and A* are  solute point(A>0) (see[30] and references therginHow-
amplitudes. Values of the parameters are given in Table lever, the manifestation of the pretransitional behavior is defi-
The form of this relation is analogous to that applied in thenitely much weaker on approaching the critical consolute

homogeneous phase of critical, binary soluti¢?8,30: point than for thd -N transition. It is also noteworthy that in
. critical solutions, apart from the immediate vicinity ©f;;,
e(T—Teri) = ecritt a(T— Ter) T A(T—Te) ™ © additional correction-to-scaling terms should be taken into

account{29,30.

The inset in Fig. 3 shows the behavior &fT) in the
isotropic phase of MBBA, a nematogen with the dipole mo-
ment perpendicular to the main axis of the molecule. Within
the limit of experimental error, the dielectric constant re-

with 1—a~0.88, (5

wherea~0.12 is the critical exponent of the specific heat for
the three-dimensional Isingd=3, n=1) universality class

[8] and e is the value of dielectric permittivity at the criti- . . , o
cal consolute temperatuf, mains a linear function of temperature upTpy . This is in
nt-

Results of studies in 8CB presented in Fig. 3 and in Tab@gr.eement With. the resul_ts of previous experimental studies
| further confirm the validity of relatiori4). For both HCpp [N liquid-crystalline materials of the same typ& 16].
and 8CB the same value of the exponent0.5 was found.
The values ofAT obtained frome(T) fits using relation(4) IV. CONCLUSION
and from NDE measurements presented above are in a good
agreement. Indeed, the deviation of the experimental da
from the fitted function does not exceet?.8x10 * up to
T,.y+50 K.

The dielectric permittivity anomalously decreases both o
approaching the clearing poitA* >0) and the critical con-

Results presented above suggest that dielectric permittiv-
tﬁ’y on approaching thé-N phase transition may follow the
same pattern as in binary solutions on approaching the criti-
cal consolute point. A comparison of relatio® and (5)
rbives: the value of the exponegt=1—« for the isotropic-

8CB
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FIG. 2. Behavior of dielectric permittivityf =100 kH2 in the FIG. 3. Behavior of dielectric permittivityf =100 kH2 in the

isotropic phase of HCPP. The positions of the clearing p@int y) isotropic phase of 8CB. The positions of the clearing pomt )
and the fitted poin{T*,*) of the hypothetical continuous phase and the fitted poin{T*,&*) are also shown. The inset shows the
transition are also shown. behavior ofe(T) in the isotropic phase of MBBA.
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nematic phase transition and consequenty0.5+0.03. In a critical solution the strong electric field induces a
This value is beyond the mean-field approximation and camniaxial, quasinematic ordering. In such conditions the cor-
be obtained from the Ornstein-Zernike approximafiehor  relation length has the forri=¢(¢;,¢, ,£,). The component
from the Gaussian modéB1] that assumes the existence of & obeys the nonclassical behavior, while componehts
weakly interacting or non interacting fluctuations. The ap-Cross over the Ginzburg criterion and become classical.
pearance of precritical anomalies associated with expament Hence the susceptibilityo(T—T) 7 becomes classical
was shown previously in the specific-heat studies in 8CEY=1 [21,39. This made it possible to elucidate the puz-
[8,37] and MBBA [8,33. The weakness of the anomalies Zling critical behavior of the NDE and EKE in ‘<‘:r|t|cal, bl,:
obtained and the limited region of their appearance@ Solutiong37]. Prenematic fluctuations are “naturally
(T—T,.y<2 K) made the analysis very difficult; neverthe- anisotropic and stiff. Thus, these features, together with the
less, the value of~0.5 was considered as the most reliable.dlscontInUIty of thel-N phase transition, may account for

In Ref. [33] it was also pointed out that~0.5 leads to the the approximate lack of interactions between fluctuations:

fulfillment of the Josephson’s scaling law with=3. (AS?)y o< (|AS) T (|AS])cAe®As=const. (7)
It is noteworthy that the same dimensionality can be ob- o ) ) o
tained from the Gaussian mod@ll], wherea=(4—d)/2 and SubsututmgT’f for Tcrjt in relation(6), one can obtain, in an
consequentlyy=0.5 for d=3. Additionally, the approxima- agreement with relatiof8),
tion adopted in the derivation of relatioft) and(3) makes AsfAs®
it valid for this simple model. Enpe »EEkE™ CONSK G T (8)
The decrease of dielectric permittivity in 8CB and HCPP
(A*>0) nearT,_y, reflects the cancellation of the contribution \yhere x4 denotes the amplitude of the susceptibifigpef-
to & coming from the antiparallel ordered permanent dipoleficienta™? in relation (3)].
moments of molecules contained in pretransitional fluctua- |t seems that the analysis presented may offer an adequate
tions. This mechanism is absent in MBBA, where the dipoledescription of the pretransitional behaviorgfind the NDE
moment is perpendicular to the long axis of the moleculeand EKE both in the isotropic phase of nematogens and in
(Fig. 3 [6,16,34. critical solutions[37]. The fluidlike analogy has been suc-
It seems that the analogy with critical solutions can becessfully investigated theoretically by Mukherjest al.
extended also to the nonlinear dielectric effec(®8KE). In  [2—4]. They also pointed out the possibility of critical behav-
Refs.[21,35,3§ it was shown that on approaching the criti- jor with d=3 for thel-N phase transition.
cal consolute point

Enpe Eexe* (ASP)yx, (6)
noe Eere™ (ASy The authors would like to acknowledge the financial sup-
where(AS?), is the mean square of fluctuations of the orderport of the Committee for Scientific Resear¢kBN, Po-
parametelS, and y denotes the generalized susceptibility. land), Project No. 2 P302 081 06.
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