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RELAXATION TIME OF CONCENTRATION

FLUCTUATIONS IN A VICINITY OF THE CRITICAL
STRATIFICATION POINT OF THE BINARY MIXTURE

PACS 62.60.+v; 62.80.+f

n-PENTANOL-NITROMETHANE

The propagation velocity and the absorption coefficient of ultrasound in a frequency range of
5-2800 MHz in a n-pentanol-nitromethane solution in a vicinity of its critical stratification
point from the homogeneous state side have been studied. The research make it possible to reveal
the influence of concentration fluctuations on the sound propagation velocity. Three regions of
dynamical parameters are analyzed: the mean-field (wrrr, <K 1), fluctuation (wrrr, > 1), and
transition (crossover, wtrr, = 1) ones. On the basis of experimental data, the temperature
dependence of the concentration fluctuation relazation time 7(T') is studied, and its magnitude
70 18 determined. The contribution to the fluctuation part of the sound absorption coefficient at
high frequencies (w > 800 MHz), which is connected with the sound scattering by concentration
fluctuations near the critical stratification point is estimated.
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1. Introduction

An extremely unusual and, simultaneously, universal
behavior of binary solutions, different by their na-
ture, near their critical stratification points contin-
ues to be a matter of scientific discussions for several
decades. The observed anomalies of various transport
quantities near the critical point are conventionally
associated with order parameter fluctuations and ex-
plained in the framework of the dynamical theories of
critical phenomena [1-8]. In those researches, besides
the characteristic correlation length R., the examined
media are also characterized by a characteristic time
scale, namely, the relaxation time of fluctuations near
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the critical point, 7¢y,. This parameter can be deter-
mined with the help of various, in particular, acoustic
methods [9].

The inherent distinction and the undoubted ad-
vantage of acoustic spectroscopy consist in the op-
portunity to study both static properties of the sys-
tem (e.g., the velocity of sound propagation) and
dynamical ones (e.g., the coefficient of sound ab-
sorption, which makes it possible to determine re-
laxation times in the system). The values of corre-
sponding relaxation times for order parameter fluc-
tuations, Tgr,, can be obtained by means of various
experimental methods (nuclear magnetic resonance,
dielectric spectroscopy, neutron scattering, light scat-
tering, etc). However, the results obtained with their
help can differ from one another by several orders of
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magnitude. For example, according to the method of
quasielastic neutron scattering, the relaxation time
of concentration fluctuations in a close vicinity of the
critical stratification point (AT = 0.5 K) amounts to
mrr, ~ 1077 s [10], which coincides with the data of
IR spectroscopy [11]. However, these results differ by
several orders of magnitude from those obtained with
the use of the light scattering technique [12]. Even the
results of different acoustic experiments concerning
the relaxation time are different [9,13]. This situation
is related to the fact that the majority of experimen-
tal researches in the critical region [14] were carried
out in a narrow interval of frequencies, f, and only
for solutions with critical concentrations [15], which
diminishes the reliability of the results obtained. The
indicated shortcomings can be eliminated by complex
acoustic researches of the propagation velocity c¢s and
the absorption factor af 2 of ultrasound. Those re-
searches should be carried out in a wide frequency
interval and in various regions of the parameter wrpy,
(w =27 f), namely, in the region far from the critical
point (at wrpr, < 1), where the mean-field theory is
actual; in the critical region (at wrpp, > 1), where
the fluctuation theory is actual, and in the crossover
region (at wrpr ~ 1).

Therefore, the aim of this work was to determine
the relaxation time of concentration fluctuations in a
vicinity of the critical stratification point. For our re-
searches, we chose the binary solution of n-pentanol—-
nitromethane at the corresponding critical concentra-
tion. The propagation velocity c¢s and the absorption
coefficient o f =2 of ultrasound were studied in a wide
frequency range of 5-2800 MHz. The examined solu-
tion was in a homogeneous state at a temperature
above its critical temperature of stratification, Tt.

2. Experimental Specimens and Technique

The binary solution of n-pentanol-nitromethane se-
lected for experimental researches has the upper crit-
ical temperature of stratification 7, at the room-
temperature level, which simplifies the experimen-
tal procedure. For the preparation of solutions, n-
pentanol and nitromethane of the chemically pure
grade with various concentrations within an inter-
val of 0.1-0.8 mole fractions were used. The propa-
gation velocity and the sound absorption coefficient
in the solutions near the critical temperature of strati-
fication were performed using temperature-controlled
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specimens. The temperature stabilization error was
+1073% K.

