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ABSTRACT: We study the shift in the critical temperature Tc in binary mixtures in strong
electric fields. In experiments we measure the nonlinear dielectric effect (NDE) in a mixture of
nitrobenze and n-octane and calculate Piekara’s factor. We find that the critical anomaly of
Piekara’s factor is a function of an electric field strength. We propose to explain this
observation as a result of a downward shift of Tc, and this allows us to calculate (∂Tc/∂E

2) =
(−22 ± 10) × 10−16 (K m2)/V2. In the theoretical part we amend Landau and Lifshitz’s
formula and show that the downward shift of Tc can be estimated from a simple mean-field
theory taking into account the linear and quadratic terms in an expansion of the constitutive
relation ε(x) between the electric constant ε and mixture composition x.

■ INTRODUCTION
The upper critical mixing point is the maximum of the
coexistence curve in mixtures of liquids of limited mutual
solubility. Phase transition at the critical point is classified as a
continuous one and belongs to the universality class [3, 1], as
for example a critical point of gases. The critical mixing
temperature (Tc) is very sensitive to many factors, for example,
to impurities,1,2 to pressure,3,4 and to shear flows.5,6

It would seem, therefore, that the critical temperature should
be sensitive to the electric field too. The effect of an electric
field on Tc was analyzed intensely experimentally7−10 and
theoretically,7,9,11−17 but fundamental unresolved issues still
remain.
Theoretical Expectations. Mean field approach to the

shift of the critical temperature caused by electric field starts
from the thermodynamic decription of the dielectric medium in
the presence of the electric field. As explained by Landau and
Lifsitz,11 the electrostatic thermodynamic potential is different
in the case of a constant charge and a constant potential. The
selection of the case is crucial, because it leads to a reversal of
the sign of the predicted shift to Tc. Debye and Kleboth were
interested in the quantity (∂Tc/∂E

2)p that measures the shift of
Tc.

7 They observed a negative shift to Tc and explained it by
using the constant charge case; this choice was criticized later
by authors who argued that the constant potential choice is the
correct one.8,12−16

An important element of a mean field theory7,14,16 for the
sign and magnitude of (∂Tc/∂E

2)p is the constitutive relation
between electric permittivity and order parameter, expressed by
deviation of volume fraction from the critical value (x − xc):
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where ε is the relative electric permittivity; x and xc are the
volume fraction and the critical volume fraction of the polar

component in the binary mixture. The original expression by
Landau and Lifshitz was given to the critical point of liquid−
vapor coexistence. When it is applied to binary mixtures, the
predicted shift to Tc has the form
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where ε0 is the absolute permittivity of vacuum, v0 is the volume
of a molecule of polar component (v0 = Vmol/NA, where Vmol is
the molar volume and NA is Avogadro’s number), and kB is the
Boltzmann constant. A positive sign concerns a constant
potential case; a negative sign, a constant charge case. In the
case of constant potential, eq 2 predicts that the sign of the
derivative (∂Tc/∂E

2)p is the same as the second derivative of ε
with respect to volume fraction (ε2).

Experimental Status-Quo. In most cases ε2 is positive
18

and an increase of the critical temperature in electric fields is
predicted. However, most of experiments dealing with the
direct influence of a strong uniform electric field lead to a small
decrease of Tc. Debye and Kleboth

7 investigated light scattering
in the presence of strong electric field in nitrobenzene +
isooctane and found (∂Tc/∂E

2)p = −7.4 × 10−16 (K m2)/V2.
The authors assumed this shift is consistent with the theoretical
expectation. Orzechowski10 measured a nonlinear dielectric
effect (NDE) in the same system and found (∂Tc/∂E

2) = −(8.7
± 0.5) × 10−16 (K m2)/V2. Beaglehole explored a discontinuity
of the adsorption coefficient at the liquid−vapor interface at the
critical temperature in aniline + cyclohexane.8 Using this
experiment he found (∂Tc/∂E

2) = −8 × 10−13 (K m2)/V2.
Wirtz et al. performed small angle light scattering measure-
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ments of the structure factor in polymer solutions and in simple
liquids.9 In polystyrene + cyclohexane they found (∂Tc/∂E

