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Flexoelectricity in Electroconvection

T. Toth-Katona, N. Eber, and A. Buka
Research Institute for Solid State Physics and Optics, Hungarian
Academy of Sciences, Budapest, Hungary

We reexamine the influence of the flexoelectricity on the electroconvection (EC), the
effect which has previously been studied in the conductive EC regime only. Now we
extend our studies to the dielectric EC, and to the parameter range for which the
standard model of EC excludes the existence of the instability. First, we demon-
strate that inclusion of flexoelectricity into the standard model of EC provides a
finite EC threshold even for this “forbidden” material parameter range (in accor-
dance with the experiments). Second, we show that flexoelectricity considerably
decreases the threshold voltage for the dielectric regime. Finally, we present a
novel frequency dependence of the threshold voltage for all EC patterns in the case
when the period of the driving frequency becomes comparable with the director
relaxation time.

Keywords: electroconvection; flexoelectricity; pattern formation

INTRODUCTION

Incorporation of the flexoelectric polarization into the nematohydrody-
namic equations [1] produces an additional contribution to the charge
distribution and to the electric torque acting on the director. Neverthe-
less, it has been shown almost two decades ago that in the conductive
regime of electroconvection (EC) flexoelectricity affects only slightly
the threshold voltage and the wave-number of the patterns [2,3].
The inclusion of flexoelectricity yields only a considerable change in
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the direction of the wave-vector. Flexoelectricity is characterized by the
splay and bend flexoelectric coefficients [4], e; and e3, that are not easy to
measure, moreover, data obtained by different methods vary consider-
ably. For these reasons, the flexoelectric polarization has typically been
neglected in the theoretical analysis of EC. Measurements on a number
of nematics agree, however, that ~10pC/m is established as a typical
order of magnitude for both e; and e3 [5].

The standard model (SM) of electroconvection [6] excludes the exis-
tence of EC patterns in nematics with parameter combination ¢, <0,
02<0 (ea=¢) —¢, is the dielectric anisotropy and c,=0|—0, is the
electric conductivity anisotropy, || denotes the value along, | perpen-
dicular to the director n). Nevertheless, EC patterns have been
observed in such compounds long ago [7] and have been reconsidered
systematically recently in a few nematics [8-10]. Since the observed
patterns are not captured by the SM, the instability has been coined
as nonstandard EC (ns-EC) [8]. Some characteristics of these patterns,
especially the orientation of the rolls (which is parallel with the initial
director, similarly to the non-convective, flexoelectricity triggered,
striped pattern observed at dc driving [11]) already suggest a possible
important role of flexoelectricity in the ns-EC mechanism.

Previous analysis of the SM, which concluded in a minor role of flex-
oelectricity [2,3] in EC, have been restricted to the conductive regime
in samples having typical thickness of d > 10 pm. The influence of the
flexoelectricity on the dielectric regime has remained an open issue,
which we will also discuss here.

In addition, we show experimentally and numerically that the role
of the flexoelectricity in EC is also crucial when the period of the driv-
ing frequency 1/f becomes comparable with one of the characteristic
times of the system, namely, the director relaxation time zg4.

EXPERIMENTAL AND NUMERICAL DETAILS

Our measurements have been carried out on the one hand using com-
mercial nematics Phase 5, Phase 5A, and Phase 4 (from Merck & Co.,
Inc.), as well as 4-methoxy-benzylidene-4'-n-butyl-aniline (MBBA). All
these nematics have ¢, <0 and ¢, > 0, i.e., they exhibit “standard” EC
(s-EC) at and above a threshold voltage U,, which is well described by
the SM. On the other hand, experiments have also been made on the
compound 4-n-octyloxy-phenyl-4-n’-heptyloxy-benzoate (8/7), which
has &, <0 over the whole nematic range, but shows a sign inversion
from o, <0 to g, >0 as the temperature is increased toward the clear-
ing point. Consequently, in this compound both ns-EC and s-EC could
be investigated (although at different temperatures).
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Samples in the thickness range from d ~ 3 um to d =40 um have
been prepared from glass plates coated with etched ITO electrodes
and with rubbed polyimide layer (to ensure planar alignment). The
cells have been placed into an Instec hot-stage thermostatted within
+0.05°C. EC patterns have been studied with polarizing microscopy
using either the shadowgraph technique or two crossed (or nearly
crossed) polarizers. The images have been recorded with a digital camera.