The absorption coefficient and the propagation ve-
locity of sound were studied experimentally using the
pulse method, which was described in work [16] in de-
tail. The pulse method with variable distance and the
method of resonance excitation of a quartz piezocrys-
tal were used in a frequency interval of 5-150 MHz,
and the method of non-resonance excitation of a
lithium niobate single crystal in a high-frequency
range of 300-2800 MHz were applied. Depending on
the experimental conditions, the relative measure-
ment errors for the propagation velocity and the ab-
sorption coefficient of ultrasound amounted to 2-5%.

3. Estimation of the Fluctuation
Relaxation Time on the Basis of the Data
for the Sound propagation Velocity

In the dynamical scaling theory [1, 2], the variation
of the fluctuation relaxation time, when approaching
the critical temperature of stratification T, is given
by the formula

R.= Ryt ™. (1)

Here, 7y is the amplitude of the temperature-
dependent relaxation time for concentration fluctua-
tions; t = (T'—-1,)/T.; Z = D+ X,, = 3.065 [2,3,15] is
the dynamical critical exponent, which is determined
by the space dimensionality D and the exponent in
the temperature dependence of the dynamic viscosity
X, = 0.065 [13]; v is the critical index in the temper-
ature dependence of the correlation length R,

Re= Rot™", (2)

and Ry the amplitude of the temperature-dependent
correlation length of concentration fluctuations. For
the studied solution, Ry = 0.14 £ 0.8 nm [14], so that
v = 0.630.

According to the dynamical theory of critical phe-
nomena [1-3], we may write the following expression
that connects the relaxation time of concentration
fluctuations with the fluctuation correlation length:

67N a3
= . 3
TFL pT e (3)

Here, 1, = no(T)(roq)?"t="%n is the dynamical vis-
cosity, and 7y the amplitude in the temperature de-
pendence of the dynamic viscosity. The latter pa-
rameter for the examined solution was determined
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by means of viscosimetric researches [19]. Its value
amounts to 79 = 0.98 &+ 0.05 mPa.

From Egs. (1)-(3), we obtain the following ex-
pression for the amplitude 79 of the temperature-
dependent relaxation time of concentration fluctua-
tions: X
_ 37”70]%0 ) (4)

kgT
This formula can be used to calculate the parameter
To near the critical stratification point. Then, using
the experimental values of Ry and 7 [15], we obtain
70 = 0.56 x 1071 s for the examined n-pentanol-
nitromethane solution. This result agrees with the
data of works [9, 13, 15].

The amplitude 7y of the relaxation time for con-
centration fluctuations can be determined experimen-
tally with the help of acoustic spectroscopy. For this
purpose, we researched the frequency and tempera-
ture dependences of the sound propagation velocity in
an n-pentanol-nitromethane solution in a frequency
range of 5—2800 MHz and a temperature interval of
300.9-320 K. We studied solutions with various con-
centrations in an interval of 0.1-0.9 mole fractions
of n-pentanol, including the solution with the criti-
cal concentration. In accordance with work [15], the
latter equals X, = 0.385.

In Fig. 1, experimental data for the temperature
dependence of the sound propagation velocity in the
examined solution at three frequencies — f; = 5 MHz,
fo = 150 MHz, and f3 = 2800 MHz — are de-
picted. One can see that, for the frequency f; =
= 5 MHz, the sound velocity in the n-pentanol-nit-
romethane solution with the critical concentration
X, = 0.385 decreases almost linearly as the tem-
perature grows. On the contrary, at the frequency
f2 = 150 MHz and provided the same solution con-
centration, a deviation from the indicated linear de-
pendence is observed, when approaching the critical
temperature of stratification. The analysis of the ob-
tained experimental data testifies that the observed
deviation from the linear temperature dependence in-
creases with the sound frequency. In particular, the
deviation maximum was registered at the frequency
f3 = 2800 MHz (see Fig. 1).