2) =
−1.8 × 10−10 (K m2)/V2 and in nitrobenzene + hexane (∂Tc/
∂E2) ≤ −2 × 10−14 m2/V2. Direct measurements of the critical
temperature shift under influence of a strong electric field are
difficult and many additional effects could contribute the
results.14,19

An alternative experimental way to obtain a shift of Tc is an
analysis of the temperature dependence of electric permittivity
in the critical region. According to theory20−22 the effect of
electric field on Tc could be deduced from the critical anomaly
of permittivity measured at low electric field strength. The
product (ερ−1), could be approximated by a function

ερ ε̂ = + + +α
α
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where ε is the relative electric permittivity, ρ̂ is the reduced
density (ρ̂ = ρ/ρc where ρ and ρc are the density and the critical
density, respectively), Ci are dimensionless system-dependent
constants, t = (T/Tc − 1) is the reduced temperature, α is the
critical exponent of heat capacity, and Δ is the correction-to-
scaling critical exponent. The critical amplitude C1−α allows us
to calculate the shift of Tc under the influence of the electric
field.18,23 Losada-Perez et al.23 reviewed numerous experimen-
tal data and in most cases the negative derivative (∂Tc/∂E

2)p
was obtained. Orzechowski and co-workers investigated
recently an electric permittivity anomaly in the nitrobenzene
+ octane mixture18 − the system under interrest in the current
paper, and found that (∂Tc/∂E

2)p = (−3.9 ± 0.3) × 10−16 (K
m2)/V2.
In this article, we return to the long-lasting controversy

between the theory and the results of measurements of the
effect of the electric field on Tc. In the first part of this paper we
present an expression for the shift of Tc where the curvature of
the constitutive relation and anisotropic composition fluctua-
tions are treated on the same footing. In the second part we
present direct measurements of the Tc shift by using the
nonlinear dielectric effect (NDE). The NDE experiments were
supplemented by measurements of permittivity as a fuction of
temperature and concentration. This data is then used to
compare the Tc shift obtained experimentally and that
predicted by theoreticaly.

■ THEORY
The expression adopted from Landau and Lifshitz, eq 2, was
derived by looking at how the electric field changes the
quadratic term in a Landau expansion of the free energy of a
binary mixture. When an electric field is present, the mixture
composition is affected. Via Laplace’s equation, local changes in
the mixture’s composition lead to long-range changes in the
field. If the composition changes in a small amount, the field
will change in a proportional way. This leads to a change in the
energy that is quadratic in the small composition change.
Crucially, if the small change is described by a plane wave such
as exp(iq·r), where q is the wave-vector, then the change in the
energy depends on the relative direction between q and the
external field E0.
We write the total free energy F = Fm + Fes as the sum of the

mixture (Fm) and electrostatic (Fes) energies. For the mixture
energy we use the regular mixing energy

∫ χ= + − − + −F
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Here x is the volume fraction of the more polar component, kB
is the Boltzmann constant, T is the absolute temperature, v0 is
the molecular volume (assumed the same for both liquids), and
χ is the Flory−Huggins interaction parameter, χ = C/T, where
C is a constant. The critical temperature is given by χc = 2,
namely Tc = C/2. Close to the critical point one may use a
Landau expansion of Fm to obtain an approximate expression
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Here the deviation from the average (critical) composition is
assumed small: φ = x − xc ≪ 1 as is implied in eq 1. For
dielectric liquids under fixed potentials the electrostatic energy
is given by the integral

∫ ε ε φ= −F E rr r
1
2

( ( )) ( ) des 0
2 3

If φ is small, it follows that the electric field can be written as

≅ + +E E E E0 1 2

where E0 is the field corresponding to a mixture at its average
composition (φ = 0) and E1 and E2 correspond to linear and
quadratic corrections in φ. The electrostatic energy density can
now be written in orders of φ as16
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The first line contains the contribution of the uniform
medium and the term linear in φ. Both do not contribute to the
thermodynamics if the field E0 is spatially uniform. In the
quadratic terms (second line), the term proportional to E0·E2
integrates to zero because E2 is a gradient that vanishes at the
boundaries. The dependence of E1 and E2 on φ is given by the
Laplace’s equation ∇·(εE) = 0. When this equation is expanded
in orders of φ, one finds to linear order that ε1∇φ·E0 + εc∇·E1
= 0 (the second-order perturbation to Laplace’s equation yields
the equation for E2). We may now write φ and E1 as a sum of
plane waves with Fourier amplitudes φq and Eq, respectively,
and find that
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ε

