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Quasicritical behavior of dielectric permittivity in the isotropic phase of n-hexyl-cyanobiphenyl
in a large range of temperatures and pressures

Aleksandra Drozd-Rzoska
Institute of Physics, Silesian University, ulica Uniwersytecka 4, 40-007 Katowice, Poland
(Received 17 August 1998

Results of studies of the dielectric permittivity and nonlinear dielectric effdEXE) in the isotropic phase
of n-hexyl-cyanobiphenyl are presented. The data reported cover both pressure and temperature dependence.
Measurements under atmospheric pressure were carried out in a wide range, up to 100 K from the clearing
temperature. The application of a weak measurement frequére§q kHz) resulted in a negligible influence
of relaxation processes on NDE results. For both temperature and pressure paths, the dielectric permittivity and
the NDE exhibited strong pretransitional effects, described by “critical” exponeéntsl— a~0.5 andy
=1, respectively. Scaling expressions for the pretransitional behavior of the NDE and of the dielectric per-
mittivity have been proposed. The relationship between pretransitional effects in the isotropic phase of nem-
atogens and in critical solutions has also been discu$Sa963-651X99)05205-§

PACS numbg(s): 64.70.Md, 64.60.Fr, 77.22.Ch

INTRODUCTION In the NDE experiment one can change the radio-
frequency of the weak measuring field which is not possible
Almost three decades have passed since the mean-field, experiments involving lightKE, CME, ). This gives the
phenomenological Landau—de Gennes mo@elG) has possibility to test the dynamic behavior of pretransitional
made it possible to describe the strong pretransitionaphenomena from the stationary NDE measuremi@ts For
anomalies of the Kerr effectKE), Cotton-Mouton effect frequencyf low enough theﬁ’géE(T) is a linear function up
(CME), or the intensity of the scattered ligli} on approach- to aboutT-+ 50K, with no distortions in the vicinity off¢
ing the isotropic-nematicl ¢N) phase transitiofl—3]. Their  [18—21. This case can be called the low-frequency NDE
similarity and practical application in determining the value (LF NDE). For &2(T), Ecpe(T), or & X(T) the range of
of discontinuity AT) of isotropic-nematic transitiof{1— linearity is typically limited to 5-10 K, with permanent dis-
14], and references thergistems from the fact that each of tortions in the immediate vicinity ofT¢ [5,7-13. The
them is proportional to the susceptibiligy=x5(T—T*)"?  unique feature of LF NDE pretransitional effect is that a
with y=1, T>Tc, T*=T:—AT: T and T* denote the similar pretransitional behavior is observed for the nematic
clearing temperature and extrapolated temperature of hyp@nd smectic clearing poin{49,20.
thetical continuous phase transition, respectivelfy=a ! Pretransitional effect also exhibits a “linear” dielectric
anda is a constant amplitude of the second rank term in thepermittivity (¢). The recent studies carried out in few nem-
LdG series. Later it was showi4] that the nonlinear di- atogens with a permanent dipole moment parallel to the long
electric effect(NDE) also belongs to this group of physical axis of the molecule showed thg1]
guantities. NDE describes the shift of dielectric permittivity _ - el o N
caused by a strong electric field. On the whole in liquids e(M=ectA(T-TH)"“+B(T-T"),