In our opinion, the linear dependence ¢ = ¢(T') tak-
ing place at a certain frequency testifies that, at this
frequency, the studied solution “does not feel” its ap-
proach to the critical state, i.e., in accordance with
the dynamical scaling theory, wry < 1 in this case. In
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Fig. 1. Temperature dependences of the sound propagation
velocity in the n-pentanol-nitromethane solution with the con-
centration X. = 0.385 at various frequencies: f; = 5 MHz (W),
f2 = 150 MHz (o), and f3 = 2800 MHz (e); and temperature
dependences of the sound propagation velocity in the solution
components: in pentane at the frequencies fi = 5 MHz (%)

and f3 = 2800 MHz (x), and in nitromethane at the frequencies
f1 =5 MHz (¢) and f3 = 2800 MHz (v)

other words, the obtained linear dependence ¢ = ¢(T")
confirms that the mean-field theory is valid in this
w — T — X parameter region. The deviation from the
linear dependence ¢ = ¢(T'), which is observed at
fo = 150 MHz, testifies that the experimental con-
ditions in this case correspond to the crossover re-
gion, where wrpr, ~ 1. A substantial deviation from
the indicated linear dependence, when approaching
the critical temperature, was observed in our exper-
iment at the frequency f;3 = 2800 MHz. This fact
means that the relevant experimental conditions cor-
respond to the fluctuation region of the dynamical
scaling theory.

The presented analysis of the temperature depen-
dence of the sound propagation velocity makes it pos-
sible to estimate the amplitude for the relaxation
time of concentration fluctuations in the n-pentanol—-
nitromethane solution, when it approaches its criti-
cal point of stratification at a distance of 0.1 K from
above. According to our evaluation, which was car-
ried out with the use of the relation wrg ~ 1, this
parameter equals 7o ~ 107! s.

4. Estimation of the Fluctuation
Relaxation Time on the Basis of the Data
on Sound Absorption

In order to calculate the relaxation time for con-
centration fluctuations with the use of the data on
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the coefficient of sound absorption in the binary n-
pentanol-nitromethane solution at the critical con-
centration X. = 0.385 (this is the mole fraction of
n-pentanol), it is necessary, first of all, to determine
the fluctuation part of the absorption coefficient. The
latter is connected with concentration fluctuations,
being a component of the total absorption coefficient
normalized by the squared frequency [20]:

(O[fiz)FL = (O‘EF]HQ) - (O[fiz)REG' (5)

Here, agr f 2 is the total effective coefficient of sound
absorption along the isoconcentration curves, which
is a function of the frequency and the temperature;
(a f _Q)REG is the corresponding regular part associ-
ated with structural features of the studied solutions
at insignificant fluctuations; and (a f *Q)FL is the fluc-
tuation part of the absorption coefficient, which is
associated with the processes that occur near the
critical temperature of stratification. Note that the
fluctuation part of the effective coefficient of sound
absorption agpf~2 takes into account both the real
sound absorption and the sound scattering by concen-
tration fluctuations in the frequency interval, where
the experimental sound wavelength becomes compa-
rable with the correlation length of fluctuations, i.e.
at frequencies f > 300 MHz.

As one can see from formula (5), in order to find the
fluctuation part of the absorption coefficient, we have
to determine the regular component. The latter dom-
inates in the interval far from the critical point, i.e. in
the hydrodynamic region. Therefore, the experimen-
tal researches of solutions with various concentrations
were carried out at temperatures exceeding 7. by 20—
30 K. The magnitude of the regular part was found
at a considerable distance from the critical point and
extrapolated into the critical region. Then (a f _2)
was determined, by using formula (5).

The extracted fluctuation part of the absorption
coeflicient was analyzed in the framework of the
phenomenological theory of heat capacity relaxation
[20, 21]:

FL

(aprf ), = AF T2 R(Q), (6)

where F(Q) is a scaling crossover function of the rel-
ative frequency €2 = 27 f7g1,, 7rL the relaxation time
of concentration fluctuations, and «; the critical in-
dex of isochoric heat capacity (o = 0.091 [19]). The
quantity A is determined by specific features of the
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examined solution. It can be calculated by the for-
mula [15, 20]

A — 7T2atcpc 91/2 K2 CCQQ (7)
2ZvT, \2mm 2.’

where g is the adiabatic coupling constant (for the
n-pentanol-nitromethane solution, g = 0.106 [15]),
Q12 = 2.1 is a constant that is determined by an-
alyzing the form of the scaling crossover function
for the solution concerned, c,. is the sound veloc-
ity at T = T, (according to the Ferrell-Bhattacharjee
theory of relaxing heat capacity [20], this parame-
ter is finite for binary solutions; in particular, for
the solution concerned, ¢, = 982 m/s), C,, is the
regular part of the specific heat capacity at a con-
stant pressure (according to work [22], C), = 2.61 X
x 10% J/(kg K)), and C). the specific heat capacity
at T =T, (Cp =8.2 x 10° J/(kg K) [22]).