φ= −
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Once we know E1 we can substitute it back in Fes and
calculate the terms quadratic in φ. The total free energy to
quadratic order can then be written as a Fourier sum
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This expression shows that the effect of the electric field is to
renormalize the critical temperature by adding an E-dependent
term to t. To the best of our knowledge the anisotropy in the
structure factor has not been detected directly in near-critical
liquids but it could be deduced from birefringence of polarized
light (Kerr effect).14 If fluctuations all have the same magnitude
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and are isotropic in direction, one may write that t is
renormalized according to
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namely Tc is shifted by
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The result of this derivation is enlightening: it shows that the
curvature of the constitutive relation, ε2 in eq 1, can lead to
mixing or demixing; as noted before, usually ε2 > 0 and hence it
leads to demixing. But the systems “pays” an electrostatic
energy penalty for having composition variations leading to
dielectric interfaces perpendicular to the direction of the field.
This penalty is proportional to ε1

2 and always favors mixing,
and it was absent from previous works on the shift of Tc in
binary mixtures.
Equation 8 assumes that composition fluctuations are

spatially symmetric. However, depending on the exact setup,
experiments can be more sensitive to composition fluctuations
whose q-vector is parallel to the field.14,24,25 In this case one
finds that
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Concluding the present theory, the derivative (dTc/dE
2)

depends not only on the curvature of the constitutive relation
ε(x) but also on the “dielectric contrast” between the
components expressed by ε1. For weaker electric fields and
spatially isotropic composition fluctuations the shift in Tc is
expressed by eq 8. For stronger electric fields, dielectric
interfaces perpendicular to the field’s direction can become
dominant and the shift to Tc should be expressed by eq 9.

■ EXPERIMENTAL METHODS
Nonlinear Dielectric Effect (NDE). The nonlinear

dielectric effect compares electric permittivities in high- and
low-intensity electric fields.26 In our experiments, the
investigated liquid was located between circular electrodes of
diameter 20 mm separated by a distance of 0.36 ± 0.02 mm. A
scheme of the sample holder is presented in Figure 1.
The capacitor was a part of high-quality parallel LC circuit of

Colpitt’s oscillator. Any change of the capacity results in a
change of the oscillation frequency detected by a fast frequency
counter (HP-5503 Modulation Domain Analyzer). The
investigated sample was subjected to a superposition of two
fields: a low-voltage, high-frequency measuring field ( f ≈ 4
MHz) and high-voltage rectangular pulses of a polarizing field
(HV). The voltage of the HV pulses was operated between
1300 and 4700 V, duration time 1.3 ms, rise time of the pulse
0.3 ms, repetition frequency 10 Hz, and output current of HV
supply up to 100 mA. The scheme of the experimental setup is
presented in Figure 2.
The resonance frequency of the LC circuit allows to calculate

the capacity of the condenser containing the liquid sample by cx
= A/f 2 + B, where A and B are constants obtainable in

calibration using standard capacitors. Application of strong
electric field changes the electric permittivity and, as a
consequence, the frequency of oscillation of the LC circuit.
The NDE increment Δε was calculated as follows:

ε ε ε
ε
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where εE and ε are the relative permittivities measured in strong
and in low electric field strengths, respectively, A is a constant
obtained in calibration, d is a distance between electrodes, ε0 is
the absolute permittivity of vacuum, S is the surface of the
electrodes, f E and f 0 are the resonance frequency in the
presence and in the absence of electric field. The absolute error
of Δε and resolution were 10% and 2%, respectively. The
amplitude of high-voltage pulses were measured by a resistive
divider 1:1000 using a TDS1000 Digital Oscilloscope with the
absolute precision of ±15 V.