[15.18 for T>T. and a~0.5, 3
eF=e+¢e,E?+0(E%)
where e* is the extrapolated dielectric permittivity at*,
SlY AT, andBT are amplitudes and is the classical exponent of
ef—¢ the specific heat.
SNDE=?1 @ This equation is the same as that applied for the homoge-
neous phase of critical solutions: in this caSeis the criti-
whereeF and e are dielectric permittivities in a stronge) ~ cal consolute temperature ane=0.11[22—24. The validity
and weak(measuring electric field. of relation (3) conforms with the hypothesis of the pretran-
The application of the LdG model gave the following re- Sitional, critical-like effect ofz(T) in the isotropic phase of
lation for the pretransitional effect of “nonlinear” dielectric Neématogens which was suggested nearly two decades ago by
permittivity in the isotropic phase of nematogdig—19; Bradshaw and Raynd®5] and Thoen and Meti{i26], and
on f (quite surprisingly hardly explored since the(i6,27], and
£ = Anbe _ @ Ag"Ae @) references thereinThe exponentr is explicitly involved in
NDE"T_—T* " 3a T-T* the pretransitional anomalies of specific hegt(T)o(T
—T*) « [5,28,29 or density p(T)<(T—T*)1"« [30].
whereAs? andAe" are molecular anisotropies of dielectric However, the smallness and the limited range of appearance
permittivity in the zero-frequency limit and the measurement(T—T-<3—4 K) of those anomalies makes a conclusive
radio frequencyf. discussion of experimental data difficult. Nevertheless those
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studies indicated the valu@~0.5 to be very likely[5,28—
30]. When discussing the properties of thé\ phase transi- r o
tion it should be noted that the mean-figllF) models
strongly overestimate the value of discontinuity of the tran-
sition AT=24-7.7K[31-33, whereas experiments point
out the weakly discontinuous character of thBl transition:
AT=0.5-2 K[1-14,17-2]1 Noteworthy in this respect is
the new idea for the isotropic-nematic transition proposed by
Mukherjeeet al. [34—36. They assumed that tHeN point
falls upon a hypothetical coexistence curve and used the flu-
idlike equation of state. This gave=0.5,d=3, andAT
=1-3K. o
To the best of the author's knowledge only a few experi- P ool %
ments for pretransitional effects in liquid crystalline materi- o e 10
als have so far been conducted which considered the pressure _ T (°C)
(P) as a prime thermodynamic varialle8,37,3§. The re- FIG. 1. Reciprocals of the experimental NDE values in the iso-
view of pressure studies in liquid crystalline materials mayyrgpic phase of 6CB determined under atmospheric pressure. The
be found in Refs[27,39. The importance of such studies ypper inset shows distortions from the solid, straight line fit of the
stems from the fact that they show the difference betweeRretransitional effect presented in the main pAgy= Ende (ex-
temperature and pressure: the change of temperature is rgerimenj — £y 2¢ (fit). The bottom inset shows details of the behav-
lated mainly to the activation energy shift whereas the shifior in the immediate vicinity of the clearing point. The dashed line
of pressure influences rather density and the free volume. OR the main part of the figure is only a guide to the eye.
the other hand, the postulate of isomorphism of the critical
phenomena states that pressure and temperature paths on &p30 fF. The fulfillment of the condition s 5« E? was tested
proaching the critical point are isomorphic and governed byat each measurement point. All values of the NDE were de-
the same values of universal, critical parameters, e.g., criticabrmined in the stationary conditiakt’> r(T). The sample
exponentg5]. To the best of my knowledge there are nowas placed in a flat-parallel capacitor (gef6 mm, C,
experimental studies on the pressure dependence of propec4 pF). Its design had two advantages: only 0.8° aha
