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Stretched relaxation after switching off the strong electric field in a near-critical solution
under high pressure

Sylwester J. Rzoska, Jerzy Ziol”o, and Aleksandra Drozd-Rzoska
Institute of Physics, Silesian University, ulica Uniwersytecka 4, 40-007 Katowice, Poland

~Received 16 January 1997; revised manuscript received 21 April 1997!

Experimental investigations of the relaxation of the nonlinear dielectric effect after switching off a strong
electric field in a near-critical nitrobenzene-dodecane solution under high pressure are presented. The long-time
tail of the decay is described by the stretched exponential function, with the exponentx50.3760.04. The early
stages of the decay are portrayed by the power functionR(t)5122.29(t/t)1/3, wheretOD denotes the Onuki-
Doi relaxation time@Europhys. Lett.17, 63 ~1992!#. In the immediate vicinity of the critical consolute point a
valuetOD'0.23 s was reached. Experimental decays observed at different pressures exhibit a scaling behavior.
The pressure evolution of the scaling parameter shows a power behavior with the exponenty51.160.2.
@S1063-651X~97!01109-4#

PACS number~s!: 64.60.Ht, 64.70.Ja, 77.22.Ch
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INTRODUCTION

Experiments on transient electric birefringence~TEB!
@1–4# and the nonlinear dielectric effect~NDE! @5# per-
formed by applying a rectangular pulse of a strong elec
field to a near-critical binary solution have shown that t
decay after switching off the field is strongly nonexponen
and is asymptotically described by the stretched-expone
~SE! function

RSE~ t !'expF2S t

tS
D xG , ~1!

whereRSE(t) is the normalized SE response function@1#, t
denotes the elapse of time from the moment the electric fi
is switched off, the time constanttS may be interpreted a
the measure of the average relaxation time, and the expo
x'0.39. The SE response is generally regarded as an im
tant but phenomenological tool to describe the relaxat
data in systems as diverse as amorphous solids, com
liquids, polymers, and supercooled glass-forming liqu
~see @6–9# and references therein!. However, for the TEB
and NDE relaxation in critical solutions a unique feature h
been proposed: a well-defined relation of the stretch ex
nent x to universal critical exponents. By applying the d
namic droplet~DD! model, Piazzaet al. @2# obtained

x5
22h

52h
'0.39, tS}j2y}~T2TC!21.9, ~2!

whereh50.04 is the exponent for critical correlation fun
tion @10#, j5j0(T2TC)2v is the correlation length of criti-
cal fluctuations,j0 denotes the critical amplitude, the critic
exponentv'0.63 @10#, the exponenty5zv'1.9, andz'3
is the dynamic exponent for a conserved order parame
T.TC andTC denotes the critical consolute temperature.
1992 Onuki and Doi@11# applied a less phenomenologic
theory. They derived a formula that connects the anisotr
of a dielectric tensor in the presence of an external elec
field to the anisotropy of the structure factorS(q), induced
561063-651X/97/56~3!/2578~4!/$10.00
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by dipole-dipole interactions. From this, they obtained a f
mula for the normalized response function

ROD~ t !5
4

pE0

`

dy
y2

~11y2!2 exp@22K~y!t/tOD#, ~3!

wheretOD is the Onuki-Doi relaxation time and

K~y!5 3
4 @11y21~y32y21!arctany# ~4!

is the Kawasaki function.
In two cases the OD response function is greatly sim

fied:

ROD'122.29~ t/tOD!1/3 for t/tOD!1, ~5a!

ROD'0.199~ t/tOD!23/2 for t/tOD@1. ~5b!

The OD model relates the time constanttOD to the average
thermal decay rate

tOD5
6ph̄z3

kBT
}~T2TC!21.9, ~6!

whereh̄ is the shear viscosity andkB denotes the Boltzmann
constant.