Temperature Control. The capacitor was located in a brass
cylinder mounted in a water thermostat of 60 dm3 volume
(Figure 1). The temperature of the water was controlled up to
0.1K accuracy. Because of the large heat capacity of the stainless
steel capacitor and slow exchange of heat between the water
thermostat and the capacitor, the temperature of the
investigated sample was controlled to better than 0.005K.
Temperature was measured using a calibrated thermistor with
the absolute precision of ±0.1K and resolution of ±0.005K.

Electric Permittivity Measurements. Electric permittivity
was measured using the capacitor presented in Figure 1, but the
distance between electrodes was expanded to 2 mm. Measure-
ments were performed by HP Precision LCR Meter 4284A.
Geometrical capacity and uncompensated lead capacity,

Figure 1. Scheme of the capacitor used in NDE measurements.

Figure 2. Experimental setup used in NDE measurements: cx,
capacitor with the investigated liquid; cb, blocking capacitor of
capacity of 1 n; L, inductance 10 μH.
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necessary for calculation of the electric permittivity, were found
by calibration. Electric permittivity was measured with the
resolution of ±0.01.
Chemicals. Nitrobenzene (Sigma-Aldrich, purity ≥99.0%)

was recrystallized three times and stored over molecular sieves
A3. n-octane (Sigma-Aldrich, purity 99%) was used without
additional purification. The density of liquids, necessary for
calculation of volume fraction, were taken from the literature.27

All operations were done in dry nitrogen atmosphere.

■ RESULTS

Nonlinear Dielectric Effect (NDE). According to Debye−
Langevin theory the NDE increment in simple dipolar liquids
should be negative and proportional to E2.26 Contrary to
Debye−Langevin theory, in many cases the NDE increment is
positive. A positive NDE increment is observed, for example, in
the vicinity of a critical mixing point both in binary24,25,28−32

and in ternary mixtures.33 When the temperature and
concentration are approaching the critical value, the NDE
increment exhibits a divergence according to the equation

εΔ = + −

E
D D t2 bg z

z

(10)

where Dbg is the backgroud conribution, Dz is the positive
critical amplitude, and z = γ + 2β ≈ 0.59.12,34 The negative sign
of the exponent in eq 10 proves the large sensitivity of NDE
method to critical phenomena.
NDE experiments were done at the critical concentration

(equal to 0.509 mole fraction of nitrobenzene) as a function of
temperature. The correctness of the critical concentration was
checked by the equal volume criterion. After filling the
capacitor with the investigated mixture, the capacitor was
mounted in the thermostat and heated to the one phase region
at 25 °C. After 1 h of equilibration a programmed decrease of
temperature at a rate of 1 K/h was carried out. NDE
measurements were done automatically every 0.05 K in the
course of cooling from 23 °C to the phase separation
temperature. At each temperature, the NDE increment was
measured at six voltages ranging from 1400 to 4850 V (field
intensity 3.7−12.7 MV/m). An example of the dependence of ε
on time is presented in Figure 3.
The rise time of HV pulse was relatively long, 0.3 ms, to

avoid parasitic effects when the HV field was turned on/off.
The dependence of ε on time during the HV pulse has a
negative slope that is related to Joule heating.26 The effect was
corrected by extrapolation of the permittivity to the middle of
the rise-period of a HV pulse. This slope of ε(time) allows us to
estimate the heating caused by the application of HV pulses.
For the strongest HV pulse the increase of temperature did not
exceeds 0.006 K.
The shape of the NDE response in most cases was similar to

that presented in Figure 3. However, very close to Tc the
response was different. At the beginning of DC pulse a rapid
increase of Δε was observed followed by a relatively slow
saturation. Figure 4 presents the NDE response in the vicinity
of Tc.
The shape of the near-critical response seems to prove an

existence of additional effects incorporating the NDE response.
We suspect that the saturation-like response could be related to
the relaxation of critical fluctuations predicted by dynamic
droplet model35 and/or anisotropy of a dielectric tensor in the
presence of an external electric.12 To obtain a corrected value of