The calculation by formula (7) gives rise to the
value A = (2.0+£0.5) x 107° s%94 /m, which coincides
with the literature data [15] within the calculation
errors.

In view of the expression for the scaling crossover
function [3],

B 1
e [1+0.414 (Q;{z)nr’ N

Eq. (6) reads
(aErf %) gy, =

=AM EI 40414 20 f Qo) ]S (9)

This formula makes it possible to determine the re-
laxation time of concentration fluctuations in the re-
searched solution on the basis of experimental data on
the effective coefficient of sound absorption at various
temperatures near the critical stratification point.
There are a few works [21,23,24], in which their au-
thors determined the magnitudes of the parameters
that characterize the behavior of the scaling crossover
function. In particular, Bhattacharjee and Ferrell in
work [21] found the values of the exponent n = 0.50
and the constant €2, = 2.1. Folk and Moser in work
[23] reported that n = 0.63 and Q,/, = 3.1. On the
other hand, Onuki [24] calculated that n = 0.50 and
12 = 6.2. Our analysis of the obtained experimen-
tal data shows that the Ferrell-Bhattacharjee theory
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[21] with n = 0.52 and Q,/, = 1.9 provides the best
agreement with the experiment.

Formula (9) was used to approximate the fluctua-
tion part of the absorption coefficient (see Eq. (5)) in
the n-pentanol-nitromethane solution with the crit-
ical concentration. Then we determined the relax-
ation time of concentration fluctuations, 7gy,, for var-
ious temperatures near the critical point of stratifica-
tion. The results obtained are quoted in Table 1.

The relaxation time of concentration fluctuations
in the solution can also be found in a different way,
namely graphically. For this purpose, let us plot the
dependence of the fluctuation part of the absorp-

tion coefficient (5) on the quantity In (ff[H(Z%]

for several temperatures (see Fig. 2) and analyze
them. One can see that, when the sound frequency
1+3t]

increases (the quantity In ( f_[ ) decreases at

that), the sound absorption coefficient, in accordance
with formula (9), almost linearly decreases within
the interval from the lowest experimental frequency
(5 MHz) to a certain “threshold” frequency f,. At fre-
quencies above the threshold one, the behavior of
the temperature dependence of the sound absorp-
tion coefficient considerably changes. Namely, it does
not decreases so rapidly and also forms an almost
linear dependence of the effective absorption coef-

but with a

different slope. This phenomenon can be explained
by the fact that, at a certain threshold frequency,
the ultrasound wavelength becomes comparable with
the correlation length maximum for those concentra-
tion fluctuations that are typical at this tempera-
ture in a vicinity of the critical point. The further
increase of the frequency results in that the corre-
lation length of other fluctuations near the critical
point (we assume that they have a certain distribu-
tion over the dimensions) become comparable with
the sound wavelength. This model allows the maxi-
mum value of fluctuations in their distribution over
the correlation length to be evaluated. In particular,
the correlation length equals R. = 25 nm at the tem-
perature T' = 301.1 K. Using these data for the corre-
lation length near the critical point and formula (3),
we can determine the relaxation time for concentra-
tion fluctuations.

Thus, the experimental value of the effective sound
absorption coefficient (aEF ffz)FL, which “reflects”
sound attenuation at the sound propagation from a

ficient on the quantity In (f_[1+%]>,
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Fig. 2. Dependences of the fluctuation component in the
effective coefficient of sound absorption in the n-pentanol—
nitromethane solution with the critical concentration on the
quantity In (f_1'047) at various temperatures 7' = 301.1 (W),
302 (o), and 313 K (A). The components of the effective coeffi-
cient of sound absorption are shown in the inset: the contribu-
tion associated with the ultrasound scattering by concentration
fluctuations (1) and the coefficient of intrinsic sound absorption
normalized by the squared frequency (2)

source to a detector through the solution concerned,
contains, besides the term (a f _Q)FL describing the
intrinsic sound absorptions, one more term, 5, which
corresponds to the sound scattering by concentration
fluctuations, i.e.