Preliminary experiments strongly pointed to the valid
of the SE description. TEB studies in near critical mixtur
2,6-lutidine-water@2# and butoxyethanol-water@3# gave x
50.3960.07, y51.860.05, and x50.460.05, y51.78
60.05, respectively. Also noteworthy are earlier studies i
micellar solution C12Et6-H2O near a critical consolute poin
where the scaling behavior of experimental decays w
found andy51.260.2 was obtained@1#. NDE studies in
1-nitropropane-dodecane solution gavex50.3960.02 and
y51.360.2 @5#. Recent accurate TEB tests in propyle
carbonate- n-butylbenzene near-critical mixture gavex
50.460.03 andy51.360.2 @4#. They also showed that th
SE function describes properly the decay fort/tS.1, in
agreement with the saddle-point approximation applied
deriving the SE function from the DD model@2#. The nu-
merical evolution of the OD integral~3! showed that it sat-
2578 © 1997 The American Physical Society
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56 2579STRETCHED RELAXATION AFTER SWITCHING OFF . . .
isfactorily describes experimental data for 0.1,t/tOD,1.
For t/tOD→` a small, systematic discrepancy was noted@4#.
Unfortunately, the appearance of critical opalescence ma
impossible to reach the region where the strictly defin
power relation~5a! could be tested@4#.

Pressure studies of dielectric relaxation processes in
uids exhibiting complex relaxation behavior are, despite
long history ~see @9,12–14# and references therein!, rela-
tively rare and far from conclusive results@15,16#. To the
best of the authors’ knowledge, there are no such invest
tions applying nonlinear dielectric methods. This paper p
sents results of measurements applying the time-reso
NDE method in a near critical nitrobenzene-dodecane s
tion. The application of pressure made it possible to test
stages of relaxation, including experimentally untested
gion just after switching off the strong dielectric field.

EXPERIMENT

The NDE describes changes of dielectric permittivity
liquids induced by an additional, strong steady electric fi
(E): ENDE5(«E2«)/E2, where«E and« describe dielectric
permittivities in strong (E) and weak~measuring! electric
fields, respectively. Measurements were performed using
apparatus described in detail in Ref.@17#. The frequency of
the weak, measuring field was about 8.9 MHz, with volta
U53 V. The additional strong, steady electric field was a
plied in the form of rectangular impulses of durationDtD
51 ms–1 s (U5100– 800 V and repeatability (20–
50)DtD . Typically 10–50 cumulations of the response sign
were registered. The description of the pressure system
the design of the measurement capacitor~a flat parallel, gap
0.3 mm,C0'4.1 pF! are given in Ref.@18#. At each mea-
surement point the validity of the condition («E2«)}E2

was tested. For the time-resolved investigations discusse
this paper the normalized response function is defined
R(t)5ENDE(t)/ENDE

sat , whereENDE
sat 5ENDE(t50) is the ‘‘satu-

ration,’’ stationary, value of the NDE reached if the cond
tion for the application of the strong electric fieldDtD@t is
fulfilled. ENDE(t) describes the decay from this stationa
state after switching off a strong electric field.

The temperature of the pressure chamber was stabil
with accuracy 0.02 K/24 h. It was monitored by means o
platinum resistor~A1 class, DIN 40 360! placed in the coat
of the chamber and a thermocouple placed inside the ch
ber using a Keithley 195A multimeter. The pressure w
measured by a Nova Swiss tensometric pressure meter w
resolution of 60.1 MPa. Studies were conducted in
nitrobenzene-dodecane mixture withxC50.63 mole fraction
of nitrobenzene,TC527.1 °C, and TC(P)527.110.07P
10.000 09P2 @TC ~°C!, P ~MPa!, P,200 MPa# @18,19#. A
very small influence of pressure on the critical concentrat
in this solution was noticed@19#. The relatively large differ-
ence of electric permittivity of nitrobenzene and dodeca
(«nb'30 and «dod'2.5, respectively! guaranteed a large
value of NDE critical increase@20#. This feature is of funda-
mental importance because valves in the pressure cha
introduced parasitic electric capacitances that strongly
stricted the sensitivity of the NDE measurement apparat

Nitrobenzene~Fluka! was distilled four times, the las
time immediately prior to preparing the sample, and dr
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over molecular sieves. Dodecane~Fluka, HPLC class! was
used without further purification. Experimental data we
analyzed usingORIGIN 3.5software~Microcal Inc.!. All errors
are given as three standard deviations.

