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The dielectric properties of a homogenous critical mixture of nitrobenzene-decane were studied
in the range 1 Hz< f 1 Mz. The temperature dependences of the “static” dielectric permittivity ε′
(1 MHz) and the electric conductivity σ (1 Hz) exhibit pretransitional anomalies which may be as-
sociated with the same critical exponent φ = 1−α ≈ 0.88, where α is the critical exponent of the
specific heat. The same data were analyzed using the dielectric modulus representation. They show
loss curves for the imaginary part of the modulus M′′( f ). It was found that the temperature evolu-
tions of the peak frequency τ = 1/2π fp and the peak maximum of M′′ = M′′( fp) also exhibit critical
anomalies. Their forms resemble anomalies obtained for the imaginary part of the dielectric permit-
tivity ε ′′( f ), carried out for 40 MHz < f <1 GHz, in an ethanol-dodecane critical mixture [S. J.
Rzoska, K. Orzechowski, and A. Drozd-Rzoska, Phys. Rev. E 65, 042501 (2002)]. – PACS: 64.70.Ja,
77.20.+y , 64.60.Fr
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1. Introduction

In 1932 Arkadiusz Piekara studied the temperature
behavior of the static dielectric permittivity ε ′(T ) in
the homogeneous phase of a nitrobenzene-hexane crit-
ical mixture [1]. He noted a linear dependence of ε ′(T )
remote from the critical consolute temperature TC and a
small bending down from this behavior on approaching
TC. However, only in 1979/1980 a theoretical relation
describing this phenomenon was proposed [2, 3]:

ε ′(T ) = εC + aT
ε t + AT

ε t1−α + bT
ε t1−α+∆ , (1)

where t = (T − TC)/TC describes the distance from
TC, φ = 1−α and α ≈ 0.12 is the critical exponent
of the specific heat. The last term (1) is associated
with the correction-to-scaling, important when moving
away from the critical point. The exponent ∆ ≈ 0.5 is
the first correction-to-scaling critical exponent [4].

The experimental evidence for the ε ′(T ) behavior
remained puzzling till the late eighties [5 – 11]. It was
shown in [5, 6] that the “static” critical anomaly of
ε ′(T ), predicted by (1), can only be detected at high
enough frequencies, in practice for f > 100 kHz [5 –
11]. It was found that for lower frequencies a para-
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sitic contribution from the Maxwell-Wagner (MW) ef-
fect may dominate the critical, pretransitional behav-
ior [5, 6]. In practice, frequencies f = 1− 10 kHz are
most often used as the MW critical effect reference
frequency. It is noteworthy that this factor can be sig-
nificantly reduced by pressure [10 – 13]. Worth recall-
ing are also comprehensive pressure and temperature
studies in critical solutions, characterized by the posi-
tive and negative signs of the pressure induced shift of
the critical consolute temperature (dTC/dP) [14, 15].
They gave the dependence of the critical amplitude
(Aε(T,P) on the volume excess and the enthalpy ex-
cess of the tested mixture [13].

Instead of the temperature behavior of the imaginary
component of the dielectric permittivity ε ′′, the electric
conductivity σ(T ) is usually tested [5, 6, 16 – 19]. Re-
garding the theoretical predictions of the critical effect
of the σ(T ) dependence they are still puzzling [20 –
23]. Only recently experimental evidence for a relation
resembling (1) for ε ′(T ) was obtained [18, 19]:

σ(T ) = σB +C4t1−α(1+ ct∆), (2)

where σB denotes the non-critical background term on
moving away from TC.
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For the background term, the polynomial σ B(T ) =
(C1 +C2t +C3t2)B was successfully used in [18] and
the Arrhenius dependence in [19]. For the electric con-
ductivity the validity of (2) may be expected for lower
frequencies [5, 6, 18, 19]. Only for critical mixtures
with a large residual ionic conductivity this frequency
may increase up to f = 1−10 kHz [18]. To our knowl-
edge the evidence for the critical anomaly of σ(T ) in
mixtures of low electric conductivity, preferably used
in ε ′(T ) studies, remains very poor.

Despite the clear experimental evidence of the in-
fluence of critical fluctuations on the static dielec-
tric permittivity and electric conductivity, only pre-
liminary and qualitative statements of such an influ-
ence on the dielectric spectrum could be found un-
til recently [16] and refs. therein. Probably the only
clear experimental result was obtained for the ethanol-
dodecane critical mixture [16]. Due to the selection
of the tested mixture, the analysis of the frequency
behavior of the imaginary part of the dielectric per-
mittivity could be reduced to frequencies lower than
1 GHz [16]. It was shown that the temperature depen-
dencies of the maxima of loss curves (ε ′′

p) and dielec-
tric relaxation times taken as reciprocals of frequen-
cies (τ = 1/2π fP) of loss curves peaks exhibit clear
critical anomalies.

This paper presents results of dielectric studies on
the nitrobenzene-decane critical solution, which be-
longs to the group of critical mixtures composed of a
dipolar component, such as nitrobenzene, nitroethane
or benzonitrille, and a non-dipolar solvent (alkane),
which are most often used in studies on the ε ′(T ) crit-
ical behavior. High-resolution studies were conducted
for frequencies in the range of 1 Hz < f <1 MHz. A
clear quantitative evidence of the influence of critical
fluctuations on σ(T ), ε ′(T ) and the dielectric relax-
ation, tested by means of the modulus representation,
was obtained.