ties associated with the exponenti.e., Cp, p, Or &). sample was needed, the liquid tested was in contact only
This paper presents results of isobaffior P=0.1 and  with Invar, quartz, and Teflon. Dielectric permittivity was
P=30MPa), temperature and isothermal, pressure studies @fieasured using SOLARTRON 1260A impedance analyzer.
a “linear” (e) and nonlineakLF NDE) dielectric permittiv-  The averaging over 1000 periods gave the accuracy of five
ity in the isotropic phase af-hexyl-cyanobiphenyl6CB), a  digits. The results presented below were taken for the mea-
nematogen with the permanent dipole moment parallel to theurement frequency=10kHz, i.e., much below the fre-
long axis of the molecule. Temperature studies under atmaquency where dispersion of dielectric permittivity is ob-
spheric pressure were carried out upTig+ 100K, i.e., in  served[6,27]. Temperature was measured by means of a
the region as yet not explored in the studies of pretransitiongblatinum resistoAl class, DIN 43 260 located in a jacket
effects in the isotropic phase. The results obtained made #f the pressure chamber and a copper-constantan thermo-
possible to examine the pressure evolutioriTef, T*, and  couple placed inside the chamber. The temperature was also
AT and to show the scaling behavior of the studied pretranmonitored by another copper-constantan thermocouple inside
sitional effects. the chamber. For temperature studies under atmospheric
pressure the platinum resistor was placed in one of the covers
of the measurement capacitor. Temperature was stabilized
with precision better than 0.02 K/h. A Nova Swiss tensomet-
NDE measurements were carried out in an apparatus deic pressure meter measured pressure with accura@yl
scribed in details elsewhergl0]. Experimental technigue MPa. The sample ofn-hexyl-cyanobiphenyl(6CB, T,.y
made use of two electric fields, the weak measuring=30.80°C) was obtained due to the courtesy of Dabrowski
(U peak-peai=3 V) and the strong, steady, inducing nonlinear-and Czupryski from the Military Technical Academy, War-
ity (U=300-900V). The frequency of the measuring field saw, Poland. Each sample was outgassed immediately prior
(f=67kHz) was the lowest ever applied in NDE measure+to measurements. All data were analyzed usingtieIN 3.5
ments. This gave the measurement time sctle 1/f software.
~0.15ms, whereas the longest relaxation time of pretransi-
tional processes in the isotropic phase wWdd| 7(T¢) RESULTS AND DISCUSSION
~0.5us: thus the conditiort’> 7 was fulfilled even well
below the clearing temperature. The additional averaging in- Figure 1 presents the reciprocals of the measured tem-
troduced by the low measurement frequency effectivelyperature dependence of LF NDE at atmospheric pressure.
eliminated the influence of relaxation proces$@9-21. The data cover a wide range of temperatures frbgmto
The strong electric field was applied in the form of rectan-Tc+ 100 K. The strictly linear behavior (ﬁgéE(T) extends
gular pulses of lengtiAt’=8-16 ms and repeatability 3 s. up to a temperature arouri=T-+47+2 K, with no dis-
The high voltage was decreased on approaching the clearirigrtions in the immediate vicinity of -, as can be clearly
point to keep the sample response in the same range, fromdgeen in the inset. A broad range of linearity made it possible
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FIG. 2. Reciprocals of the experimental NDE values for the FIG. 3. Results of temperature studies of dielectric permittivity
isothermal, pressure studies in the isotropic phase of 6CB. The dath the isotropic phase of 6CB for the atmospheric pressureRand
are for isothermsAT’ =T(P)—To(Pamospherd away from the ~ =30MPa. Solid lines represent the fit by relati@®). Fitting pa-
clearing temperature under atmospheric pressure. The average fémeters are given in Table I.
ciprocal of the slopes of solid lines Afpe