RESULTS AND DISCUSSION

The inset in Fig. 1 shows that the experimental respo
function R(t) follows the stretched exponential pattern ov
two decades, with a deviation fort/tS→1. The average
value of the SE exponent obtained from the analysis of o
30 experimental responses, fromPC2P50.5 to 45 MPa,
gave the stretch exponentx50.3760.04, with no systematic
deviation from this value at any distance from the critic
consolute point. This value is in good agreement with
DD model predictions@2#. The main part of Fig. 1 compare
the same data with the OD model@the solid line was plotted
from the numerical evaluation of the integral~3!#. The agree-
ment is remarkably good in the tested range 0.1,t/tOD
,10. The lack of a systematic discrepancy with the O
model for t/tOD.1, observed earlier in TEB studies@4#,
may be the result of a better resolution in TEB experimen
Fits of the decay with the SE relation and OD model yie
distinct values of the time constant (tS , tOD). Their ratio is
approximately constant for all values ofPC2P distances:
tS :tOD51:12(63), in agreement with Ref.@4#.

In a wide range of reduced pressures 0.5,PC2P,45
MPa, the shape of the experimental response function
pressure independent, as shown in the inset in Fig. 2, wh
different responses are superimposed by simply scaling
time t with the pressure-dependent time constant@for in-
stance, taken in the OD model time scale~tOD#. Such
model-independent scaling behavior was also observed
lier for TEB temperature studies under atmospheric press
@1,4#.

Figure 2 shows also the experimental decay in the imm
diate vicinity of the critical consolute where a very stron
increase of the relaxation time made it possible to test sh
time relaxation. Remarkably good agreement with the O
power function@relation ~5a!# ~solid curve! was found. The

FIG. 1. Comparison between the normalized experimental N
decay@(Pc2P)'6 MPa# and the Onuki-Doi model. The solid line
represents the OD response function@relation~3!#. The inset shows
the stretched-exponential behavior@relation ~1!# for the same ex-
perimental data. The slope of the straight line isx50.3660.01.
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validity of the OD model relation fort/tOD!1 and its range
are shown in the inset in Fig. 2~solid line!. Noteworthy is
that the value of the time constant in the immediate vicin
of TC was very hightOD'0.23 s, whereas for previous tem
perature studies under atmospheric pressure@1–5# this value
did not exceed 10 ms. It seems that such a high value
tOD is only partially due to the application of pressure. A
equally important factor is the shape of theTC(P) depen-
dence, which consequently allowed us to choose a favor
path of approaching the phase transition point~inset in Fig.
3!. The possibility of testing the early stages of the dec
was also facilitated by a strong increase ofENDE from 1.2
310216 m2 V22 for PC2P540 MPa to 28310216

m2 V22 for PC2P50.5 MPa, which markedly improved th
~signal-to-noise! ratio.

FIG. 2. Experimental NDE decay functions forPc2P'0.4, 6,
15, and 30 MPa. The data are compared with the OD respo
function for t/tOD!1:ROD(t)5122.29(t/tOD)1/3 ~solid line!. The
main part of the figure shows details of early stages of the decay
Pc2P'0.4 MPa. For these data a valuetOD'0.23 s has been
fitted.

FIG. 3. Logarithmic plot of the dependence of the relaxat
time ~in the OD model time scale! on the pressure distance from th
critical consolute point. The straight line represents a power-law
with exponenty51.160.2. The inset shows the pressure dep
dence of the critical temperature in the tested solution and the
of approaching the critical consolute point applied in these stu
~the arrow!: Tc'27.82 °C~const!, Pc'56.95 MPa.
of

le

y The main part of Fig. 3 presents the pressure behavio
time constants~scaling factors! obtained by superposing ex
perimental decays on one scaling curve. The data are
described by the power lawtOD}(PC2P)y, with exponent
y51.160.2. The possible application oftS instead oftOD
does not influence the value of the exponenty. It is worth
recalling that the temperature studies mentioned in the In
duction @1,4,5# gave values of the exponenty in agreement
with the above result. Experimental values of relaxati
times are collected in Table I.