Δε in the immediate vicinity of Tc, an extrapolation according
to an exponential is performed (dashed line in Figure 4).
NDE experiments were made at the critical concentration of

nitrobenzene + n-octane mixture as a function of temperature
and strength of HV pulses, ranging from 1.2 to 13.6 MV/m. As
pointed out before, according to Debye−Langevin theory the
Δε increment was proportional to E2 and this was precisely
fulfilled in most simple liquids and liquid mixtures.26 In our
experiments we found that far from the critical temperature the
Δε increment was a linear function of E2; however, close to Tc a
negative curvature was growing. An example of the obtained
Δε(E2) dependence at different distances from Tc is presented
in Figure 5.
A nonlinear dependence of Δε on E2 in critical mixtures was

rarely reported. In our opinion the reason for this situation has
an experimental nature. The NDE equipment is constructed for
measurements of very small changes of ε (Δε as small as 10−7).
In the vicinity of Tc, the Δε increment could attain a value of
0.01, and this forces to decrease the HV pulses to help the
experiments and to prevent spark discharge. In the current
experiments we tried to use as strong as possible HV pulses to
detect a nonlinearity as presented in Figure 5. A similar
nonlinearity in the vicinity of Tc was observed in previous

Figure 3. Upper curve presents the ε(time) dependence observed at T
≥ Tc + 0.1. Lower curve presents the shape of HV pulse.

Figure 4. ε(time) dependence obtained at Tc < T < (Tc + 0.1 K).
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experiment performed in nitrobenzene + 2,2,3-trimetypentane
mixture.10

A usual way of presenting the NDE experiments is a ratio of
NDE increment and a square of the electric field, Δε/E2, called
Piekara’s factor, the quantity independent of E.
Figure 6 presents Δε/E2 obtained in three characteristic

strengths of HV pulses. Piekara’s factor increases markedly as T

approaches Tc. This is a characteristic feature in critical
mixtures. However, when we compare the critical anomaly Δε/
E2 for different strengths of HV pulses, it is clear that the Δε/E2

anomaly in stronger HV pulses is smaller and less divergent at
Tc than in weaker pulses, contrary to the theoretical predictions
(eq 10).

Electric Permittivity. According to theoretical expectations
(∂Tc/∂E

2) could be estimated from the analysis of the
dependence ε(x) in the vicinity of critical point. For this it is
necessary to determine the correct frequency for the measure-
ment of ε(x). In NDE measurements a superposition of two
fields is used: a low-intensity measuring field of frequency of 4
MHz and high-intensity pulses of polarizing field. It is
reasonable to suppose that the frequency for measurements
of ε(x) should be correlated with HV pulses. In our
experiments, the duration time of the HV pulse is on the
order of 0.8 ms and this forces to suppose that the frequency
for measuring of ε(x) should be smaller than 0.3 kHz (length of
the pulse is a half of the wave period). In the case of simple
noncritical mixtures of low conductivity, such as nitrobenzene +
n-octane, the electric permittivity has dielectric relaxation at
much larger frequencies (of order of gigahertz36) and the
electric permittivity measured in the range of 100 Hz to 100
MHz should be constant. Following that, the selection of
frequency of the permittivity measurements is subject to the
requirements of the most precise data. But this is not the case
in critical mixtures. It was proved that in the critical region of
binary mixtures a low-frequency dispersion occurs, explained by
a precritical Maxwell−Wagner (MW) polarization caused by
large and long-lived concentration fluctuations.37−43 The MW
dispersion changes the ε(t) anomaly. At low frequencies ( f <
fMW, where fMW is the relaxation frequency of Maxwell−
Wagner polarization) an increase |dε/dT| was observed when
Tc was approached (positive deviation of ε from the value
extrapolated from the noncritical region), whereas at high
frequency ( f > fMW) a decrease of |dε/dT| was observed
(negative deviation from the value extrapolated from the
noncritical region).
The character of the critical anomaly of ε was a reason for a