For the numerical calculations the “extended SM” (with flexoelectri-
city included) [12] has been used which concludes to six coupled PDEs
for the director components, flow velocities and the electric potential.
These PDEs have been listed as equations A6 — A11 in Ref. [12]. Inclu-
sion of the flexoelectric polarization into the nematohydrodynamic
equations establishes a coupling between the conductive (charge dis-
tribution oscillates with fand the director field is stationary in leading
order) and dielectric (director field oscillates with f and the charge
distribution is stationary in leading order) modes resulting in a com-
plex time dependence. The solutions still can be classified according
to their spatiotemporal parity [12]: the even parity solution corre-
sponds to the conductive regime, while the odd parity solution repre-
sents the dielectric regime. Linear stability analysis has been carried
out as previously described [12] to obtain the onset behavior. The
growth rates for spatial fluctuations have been calculated as a function
of the applied voltage. The minimum of the neutral surface (where the
growth rate is zero) provided the threshold voltage U,. At the bounding
plates strong anchoring of the director and no slip condition for the flow
have been assured by a Galerkin method. The field variables have been
expanded into sets of functions that vanish at the boundaries and the
time periodicity has been ensured by a Fourier expansion. In the calcu-
lations experimentally measured sets of material parameters (permit-
tivities, conductivities, elastic moduli, viscosities) have been used (see
Table 1 of [13] for Phase 5 and MBBA, and the Appendix of [12] for 8/7).
The flexoelectric coefficients e; and e3 served as fitting parameters
(within a reasonable range of values posed by flexoelectric measure-
ments on several nematics compounds [5]).

NON-STANDARD ELECTROCONVECTION

First, we summarize the main features of the ns-EC patterns detected
in 8/7 at the onset of instability in the temperature range where
0,<0. In a polarizing microscope with crossed (or nearly crossed)
polarizers they appear in the form of colored stripes. One can immedi-
ately perceive several differences compared to the s-EC patterns. The
ns-EC structure becomes invisible when one polarizer is removed, i.e.,
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it does not produce a shadowgraph image in contrast to the s-EC. The
orientation of the ns-EC stripes is parallel (or nearly parallel) with
the initial director n, contrary to the normal or slightly oblique rolls
of s-EC. The ns-EC pattern is quite weak, the overall contrast is much
lower than that of the s-EC structure. On the other hand, the ns-EC
stripe pattern is remarkably stable over a wide voltage range. In terms
of the dimensionless voltage ¢ = (U/U,)? — 1, the developing ns-EC pat-
tern remains stable up to ¢ =~ 2, while in s-EC secondary instabilities
and even turbulence can develop already at much lower ¢ (~0.1).

The threshold voltage U, for ns-EC scales linearly with the sample
thickness d, i.e., the instability is characterized by a threshold electric
field (similarly to the dielectric s-EC) instead of a threshold voltage (as
in conductive s-EC). U, increases with the driving frequency f almost
linearly which is again different from the situation in s-EC, where the
U (f) curve either grows rapidly approaching the crossover frequency
fe (the upper frequency limit of the conductive s-EC), or exhibits an
U, x (/)2 dependence (in the dielectric s-EC).

The dimensionless wave number q.=2d/4 (1 — wavelength of the
pattern) in general increases with f [9], and it also increases with
the increase of d (but g, and d are not proportional). This g.(d) depen-
dence in the ns-EC is again different from that in the s-EC, where, in
the conductive regime /xd (i.e., g.=const), while in the dielectric
regime of s-EC 1= const (i.e., g.xd).

The SM (without flexoelectricity) can not explain the phenomena
described above since, as already mentioned, it excludes the existence
of electroconvection in nematics with the parameter combination
€2 <0, 04 <0. Namely, the linear stability test does not allow for any
pattern (there is no finite instability threshold) in the whole (physi-
cally reasonable) frequency range.

The orientation of the ns-EC stripes (parallel or nearly parallel with
n) shows a great similarity to the so-called flexoelectric domains which
have been observed long ago [14] at dc and at very low frequency ac
driving, and been explained as static, convection free director deforma-
tion of flexoelectric origin. This suggests that flexoelectricity may play
an important role in the ns-EC mechanism.