~37(10 **m?V"2MPa). The inset shows the pressure depen-4 ¢2y(o,1¢ Y2 4 is the permanent dipole moment of the
dence of the clearing temperatysmlid squares and solid Ilmgnd molecule,N is the Avogadro numbex is the concentration
the extrapolated temperatufé (open squares and dashed Jine ¢ the dipole constituent in the solution of the dipole con-
stituent in a nondipole solvenY is the molar volume of
solution, kg is the Boltzmann factor, and is the correlation
factor responsible for dipole-dipole interactions.
Orientation of noninteracting or weakly interacting per-

to determine the parameters with fair precisiaghili=1.2
+0.05K andAype=132+5 (10 *m?V2K). Using these
values and putting\e~A&%~10.8 (the value determined
for f=100kHz [8]) into relation (2) one can obtaina  manent dipole momentsRg~1) gives a negative NDE
~0.051J cm®K which conforms with the value determined yajue. All other molecular properties, including dipole-
in the KE experiment §~0.053Jcm®K [8]). Thus one dipole interactions, give the positive contribution to the total
may conclude that the LF NDE pretransitional effect quali-measured NDE valueRg<0). Unfortunately, the applica-
tatively complies with the LdG based relatid@) in the  tion of relation(4) to the NDE measurements abdlgis not
range fromT¢ to Tx. Itis worthwhile noting that no addi- yet possible: to my knowledge the high-temperature data
tional “nonpretransitional” background effect term has beenp(T) and &..(T) are not available. Recently Matecki and
mtrodyced as was often t.he case in the earlier KE, CI\_/IEa ONowak [45] carried out the isothermal, concentrational stud-
| studies[9-12). The obtained value of,—T¢ agrees With  jes in n-heptyl-cyanobilpheny(7CB) benzene solution, for
that determined in the transient grating optical Kerr effect-rm-rc_ They found the relatiori4) valid only in a dilute
(TG OKE) experimen{42-44: the ceasing of the LdG de- gg|ytion, forx<0.4 (remote from the clearing pointin the
scription was found foff >Tc+ (40-50K) where the cor- yjicinjty of the clearing point the LdG based description

relation length¢=&(T—T*)~%° falls below . In that hoids, as it was shown in NDE studies of MBBA-benzene
case prenematic fluctuations are reduced to a few moleculege|ytion[46].

One may expect that changes of the NDE begin to be sensi- Figyre 2 presents results of isothermal, pressure measure-
tive to nonpretransitional, molecular properties abde  ments of LF NDE in the isotropic phase of 6CB. For all
For a dipolar liquid the following relation holdd5,16: isotherms&ySe(T) is a linear function in the whole tested

ANV Ix range of pressures, which suggests that the pressure analogue
Enpe=—P(e,84) —==3=3"Rs, (4) to Eq.(2) is valid [38]:
45T
P
where®(e,¢.,) is associated with the local-field model, e.g., Exoe(P) = Anpe _ ﬂ AePAgf -
the Onsager model predict®(e,z..)=¢c*(e,+2)*2(e? NDE P*—P 3ap P*—P "’

TABLE |. Parameters of isobaric, temperature, behavior of dielectric permittivity in the isotropic phase of
6CB [relation (3), solid lines in Fig. 3.

Pressure of T (°0)
the isobar g* AT (K™Y BT (K™% o=1-a (AT) (°C)
0.1 MPa 10.295¢,01 —0.043. 9,003 0.25.004 0.49:0.03 28.1.0.06

(1.2:00
30 MPa 10.08¢ —0.03. 4,007 0.17.002 0.520,05 40.1.0,4

(1509
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107 As was mentioned in the Introduction the relation describ-
Pesssng, ing the behavior of(T) in the isotropic phase of nemato-
gens and in critical solutions seems to be isomorphic. How-
ever, some differences between these cases exist. In the
critical solutions an additional term associated with
corrections-to-scaling should be taken into account. The
critical effect seen as a deflection from a fairly linear behav-
ior remote from the critical consolute temperature, is ob-

served typically forf >1 MHz. At lower frequencies the op-

posite trend due to the Maxwell-Wegner effect may be seen

[22-24. None of these features pertains to tB€T)
anomaly in the isotropic phase of nematogéRsf.[21], and

[ AT =47K this pape.

o e P _ Figure 4 shpvys th_e resu]ts of pressure measurements of

P (MPa) dielectric permittivity in the isotropic phase for a number of

. . .isotherms. They can be parametrized by the pressure analo
FIG. 4. Results of pressure measurements of dielectric permit- y P y P 9

tivity for isothermsAT’ away from the clearing temperature under of relation (3) b 1 b
atmospheric pressure. Solid lines represent the fit by reld#pn g(P)=¢*+A"(P*—P)"" *+B"(P*—P) (7)
Fitting parameters are given in Table II.
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shown by the solid lines in Fig. 4. The values of fitted pa-
. . ) rameters are collected in Table Il. Note that for each iso-
The pretransitional amplitudes are for all isotherms constan,orm the exponenp=1—a~0.5. The clear shift of(P)

withi_n the limit of exper_imen_tal error. As in the temperature dependencies towards higher pressures, is the consequence
studies there are no distortions from the classical behavigsf the increase of . and T* with pressure.