2. Experimental

The measurement set-up was the same as described
in [10 – 13]. The measurements were conducted in a
flat parallel capacitor made from Invar (gap 0.5 mm,
diameter 20 mm) using a Solartron 1260A impedance
analyzer. That the temperature was stabilized using a
Julabo HD 45SP thermostat with external circulation
(temperature stabilization ±0.02 K. It was measured
by a platinum resistor placed in one of the capacitor
covers by means of Keithley 195 multimeter. Analyses

Fig. 1. Real and imaginary parts of the dielectric permittiv-
ity of a homogeneous nitrobenzene-decane critical mixture
at three temperatures.

were made applying Origin 6.1 software. The compo-
nents of the tested mixture (TC ≈ 25 ◦C and xC = 0.64
mole fraction of nitrobenzene [14]) where purchased
from Fluka. Decane was used without purification. Ni-
trobenzene was distilled immediately prior to the mea-
surements.

3. Results and Discussion

Figure 1 presents examples of the obtained behavior
of the dielectric permittivity (ε ′, ε ′′) for three temper-
atures. There is no visible manifestation of dielectric
relaxation on the ε ′( f ) and ε ′′( f ) behavior, even in the
immediate vicinity of TC. This agrees with the expecta-
tion that for the tested mixture such phenomena occur
only if the range of frequencies is extended up to at
least a few GHz [9, 16]. A weak pretransitional depen-
dence occurs only for ε ′(T ) f =const. The dependence of
ε ′(T ) for f = 1 MHz corresponds to (1), predicted for
the “static” dielectric permittivity (shown by the solid
curve in Figure 2). On decreasing the frequency below
f = 10 kHz, the contribution from the residual ionic
dopants boosts the value of to the real part of the di-
electric permittivity. Figure 2 presents also the temper-
ature behavior of the electric conductivity, which for
f = 1 Hz can be portrayed by

σ(T ) = σC + at +C4t1−α(1+ ct∆). (3)

Fitted parameters are given in the legend capture of
Figure 2. The results suggest that both the ε ′(T ) and
σ(T ) critical anomalies may be associated with the
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Fig. 2. Critical “static” anomalies of the dielectric permit-
tivity (ε ′) and electric conductivity (σ ). The solid curves
are parameterized by (1) and (2): ε′(T ) = 16.3− 0.34(T −
TC)+0.32(T −TC)0.88[1+0.06(T −TC)0.5], σ(T ) = 2.91−
0.06(T −TC)+0.09(T −TC)0.88[1+0.0004(T −TC)0.5]. The
error for critical exponent is about 20%. The dashed arrow
shows the critical temperature.

same critical exponent φ = 1 − α ≈ 0.88. The rela-
tively large error of fitting is caused by the weakness
of these anomalies and the number of fitted parame-
ters. It should be stressed that (3) and (1) the linear
terms cannot be considered as non-critical background
terms. They do not describe experimental data at any
distance from the critical temperature.

In ionically conducting complex liquids, for in-
stance glassfomers, some of arguments speak for a pre-
sentation of the experimental data by means of the di-
electric modulus [24 – 26]:

M∗ =
1
ε∗

=
ε ′

ε ′2 + ε ′′2
+ i

ε ′′

ε ′2 + ε ′′2
. (4)

Except of the form of the distribution, the spectra of
M′′( f ) show a similar temperature behavior as ε ′′( f ),
although for much lower frequencies f, [26] and refs.
therein. In glassforming liquids the so-called ionic con-
ductivity relaxation time τσ (T ), taken as the reciprocal
of the M′′( f ) peak frequency, is often found to fol-
low the structural (alpha) relaxation time τα(T ) de-
rived from the ε ′′( f ) loss curves peak frequency. Al-
though values of τσ (T ) and τα (T ) for the same tem-
perature differ strongly, they can be often superposed
into the same curve by appropriate scaling. This sug-
gests that they may be described by the same func-
tion with different pre-factors τ0. Hence, the modulus
representation may be a significant research tool for

Fig. 3. Dielectric modulus representation of experimental
data in the vicinity of the critical temperature.

Fig. 4. Temperature dependencies of the dielectric modulus
loss curve maximum M′′

peak and of the peak frequency (τ =
1/2π fpeak(M′′

peak)). The solid curves are parameterized by
(7) and (6), respectively.

materials without accessible loss peak. However, the
decoupling between τσ (T ) and τα(T ) was also note
of, particularly on approaching the glass temperature.
Worth mentioning is also a still existing controversy of
the physical meaning of the modulus representation in
complex liquids, [26] and refs. therein.