Incorporating the flexoelectric polarization into the SM (extended
SM) has indeed led to a finite EC threshold for a pattern with dielec-
tric time symmetry and with high roll obliqueness [12] for ¢, < 0 and
02 < 0. We mention here that the dielectric character of the ns-EC pat-
terns has also been confirmed by light diffraction measurements [15].

In Figure 1 we confront experimental frequency dependencies of
U, and ¢q. (bullets and squares, respectively) in a relatively thick
(d =40 pum) sample of 8/7 with the results of numerical calculations
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FIGURE 1 Measured frequency dependence of the critical voltage U, (bullets)

and of the modulus of the critical wave-vector q. (squares) in the nonstandard

EC regime for the nematic 8/7 in a d =40 pm sample at 7'=86°C. The lines
represent the result of the numerical calculations.

based on the extended SM (lines). The fitting procedure with e; =
—28.3pC/m and e3=-31.2pC/m gave a quite good match between
the experiments and the theory. Moreover, the roll angle « between
q. and n has been found practically frequency independent both in
the experiments (¢ ~ 75°) and in the calculations (x ~ 65°). This is
again an acceptable agreement, especially taking into account that
besides the lower contrast, the ns-EC patterns have been found in
the experiments less regular at onset than the typical s-EC ones which
is manifested in the spatial variation of the wavelength A (see the
relatively large error bars for ¢, in Fig. 1) as well as of the orientation
of the stripes. It presumably results from a shallower neutral surface
[1] (i.e., broader wave-number band) compared to s-EC.

Finally, we mention that a comparison between the experiments
and the theory becomes more difficult in thinner (d < 10 ym) samples
where a competition of the characteristic time scales of EC occurs
and where the flexoelectricity introduces additional complications.
This situation will be discussed in a separate section.

DIELECTRIC EC AND FLEXOELECTRICITY

Now we turn to the most common case of s-EC (¢, <0, o, >0, planar
geometry) and focus on the influence of flexoelectricity on the onset
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FIGURE 2 Calculated frequency dependence of the critical voltage U, with
and without flexoelectricity (solid and dashed lines, respectively) for the
nematic Phase 5 with d =10 um and d =20 um.

characteristics. In Figure 2 the calculated frequency dependence of
the threshold voltage U, is presented for Phase 5 with ¢, =8.2-10"8
(Qm)~! at two different thicknesses (d =10pum and d =20 um), both
with flexoelectric polarization (e; = —26.5pC/m and e3=—23.6 pC/m,
solid lines) and without flexoelectricity (e; =e3=0, dashed lines).
The above values of e; and e3 have been obtained from fits to experi-
mental points that will be presented in the next Section. As one sees,
the crossover frequency f. that divides the conductive and the dielec-
tric regime of s-EC shifts towards lower frequencies when d is
decreased, primarily because the dielectric EC threshold becomes
lower. Below f,, in the conductive regime the U.(f) curves (with and
without flexoelectricity) practically coincide (except at very low fre-
quencies, that will be discussed in the next Section). Moreover, no sig-
nificant change in ¢, is caused by the flexoelectric polarization.
Therefore, earlier results [2,3] stating that flexoelectricity does not
affect considerably the threshold voltage and the wave-number of
the conductive s-EC patterns are reaffirmed.

Above f,, in the dielectric regime, however, flexoelectricity
decreases the threshold voltage considerably (by about 10 to 20%,
depending on d and on ¢ ). In the same time, flexoelectric polarization
increases ¢, (again by about 10 to 20%) compared to the case of
e1=e3=0, and introduces a nonzero o, i.e., results in dielectric oblique
rolls. Therefore, the effect of the flexoelectric polarization can not be
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disregarded when the threshold characteristics of the dielectric s-EC
are investigated.

FLEXOELECTRICITY AND COMPETING TIME SCALES IN EC

In the EC mechanism described by the SM one can distinguish three
characteristic time scales: the director relaxation time tq = (y;d?%)/(K117%)
(y1 — rotational viscosity, K1 — splay elastic modulus), the charge relaxa-
tion time 1, =¢0e, /0, (g0 — permittivity of free space) and the viscous
relaxation time 7, = pd?/(0y/2) (p — density, as/2 — isotropic viscosity).
One may expect some peculiarities in the EC mechanism when these
relaxation times are approached with the period 1/f of the driving fre-
quency. Under common experimental conditions [d~10pm, ¢, ~ 1078
(Qm) '], tg~1-10s, 74~ 102~10*s and t,~ 10 ®s, while the period
of the driving frequency in typical EC measurements is mostly in the
range 10 ®s < 1/f<0.1s. At lower frequencies (i.e., for 1/f>0.1s) the
determination of U, may become problematic (the EC pattern obtains a
transient character). On the other hand, at higher frequencies G.e.,
1/f< 10 3s) the EC pattern may become spatially inhomogeneous, U,
is usually high, q. is typically small, and therefore, this high frequency
range is generally avoided in the measurements.