controversy discussed widely in the literature before discovering
the low-frequency dispersion. A presence of the Maxwell−
Wagner dispersion makes the question of an optimal frequency
for ε(x) measurements important. If the frequency of MW is
located at frequencies higher than 0.3 kHz, the ε(x)
dependence should be measured in low-frequency region,
preferably at f ≪ 0.3 kHz. Contrary to that, if the frequency of
MW relaxation is smaller than 0.3 kHz the ε(x) dependence
could be measured even at the MHz region.
The relaxation frequency and the amplitude of the MW

dispersion in critical binary mixtures depend on the difference
of permittivity of components and on the conductivity of the
mixture.39 To know the frequency of the Maxwell−Wagner
relaxation, measurements of ε( f) in a mixture of critical
concentration are performed. Figure 7 presents the results of
these experiments. The two curves presented at the bottom
were obtained in a one-phase mixture (T > Tc) and the upper
curve in the two-phase system. In the one-phase region, in the
investigated frequency range the Maxwell−Wagner effect is not
visible. An increase of ε at f < 1 kHz is not related to the critical
phenomena; probably it is a consequence of the electrode
polarization.
The ε(x) dependence was measured at the temperature

19.94 °C in volume fractions of nitrobenzene ranging from
0.345 to 0.455 at a frequency of 80 kHz. The experimental data
was fitted by eq 1. The critical volume fraction of nitrobenzene
was checked by equal volume criterion and was equal to xc =
0.396. The parameters of eq 1 obtained by fitting to a
polynomial were as follows: εc = 11.782 ± 0.004; ε1 = 31.46 ±
0.08; ε2 = 40 ± 5.

Figure 5. Δε(E2) dependence obtained at the critical concentration of
nitrobenzene + n-octane mixture for different distances from Tc.

Figure 6. Temperature dependence of Piekara’s factor (Δε/E2) in the
critical mixture on nitrobenzene + n-octane obtained at three strengths
of HV pulses.
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■ DISCUSSION
The application of the NDE method to estimate the Tc shift
assumes that the nonlinearity of Δε(E2) as well as peculiarities
of the Piekara’s factor in the vicinity of the critical point arise
from a change of the critical temperature in a strong electric
field. The negative curvature of Δε(E2) and the reduction of
the precritical increase of Δε/E2 in a strong electric field
indicate a decrease of Tc. Onuki argues

14 that in the vicinity of
Tc a crossover is expected where in weak fields Δε ∼ t−0.59E2,
and in strong fields Δε should saturate to a constant value. To
test this possibility, we plot Δεc = Δε − Dbg (Dbg is collected in
Table 1) as a function of E in a double logarithmic scale (Figure
8).

The linearity of the obtained relations indicate that the
experiments are still in a low-field regime.
As stated above, the nonlinearity of Δε(E2) and depression

of the Δε/E2 anomaly close to Tc are related to the decrease of
Tc in electric fields. In our previous work devoted to the same
problem,10 we analyzed the dependence Δε(E2) and the shift to
Tc was estimated from the curvature of that dependence. In this

paper we propose to use a more direct method, where eq 10 is
fitted to experimental points and Tc is treated as an adjustable
parameter. Equation 10 contains a background term (Dbg)
responsible for correct description of experimental data in
noncritical region. For larger temperature intervals the
temperature dependence of the background term is very
important.31,44 Here a relatively narrow temperature interval is
analyzed (3.5 K), and this allows us to approximate the
background term by a constant value. According to theoretical
expectation, the critical exponent z has a value of 0.59. Some
experiments confirmed this value,10,31,32 but in many cases a
somewhat smaller exponent was obtained.24,25,44 Rzoska and
co-workers24,45,46 pointed out that the critical exponent z =
0.59 is validated in an asymptotic region (far from Tc and not
very strong electric fields), whereas in the mean-field region
(close to Tc and strong E field) the exponent 0.37 seems to be
supported.
The selection of the exponent z is crucial and influences

strongly the fitting results. A fitting procedure with both Tc and
z as adjustable parameters is not possible because the strong
correlation between parameters precludes any definite con-
clusion. We decided to use the value predicted theoretically, z =
0.59. To check the correctness of this value, the experimental
data obtained for the weakest HV pulses (3.7 MV/m) are fitted
twice, either the z exponent is treated as an adjustable
parameter or it is fixed at z = 0.59. Results of these procedures
are presented in the first two lines of Table 1.
The quality of the fits was controlled by χ2 defined as
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where y = Δε/E2, N is the number of experimental points, and
p is the number of adjustable parameters. In calculations of χ2

we used δΔε = 0.0001, δU = 15 V, and δT = 0.0025 K. The
uncertainty of the fitted critical temperature, declared in Table