(the exponenty=1). The results presented in Figs. 1 and 2 |n the homogenous phase of critical solutions, the weak
were approximated to give pressure dependenci@$'aind  divergence ofde/dT should exhibit the anomaly propor-
Tc: tional to that of the specific heat, [47]. For the isotropic
. phase of nematogens such a behavior is presented in Fig. 5.
T*(P)=28.75.¢ 5+ 0.356. ¢ god. All derivatives of isothermic, pressure data can be easily
superposed onto one curve, as it is shown in the inset in Fig.
5. The scale of the inset additionally proves that the exponent
a~0.5 and shows that the nonuniversal amplitigfée has
approximately the same value in the tested rang&*diP)
for all data given in Fig. 4. The differential analysis is very
which is shown in the inset in Fig. 2. The discontinuity of the sensitive even to a subtle distortion of experimental data
transition increases froMdT~1.2K atP=0.1 MPa toAT  from the assumed description. For dielectric permittivity this
~2.8K atP=140 MPa. gives
Figure 3 presents results of temperat(ia@ P=0.1 and de
30 MPa studies of dielectric permittivity. Both data are well ot
portrayed by relation3) (solid lineg with the parameters
given in Table I. The quality of this fit at atmospheric pres-The parameters of fitting, given in Fig.[Belation (8)] and
sure is shown in the inset. It may be seen that Pr thatin Table [relation(3)] are in good agreement within the
=0.1MPa relation(3) describes experimental data up to limit of experimental error. Moreover relatior{8) and (8)
Tc+100K. are valid in the same range of temperatufesT -~ 100 K.

Tc( P) = 2990:02"!‘ 0.368_4-0.00&)

[T(°C), P(MPa)], (6)

AP(1—a)(T—T*) *+BP. (8)

TABLE Il. Parameters of isothermal, pressure behavior of dielectric permittivity in the isotropic phase of
6CB [relation(7), solid lines in Fig. 4. For isothermd\T'=12.7 K and 18.7 K the date were fitted assuming
that «=0.5 andP* =P+ AP, as given by LF NDE measurements.

Temperature P* (MPa)

of the isotherm e* AP (MPa '} BP (MPa ¢) p=1—a (AP) (MPa)

47 K 9.77.0.08 —0.0096. ¢ 502 0.16.¢ 005 0.50. 0,03 140.7
(13.6

42 K 9.97.04 —0.01.¢ 002 0.15. 9 003 0.50. 9,05 117
11

30 K 10.06.¢ 15 —0.011 o003 0.14: 0,004 0.50. 0,07 95.1
€)

18.7 K 10.25 -0.07 0.13 0.5 95.1

®)
12.7 K 10.38 —0.08 0.13 0.5 34

(6)
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] dénde

dT

osb = Apae=const (9

0.015

is well fulfilled.