CONCLUSION

The results of this paper and that of Ref.@4# point to the
fact that at least the main part of the decay, fort/tOD,1, is
well described by the Onuki-Doi model@relation ~3!#. The
validity of the OD model seems to cover also the early sta
of decay, where the OD response function is reduced t
simple, strictly defined, power function@relation ~5a!#. The
SE function, with the exponent taken from the DD model,
able to portray the long-time limit decay, fort/tS.1. It is
noteworthy that the appearance of two such different type
relaxation was previously observed, e.g., in supercoo
glass-forming liquids where the long-time and short-time
gions describe the SE function and von Schweindler po
relation @9#, respectively. However, there are major diffe
ences between critical solutions and glass-forming liqui
For critical solutions the stretch exponentx is a universal,
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TABLE I. Experimental values of model-independent scali
factors~time constants! of testedR(t/t) experimental decays. The
time constants are expressed using the OD model measure of r
ation times.

P ~MPa! tOD ~ms!

4.2 1.4
11.6 2.1
20.6 2.6
24.1 2.8
26.6 3.0
29.2 3.2
30.9 3.6
33.8 3.7
36.9 4.2
39.4 5.3
41.2 5.6
43.6 6
44.9 7.8
47.8 8.1
48.9 11.9
50 14.1
51.1 14.4
52.6 18
54.6 35.7
55.5 60.4
56 84
56.4 133
56.5 162
56.6 227
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56 2581STRETCHED RELAXATION AFTER SWITCHING OFF . . .
system-independent magnitude, whereas in supercooled
uids it is a phenomenological, material-dependent param
@9#. In supercooled liquids the power, critical-like, functio
is able to describe the evolution of relaxation times only i
limited range of temperatures@9#. The full set of experimen-
tal relaxation times in such systems parametrizes the e
nential Vogel-Fulcher-Tamman-type equation for both te
perature@9# and pressure studies@15,16#. It is noteworthy
also that in critical solutions the relaxation processes m
fest mainly for ‘‘nonlinear’’ dielectric phenomena: the ND
@5# and Kerr effect~KE! @1–4#. For dielectric permittivity~«!
the appearance of dispersion processes is limited to the
pearance of the low-frequency Maxwell-Wagner effect in
immediate vicinity of the critical consolute point~see@21#
and references therein!. For glass-forming liquids the stron
influence of relaxation phenomena is clearly visible for bo
‘‘linear’’ ~«! @9# and ‘‘nonlinear’’ ~e.g., the KE@22#! dielec-
tric studies. Also worth mentioning is the lack of any ev
dence of the so-called secondary~b! relaxation@9# in critical
solutions@1–5,21#.

This paper and Refs.@1,4,5# indicate that the experimenta
value of the exponenty51.1– 1.3 does not agree with th
theoretically predicted oney'1.9 @2,11#. A possible expla-
nation for this discrepancy may arise from the possible se
classical, uniaxial character of the correlation length of el
gated critical fluctuations in an external field~see@20# and
references therein!. The fact that j(E)5j(j i , j' , j')
@20#, where the componentj i holds the nonclassical
critical behavior @j i.j(E50) and j(E50),
j i}(T2TC)20.63, i.e., with v'0.63 @10##, and due to its
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shortage, the perpendicular component@j',j(E50)# cross
over the Ginzburg@10# criterion becoming classical@j'

}(T2TC)20.5, i.e., v50.5 @10#, together with definitions of
the EKE and NDE, enabled us to explain the puzzling b
havior of critical exponents describing the temperature
havior of the ‘‘stationary and saturated’’ EKE and NDE
critical solutions@20,23,24# and recently also in the isotropi
phase of nematogens@25#. In the classical limit the relax-
ation time ceases to be proportional to the volume of
fluctuation @t}j3 @10#, relation ~2! and ~6!# but follow an-
other pattern@10#: t}j2}(T2TC)21, i.e., y52v51. This
value seems to be close to the experimental result (y'1.1)
obtained in this paper.

The results of this paper and Refs.@1–4# suggest also tha
the temperature and pressure paths of approaching the
cal consolute point are equivalent for the stretched-relaxa
behavior after switching off a strong electric field. In bo
cases the behavior of the decay function seems to be
scribed by the same set of universal, system-indepen
critical exponents. It may be regarded as the consequenc
the postulate of isomorphism of critical phenomena@10# ap-
plied for dynamic aspects of critical phenomena.
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