Figure 3 shows data from Fig. 1 presented by means
of the dielectric modulus representation. The imagi-
nary part of the modulus takes the form of loss curves
described by means of a single relaxation time Debye
distribution, as shown by lines presenting the power
exponent describing slopes of the low and high fre-
quency wings:

M′′( f ) ∝ f m with m = 1 for f < fp, (5a)

M′′( f ) ∝ f−n with n = 1 for f > fp. (5b)
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It is noteworthy that for ε ′′( f ) in the ethanol-dodecane
critical mixture a stretched relaxation with m,n < 1
was found. A similar decoupling of distributions of
relaxation times manifested by ε ′′( f ) and M

′′
( f ) was

noted in supercooled liquids [24 – 26]. Figure 4 shows
that the relaxation time τσ = 1/2π fp exhibits a critical
dependence, which can be approximated by

τσ = τ ion
0 (T −TC)−ϑ , (6)

where τσ = 1/2π fP, fP is the peak frequency, TC =
25.3 ◦C, τ ion

0 =50 µs, ϑ = 0.06±0.03.
The obtained value of the exponent is close to the

one known for other transport properties: diffusion
(zη = 0.054− 0.066) and shear viscosity (φ = zην =
0.033− 0.044, ν is the exponent for the correlation
length) [27]. Figure 4 also shows that the maximum
of the peak (M ′′

peak) exhibits a relatively strong pretran-
sitional dependence. It can be portrayed by

1
M′′

peak
= a+ b(T −TC)+C(T −TC)1−α

+ d(T −TC)1−α+∆ ,
(7)

where a = 1.1±0.03, b = −0.06±0.01 AC = 0.065±
0.01 d = 0.003 and φ = 1−α = 0.88± 0.2. This re-
lation is associated with peak frequencies tested for
2 kHz < fpeak(M′′) <20 kHz.

It is noteworthy that similar dependencies of (6)
and (7), with approximately the same critical expo-
nents ϑ and φ = 1 − α , were obtained for the tem-
perature dependence of ε ′′

P (T ) and τ = 1/2π fpeak(ε ′′)
for peak frequencies 40 MHz < fpeak(ε ′′) < 0.5 GHz
in [16].

4. Conclusions

The obtained “static” critical anomalies of the di-
electric permittivity ε ′ and dielectric conductivity σ
are described by the same critical exponent φ = 1−
α ≈ 0.88. These results were obtained for a critical
mixture with relatively low electric conductivity. For
such critical mixtures the evidence of both σ(T ) and
ε ′(T ) was limited up to now. Novel possibilities for
studying dynamic properties in critical mixtures by
means of dielectric measurements are presented due
to the application of the dielectric modulus representa-
tion. Such tests involve measurement frequencies in an
experimentally convenient range. The maxima of the
dielectric modulus loss curves show a critical anomaly,
also associated with the critical exponent φ = 1−α ≈
0.88. This anomaly is relatively strong and not affected
by the parasitic MW contribution to the critical behav-
ior. The critical anomaly shows also the temperature
evolution of relaxation times taken as reciprocals of
the peak frequencies of dielectric modulus loss curves.
Critical anomalies obtained in M ′′( f ) analysis are sim-
ilar to ones found recently in the analysis of dielectric
permittivity loss curves ε ′′( f ) [16]. However, the lat-
ter are associated with frequencies in the GHz domain.
To the best of our knowledge there exist no theoreti-
cal predictions discussing the evolution of τσ (T ) and
1/M′′

peak(T ) in critical mixtures.
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J. Jadżyn, Phys. Rev. E 64, 061104 (2001).

[14] P. Urbanowicz, S. J. Rzoska, M. Paluch, B. Sawicki,
A. Szulc, and J. Zioło, Chem. Phys. 201, 575 (1995).

[15] A. R. Imre, G. Melnichenko, W. A. Van Hook, and
B. A. Wolf, Phys. Chem. Chem. Phys. (2000).



P. Malik et al. · Critical Behavior of the Dielectric Modulus in Nitrobenzene-Dodecane Mixture 545

[16] S. J. Rzoska, K. Orzechowski, and A. Drozd-Rzoska,
Phys. Rev. E 65, 042501 (2002).

[17] R. Moodithaya, PhD Thesis, Bangalore 1986.
[18] K. Orzechowski, J. Mol. Liq. 73 – 74, 291 (1997).
[19] A. Oleinikova and M. Bonetti, Phys. Rev. Lett. 83,

2985 (1999).
[20] D. Jasnow, W. I. Goldburg, and J. S. Semura, Phys. Rev.

A 9, 355 (1974).
[21] H. Klein and D. Woermann, J. Chem. Phys. 62, 2913

(1975).

[22] C. H. Shaw and W. I. Goldburg, J. Chem. Phys. 65,
4906 (1973).

[23] J. Ramakrishnan, N. Nagarajan, A. Kumar, E. S. R.
Gopal, and P. Chandrasekhar, J. Chem. Phys. 68, 4098
(1978).

[24] R. M. Neagu, E. Neagu, N. Binanos, and P. Pissis, J.
Appl. Phys. 88, 6669 (2000).

[25] R. Richert, J. Non-Cryst. Solids 305, 29 (2002).
[26] P. Lunkenheimer and A. Loidl, Chem. Phys. 284, 205

(2002).
[27] A. Drozd-Rzoska, Phys. Rev. E 62, 8071 (2001).