It might be an easier way to study the problem of matching time
scales, if the values of 1/14, 1/74 and 1/1, are brought into a frequency
range where EC patterns can conveniently be studied. On the one
hand, 1/74 can be shifted to higher frequencies by decreasing d down
to a few microns, and 1/74 can be lowered using low conductivity o, .
On the other hand, the decrease of 1/7, to say ~100 Hz would require
extremely thick samples (d ~1mm) which would raise other experi-
mental difficulties (initial alignment, visibility of the pattern, etc.).
Here, we mainly focus on tuning t4 with d.

In the main plot of Figure 3 the frequency dependence of U, is pre-
sented for a d=(3.4+0.5)um sample of Phase 5 with ¢, =8.2-10°8
(Qm)'. In this case 1/14~60Hz, 1/t,~1800Hz, and 1/7, ~
210° Hz. In the measurements conductive s-EC (open circles) has been
detected at onset below f. ~ 550 Hz in the form of traveling oblique
rolls and traveling normal rolls. Above f, traveling dielectric rolls (bul-
lets) have been observed. A novel feature of the conductive U.(f) can be
seen at low frequencies (below 100Hz, in the vicinity of 1/74): the
threshold decreases by lowering the frequency, i.e., the U.(f) “bends
down”. This property has remained undetected in previous studies
performed on thicker (d>10um) samples. In Figure 3 results of
numerical calculations both with and without flexoelectric polariza-
tion are also presented (solid lines and dashed lines, respectively).
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FIGURE 3 Frequency dependence of the EC threshold voltage U. in a
d =(3.440.5) um sample of Phase 5 with ¢, =8.2 x 1078 (Qm)~! — conductive
EC (circles), and dielectric EC (bullets). The solid and dashed lines are the
results of the numerical analysis with and without the flexoelectric effect,
respectively. The arrow indicates the crossover frequency f.. Inset: the fre-
quency dependence of U, in the conductive regime of EC for ad =(3.14+0.5) um
sample of Phase 5A with ¢, =9.2 x 1078 (Qm)~..

Calculations without flexoelectricity do not reproduce the “bending
down” of U.(f) at low frequencies in contrast to the case when the flexo-
electric polarization is included. With e;=-26.5pC/m and e3=
—23.6pC/m a good match has been obtained with the experimental
data in the whole frequency range (including the low f region). Note
that above f, the flexoelectric polarization reduces the dielectric EC
threshold noticeably (as discussed in the previous Section) and brings
together the theoretical curve with the experimental data.

Control measurements of U,f) have also been made on a
d=(3.1+0.5)um sample of Phase 5A with ¢, =9.2-10"%(Qm) ..
Results obtained for the conductive regime are presented in the inset
of Figure 3 (open circles) and one can immediately notice that U.(f)
“bends down” in the vicinity of 1/74 similarly to the case of Phase 5.
Phase 5A has the same chemical composition as Phase 5 just it is
doped with ionic salt in order to increase the electric conductivity.
Therefore, in the numerical calculations for Phase 5A the material
parameters of Phase 5 have been used (including e; and e3). Results
of these calculations both with and without flexoelectricity are also
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presented in the inset of Figure 3 (solid and dashed lines, respec-
tively). The simulated U/f) curve with e;=—-26.5pC/m and e3=
—23.6 pC/m is in quantitative agreement with the experimental data,
contrary to the one without flexoelectricity that does not exhibit the
“bending down” at low frequencies, and which also deviates signifi-
cantly from the measurements at high frequencies.