Figure 6 also shows that the range of the pretransitional
region is equal td — T-=~38K so it is smaller that the esti-
mation made from Fig. 1. The inset in Fig. 6 demonstrates
that both&\pe(T) and&Eype(P) data can be superposed onto
the same scaling curve as a function &*(—P) provided
the isobaric, temperature data are transformated by means of
the relation[38]

] T-T*—(P*~P)=(dT*/dP) " }(T-T*). (10

*

o
o
=
=]

:

de/d(P"-P)

The same scaling remains valid i€ 3/d T andd&yie/d P

FIG. 5. The differential analysis of the NDE temperature dataar:d _thls pro.perty may be associated with the Ehrenfest-type
under atmospheric pressuiféig. 1). The reciprocal of the value of relation[38]:
a constant functiorfsolid line) is equal to 136 (10°m?V 2K). aT*

The inset shows the scaling behavior of temperature and pressure ALDEZAEDEF, (11
NDE pretransitional effects.

whereAfpe=2&/3a,(Ae%)? and Alpe=2¢&¢/3ar(A )2,

The pretransitional anomalies of(T) [28,29 detected On the whole this behavior makes it possible to determine
in the isotropic phase are small and usually limited to thethe pretransitional amplitude of NDE or coefficierts,ap
rangeT—T-<4 K which makes a conclusive discussion of at high pressures using the parameters extracted from experi-
experimental data difficult. These properties explain why ments conducted under atmospheric pressure an@*t(ie)
~0.5 anda~0.11[5] did not give significantly different fits dependence. Alternatively, basing on the specific pretransi-
of experimental data. The crossover function between théonal behavior of NDE one can determid@*/dP and con-
tricritical (@=0.5) and three-dimensionéD) Ising critical ~ SequentlyT*(P) from the measurement relatively remote
(a~0.11) behavior was also proposgsi28]. It was shown Tom the clearing point.
that thecp(T) anomaly can be parametrized by the relation
with a single power term and=0.5 if T* is shifted due to CONCLUSIONS

flulctuational corr]recticilr[48]ﬁ HO\r/]vevel;, in tI:jis_ case thﬁ; Results presented above give a strong evidence in favor of
value was much smaller than that obtained in KE, CMB, or o oynonentsr~0.5 andy=1 for both the pressure and

studies. Th? valuer=0.5 appears in thg Ornstein—Zernikg temperature path approaching the clearing point. It should be
(OZ) extension of the mean-field approximation, for the tri- ) a4 that the properties related to expone(t, ,p,e) ap-
critical point (TCP) (dimensionalityd=3) and in the Gauss o4y in 4 group of “weak” critical anomalies, in contrast to
model (GM) (d=3=4-2a) [49]. For the classical mean- «gyong" critical anomalies related to the exponept(KE,
field modelse=0 andd>4 [S]. _ _ CME, I, NDE, x) [5]. This is due to different origins of

Figure 6 show_s_the results of differential analysis of thepretransitional anomalies of the “linear” and “nonlinear”
LF NDE pretransitional effects. It can be seen that the dedielectric permittivity. Anomalies ofs(T) and £(P) are

pendence which can be expected from the relat®ni.e.,  caused by the cancellation of permanent dipole moments

contained in prenematic fluctuations while for NDE the pre-
transitional effect is associated with fluctuations of the order
parameter and with the susceptibility of these fluctuations to
an external perturbatidr21,50. This difference gives rise to
different ranges of appearance of pretransitional anomalies
of Eype(T) ande(T) (Figs. 1 and R

The discontinuity of thé-N transition is the same, within
the limit of the experimental error, if estimated from NDE
and dielectric permittivity measurements. The valued &f
determined from temperature measurements coincide with
the values ofAP estimated from pressure measurements.
Noteworthy are also consequences of the scaling of pretran-
T, =68.5°C sitional effects mentioned aboyEigs. 5 and &
; . . . ' In the opinion of the author all these facts support the

40 60 80 100 hypothesis on the fluidlike, critical behavior in the isotropic
T(°C) phase of nematogens with dimensionality: 3, and expo-

FIG. 6. The differential analysis ef(T) data under atmospheric nentsa=0.5, (as mentioned in the Introductiph34-34.
pressure. The solid line shows the fit by means of rela@®nThe  However, it should be noted that R¢B5] seems to favor
inset collects all isothermal, pressure measurements. v=0.5 whereas experimental studies give clear evidence for
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