(aEFf_Q)FL = (af—Q)FL + By. (10)

The ratio between the terms in formula (10) can be
evaluated by analyzing the inset in Fig. 2. Namely,

Relaxation time 7g1, of concentration
fluctuations in a vicinity of the critical stratification
point of the n-pentanol-nitromethane solution

Temperature, K TFL, NS
301.1 27000
301.2 8000
301.3 3600
301.4 2000
301.5 1300
301.6 800
302 10
303 70
313 3
323 0.5
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Fig. 3. Temperature dependence of the relaxation time of
concentration fluctuations. Circles correspond to the results
obtained, by using formula (9), asterisks to the results ob-
tained graphically, and the solid curve to the approximation
of experimental data by formula (1)

0,08

the scattering of 150-MHz ultrasound by concentra-
tion fluctuations in the n-pentanol-nitromethane so-
lution at the temperature T = 301.1 K (this value
exceeds the critical temperature by 0.1 K) equals
8% of the effective sound absorption coefficient. This
means that, at this frequency, the actual sound ab-
sorption amounts to 92% of the effective absorption
coefficient. At the same time, at f = 2800 MHz, the
share of ultrasound scattering increases and amounts
to 28%, so that the share of ultrasound absorption
equals 72%.

Figure 3 demonstrates the relaxation time 7y, of
concentration fluctuations found for the n-pentanol—
nitromethane solution, by using two methods. The
data obtained were approximated with the help of
formula (1). One can see that the temperature de-
pendence of the relaxation time 7gy, for concentra-
tion fluctuations is described by relation (1). This fact
confirms the correctness of our calculations.

5. Conclusions

1. The propagation velocity and the absorption of
ultrasound with the frequencies 5-2800 MHz in the
n-pentanol-nitromethane solution in a vicinity of its
critical state with respect to both the concentration
and the temperature (from the homogeneous-state
side) have been studied.

2. The influence of concentration fluctuations on
the sound propagation velocity is revealed. Three do-
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mains of the dynamical parameters were examined;
with the mean-field theory being valid in one of them,
the fluctuation theory in the other, and the third do-
main is a transition (crossover) region.

3. The data for the sound propagation velocity are
used to determine the amplitude of the temperature
dependence of the relaxation time for concentration
fluctuations near the critical point of stratification in
the n-pentanol-nitromethane solution.

4. The data on the sound absorption coefficient in
the examined solution are used to determine the tem-
perature dependence of the relaxation time for con-
centration fluctuations.

5. The contribution of the component associated
with the sound scattering by concentration fluctua-
tions near the critical point of stratification to the to-
tal effective sound absorption coefficient is estimated.
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YAC PEJIAKCAIIII O®JIVKTYALIN
KOHIIEHTPALIIN ITOBJIN3Y KPUTUYIHOL
TOYKHU PO3IIAPYBAHHS BIHAPHOI'O

PO3YMHY H-IIEHTAHOJI-HITPOMETAH
Pesmowme

IIpoBesieni mocmiizKeHHs MBUIKOCTI HOIMUPEHHS Ta Koedilri-
€HTa IOIJINHAHHS 3BYKY B PO3YMHI H-IIEHTAHOJI-HITPOMETaH B
inrepBasi gacror 5-2800 MI'tt npu miaxomi g0 HOro KpuTwH-
9HOI TOYKHU PO3MIAPYBaHHs 3 OOKY I'OMOI'€HHOI'O CTaHy JO3BO-
JIMJIE BH3HAYHUTH BILUIUB (QUIYyKTyaliil KOHIIEHTpamil Ha aKyCTh-
gHi mapaMerpu. B TepmiHax JuHAMIYHUX IapaMeTpiB J1OCJIi-
mKeHO Tpu obsacTi: cepenHboro mosis wirr, K 1, duykrya-
mifina wtp, > 1, Ta nepexigna — kpocoBepHa wtpp, = 1. Ha
OCHOBI €KCIIEPUMEHTAILHUX JAHUX B POOOTI JOCIIIIZKEHO TEM-
mepaTypHy 3aJI€XKHICTb Yacy pesakcariil duIyKTyariii KOHIIeH-
rpauii 7(7T"), Bu3HaUeHO Horo aMIuliTy(He 3HadeHHsA To. Ha Bu-
cokmx gactorax (w > 300 MI') oniHeHO BHECOK y DIIyKTyaItiii-
HY 4YacTuHY KoedillieHTa IIOIVIMHAHHSA 3BYKY, KU OB’ si3aHUN
i3 po3cisiHHAM 3BYKYy Ha (UIYKTyaIlisX KOHIEHTpAIiil moban3y
KPUTUYHOI TOYKYU PO3LIAPyBAHHS.
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