The main difference between the U.(f) curves calculated with and
without flexoelectricity is that the curvature changes sign [U.(f) has
an inflection point] when flexoelectricity is included, indicating that
at high frequencies the flexoelectric contribution to the charge separa-
tion becomes negligible compared to the Coulomb one. It is convenient
to use the location of the inflection point, fi,n, as a quantitative mea-
sure. We note here that naturally fi,q is slightly higher than the
frequency where the bending down becomes obvious. For example, in
the main plot of Figure 3 fi,n=110Hz, while the “bending down”
becomes unambiguous for f'< 100 Hz. Interestingly, finn has been found
proportional to d ! as it is shown in Figure 4, in contrast to the d 2
dependence of 1/74. Figure 4 also indicates that an inflection point in
U (f) does exist even in thicker samples (with large t4), however, then
the “bending down” is shifted to much lower frequencies (below 10 Hz).
Presumably that is the reason why this novel feature of U (f) remained
unnoticed in previous measurements and calculations.

The crossover frequency f, shifts to lower values with the reduction
of d and/or o,. When both d and ¢, are small enough, the conductive

150

100

frn (H2)

50 1

o+t
0 5 10 15 20 25 30

d (um)

FIGURE 4 Calculated thickness dependence of fi,q for Phase 5 with
0. =8.2x%10"8(Qm) L. The solid line corresponds to a linear finqa~ ' (d) fit.
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FIGURE 5 Frequency dependence of the dielectric EC threshold voltage U,
measured in a d =(3.4 +0.5) pm sample of Phase 5 with ¢, =1 x 1078(Qm)~!
(bullets). The solid and dashed lines are the threshold curves calculated with
Phase 5 parameters (except o,/0, =0.1) with and without the flexoelectric
effect, respectively.

regime does not occur at all. Instead, dielectric s-EC is observed in the
whole frequency range as illustrated in Figure 5, where the frequency
dependence of U, is presented (bullets) for a d =(3.4 £+ 0.5) um sample
of Phase 5 with ¢, =110"%(Qm) ' (1/74~60Hz, 1/7,~ 220Hz,
1/1, ~ 2-10°Hz). If one considers that both the SM and previous
experiments have provided a square root-like U.(f), the dependence
in Figure 5 is rather surprising. Here, U.(f) “bends up” as f — 0, result-
ing in a non-monotonic function with an expressed minimum f;, in
the vicinity of 1/t4. Above finin, Uf) is linear within the experimental
error. Similar results have been found for dielectric EC in a
d =(3.2£0.5) um sample of Phase 4.

Unfortunately, simulations based on the “extended” SM (i.e., flexoe-
lectricity included) with Phase 5 parameters could not reproduce the
experimental results. The calculated threshold curve U.(f) has been
found monotonic (square root-like) with thresholds lower than the
experimental values. However, a qualitative match to the experimen-
tal behavior has been found in the frame of the “extended” SM just by
lowering the electric conductivity anisotropy to g,/0, =0.1 as shown
in Figure 5 with solid line. Note that the calculated curve has a mini-
mum at about the same f,,;, frequency where the experimental data,
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and the steepness dU./df reproduces the experiments. However, the
calculated values of U, are higher than in the measurements. To
demonstrate the role of flexoelectricity in the “bending up” of the
U.f), in Figure 5 we also plot the results of calculations based on
the SM (without the flexoelectric polarization) with the same
0a/0, =0.1 (dashed line). As one sees, U.(f) is a monotonically increas-
ing function without a minimum. Therefore, the bending up is undis-
putedly attributed to flexoelectricity, and f,,;, indicates the frequency
range where the crossover between dominantly flexoelectric and
dominantly Coulomb charge separation mechanisms occurs.

Systematic calculations at ¢,/6, =0.1 and ¢, = 11078 Qm)! G.e.,
7q = const) have shown that with the decrease of d (i.e., of 74) fimin shifts
to higher frequencies. The values of fi,in (d) have been found close to
1/74(d) as it is illustrated in Figure 6.

Finally, we switch back to the nonstandard EC observed in 8/7. As
already mentioned, in relatively thick (d >10um) samples the fre-
quency dependence of U, is close to linear as it is illustrated in
Figure 7 for d =13.2 um. However, this situation changes when d is
decreased (i.e., 1/14 is increased) and U.(f) becomes non-monotonic
with a minimum at f,,;» — see results for d =3.4 um and d =2.4 ym in
Figure 7. While fynin grows, dU./df (above fmin) decreases with
lowering d — these are the same properties that have been found for

100 T

80 )

60

(Hz)

f

40

201

0 T M T T T T T T T

d (um)

FIGURE 6 Calculated thickness dependence of f,;, for Phase 5 with
6,=1x1078(Qm)! and 0a/0, =0.1. The solid line is the thickness depen-
dence of 1/14.
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FIGURE 7 ns-EC threshold curves U.(f) measured in samples of 8/7 with
different thicknesses d at T'="76°C. Solid lines represent linear fit to data.

dielectric s-EC [13], and they indicate the dielectric character of the
ns-EC patterns.