Figure 7. Electric permittivity vs frequency measured in a critical
mixture of nitrobenzene + n-octane. Two sets of experiments
presented at the bottom were obtained in the one phase region (T
> Tc) whereas the upper curve was obtained in two phase region, just
after phase separation.

Table 1. Results of the Fit of Eq 10 to the NDE Data
Obtained in Different Electric Field Strengthsa

E [MV/m] Tc [°C] Dbg Dz z χ2

3.7 19.46b 0.98 0.58 0.52b 0.500
3.7 19.44 ± 0.05 2.03 0.35 (0.59) 0.505
5.6 19.32 ± 0.05 0.91 0.43 (0.59) 0.524
7.4 19.28 ± 0.05 1.25 0.40 (0.59) 0.386
9.3 19.22 ± 0.05 0.87 0.42 (0.59) 0.717
11.0 19.14 ± 0.07 0.52 0.46 (0.59) 2.022
12.7 19.09 ± 0.10 0.46 0.46 (0.59) 2.937

aParameters in parentheses were kept constant. bCritical temperature
and critical exponent are very strongly correlated, leading to an
unreliable estimation of errors.

Figure 8. Critical part of Δε defined as Δεc = Δε − Dbg as a function
of electric field strength E in a double logarithmic scale.
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1, was obtained as the possible deviation of Tc that does not
produce a fit error (χ2) greater than unity. For the data
obtained at HV intensity of 11.0 MV/m and 12.7 MV/m the
criterion used for error estimation was a doubling of χ2.
The fits of eq 10 when the z exponent is an adjustable

parameter or when it is fixed lead to similar results. In addition,
in both cases χ2 is much smaller than unity, which makes it
impossible to discriminate between both fits. This supports an
assumption to use the theoretical value z = 0.59. Figure 9
presents the resulting fitted critical temperatures as a function
of the square of electric field strength.

The critical temperature decreases proportionally to E2. The
slope of the line is (∂Tc/∂E

2) = (−22 ± 10) × 10−16 (K m2)/
V2. The decrease of Tc is consistent with our previous
calculations performed by an analysis of critical anomaly of
ε(t),18 but the absolute value obtained here is much larger than
that obtained from ε(t) experiments.

■ CONCLUSIONS

The theory of the influence of electric fields on the critical
temperature uses the constitutive relation ε(x). A fit of a
polynomial defined in eq 1 to the experimental data gave the
parameters: εc = 11.782 ± 0.004; ε1 = 31.46 ± 0.08; ε2 = 40 ±
5. The theory described in this paper offers two solutions of the
question of electric field effect on Tc. When concentration
fluctuations are spatially symmetric, eq 8 applies and the
derivative (∂Tc/∂E

2) is calculated to be (∂Tc/∂E
2) = (−2.8 ±

0.4) × 10−16 (K m2)/V2. This is very close to the experimental
value obtained previously (∂Tc/∂E

2) = (−3.9 ± 0.3) × 10−16 (K
m2)/V2 from the analysis of the ε(T) dependence measured at
low-intensity electric field.18 The proposed expression eq 9 is
controlled by composition fluctuations in the direction parallel
to the field. For high fields it yields the value (∂Tc/∂E

2) = (−22
± 4) × 10−16 (K m2)/V2, which is very close to (∂Tc/∂E

2) =
(−22 ± 10) × 10−16 (K m2)/V2 obtained from the direct
measurement using the NDE method. These equations give the
correct value of (∂Tc/∂E

2) to a surprisingly high accuracy.
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