CONCLUDING REMARKS

Electroconvection manifests in a flow which is induced by the inhomo-
geneous (periodic) distribution of space charges, therefore one expects
a correlation between EC threshold and these space charges: a more
efficient charge separation (in the sense of a stronger generated
electric field) leads to lower U,. The anisotropy of the electrical conduc-
tivity o, has been established as the reason for the well known
Coulomb charge separation mechanism. Flexoelectricity, however,
yields another contribution to the charge separation in a periodically
deformed state. This flexoelectric effect has usually been neglected
in previous studies, though it has emerged from time to time as a pos-
sible reason for some unexplained EC features (mostly without a rig-
orous analysis, however). In the present paper we have reconsidered
the role of flexoelectric polarization in electroconvection. We have also
extended the scope of experiments and numerical simulations to less
studied parameter ranges where flexoelectricity seems to affect the
EC characteristics significantly.

The two charge separation mechanisms usually occur concurrently
in a nematic. The amount of space charges generated by one or the
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other mechanism as well as their spatiotemporal distribution may,
however, vary depending on material parameters (like o5, e1, e3) and
on experimental conditions (e.g., the driving frequency f). Therefore,
either one of the mechanisms can dominate, or when being of the same
order they may enhance or reduce each other’s effect, which can be
either against, or in favor of electroconvection.

The results presented in the paper seem to show examples for each
case, which we will label as cases i.—v. in the following. We have
shown experimentally as well as numerically (within the frame of the
“extended” SM) that under the most common EC conditions — ¢, <0,
02>0,d>10pm, f>20Hz, conductive regime (case i.) — the influence
of flexoelectricity on the onset characteristic is negligible, in accor-
dance with former results [2,3]. This indicates the dominance of the
Coulomb charge separation mechanism. Reducing the frequency and
the thickness (case ii.) this dominance seems to cease. The bending
down of the U.(f ) curve for f— 0 implies that the flexoelectric space
charges have a spatio-temporal distribution which reinforces the effect
of the Coulomb charge separation.

The situation in the standard dielectric regime in thick cells at high
frequencies is similar to case ii., as flexoelectricity decreases the thresh-
old voltage U, and increases the wave number g, considerably. In addi-
tion, it introduces obliqueness into the roll orientation. The scenario
changes again for lower f and d (case iii.) where the flexoelectric space
charges seem to change their spatio-temporal distribution and compen-
sate the Coulomb ones resulting in the bending up of U,(f ) for low f.

A delicate situation occurs in the class of compounds with ¢, <0,
02 <0 (case iv.) where the sign of ¢, has altered compared to the pre-
viously described cases. As a consequence, the Coulomb mechanism
induces a stabilizing flow according to the SM, thus alone it would
not allow EC. Numerical calculations have, however, proven that
the inclusion of flexoelectricity into the SM yields a finite EC threshold
voltage even for this parameter combination giving an explanation
for the experimentally observed nonstandard EC patterns [7]. This
implies that in case iv. the flexoelectric contribution has a
spatio-temporal distribution that works against the Coulomb one.
Moreover, its magnitude has to be larger in order to overcome the
stabilizing effects and thus to make the destabilization possible. The
bending up of U.(f ) for low f in thin cells (case v.) indicates again a
reduction and/or a possible spatio-temporal inversion of the flexoelec-
tric space charges. This similarity to case iii. supports the idea about
the dielectric character of the nonstandard EC instability which has
arisen as a conclusion of the extended SM and has recently been
confirmed independently by light diffraction measurements [15].
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The arguments above show that the influence of flexoelectricity
on electroconvection is not negligible in general. Its inclusion into
the theoretical description is necessary for a proper interpretation of
the experimental results in many cases, especially in the dielectric
mode (standard or nonstandard) and in the frequency range around
and below 1/t4, where a novel U (f) dependence has been detected.
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