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Анотацiя. В рамках двопiдграткової моделi Мiцуї з врахуванням
п’єзоелектричних взаємодiй вивчається вплив поздовжнього елект-
ричного поля на статичнi i динамiчнi дiелектричнi, пружнi, п’єзо-
електричнi властивостi, коефiцiєнт поглинання звуку в сегнетовiй
солi. Для польових залежностей статичної дiелектричної проникнос-
тi поблизу нижньої точки Кюрi отримано задовiльне узгодження з
експериментом, однак поблизу верхньої точки Кюрi при обчисленнях
слiд використовувати певнi ефективнi значення полiв. Обговорюєть-
ся можлива роль накопичення просторового заряду в екрануваннi
зовнiшнього поля при високих температурах.
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Abstract. Influence of the longitudinal electric field on the static and
dynamic dielectric, elastic, piezoelectric characteristics of Rochelle salt,
as well as sound attenuation, is studied within the two-sublattice Mitsui
model with taking into account the piezoelectric coupling. A satisfacto-
ry agreement with experimental data is obtained for the field effect on
the static dielectric permittivity near the lower Curie temperature. At
the upper Curie temperature an effective field should be used in calcula-
tions to describe the experiment. Possible role of space-charge build-up
is discussed in screening of the external field at high temperatures.
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1. Introduction

A useful information about ferroelectric crystals can be given by explor-
ing their behavior under influence of various external factors, such as
high pressure or electric field. Effects produced by a static longitudinal
electric field (d.c. bias applied along the axis of spontaneous polariza-
tion) in ferroelectrics undergoing second order phase transitions are well
known. They include smearing out the transition, induction of polar-
ization in the formerly paraelectric phase, increase of the permittivity
maximum temperature, and decrease of its magnitude.

These effects are usually described within the Landau formalism,
where the thermodynamic potential is given by the expansion

Φ = Φ0 +
α

2
P 2

1 +
β

4
P 4

1 − P1E1, (1)

P1 is the crystal polarization, E1 is the external electric field, α, β are the
expansion coefficients. Anticipating subsequent consideration of Rochelle
salt crystals, we suppose that the ferroelectric axis is [100].

Traditionally a linear temperature dependence α = αT (T − TC) is
assumed. Then the permittivity maximum magnitude εmax(E1) and
temperature ∆Tmax(E1) are expected to vary with the external field
as ∼ E2/3 [1]:
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2/3
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1
,

ε0 is the dielectric permittivity of vacuum.
Rochelle salt undergoes two successive second order phase transitions,

with the ferroelectric phase being the intermediate one. The permittivity
maxima temperatures shift with the longitudinal field in the opposite di-
rections. When applying the Landau theory, one can, for instance, make
separate expansions near the two Curie points, with slightly different co-
efficients α = αT2(T −TC2) and α = αT1(TC1−T ) for the upper and low
Curie temperatures, respectively. Alternatively, one can make a single ex-
pansion α = α1 +α2(T −T0)

2 near the temperature T0 = (TC1 +TC2)/2
(a double critical point). The ε−1

max(E1) or ∆Tmax(E1) dependences cal-
culated within these two approaches are effectively the same.

When modified by the piezoelectric and elastic terms, the Landau
expansion method permits to calculate the corresponding piezoelectric
and elastic constants, related to them ultrasound attenuation coefficient
κ and resonance frequencies ωn of the crystals; their field dependences
can also be explored. For Rochelle salt crystals such studies were done
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e.g. in [2, 3]. Overall, the Landau method predicts that the longitudinal
field effect on the characteristics, diverging at the Curie points at zero
field (sE

44, d
E
14, κ) are the same as of the static permittivity: the anomalies

are smeared out, the maxima of the temperature curves are shifted.
Experimental data for the longitudinal d.c. bias influence on Rochelle

salt are not very extensive and usually rather outdated. Relatively re-
cent studies were dealt with the electric field effects on the dielectric
permittivity [4–7], polarization [8], resonance frequency [9], and elastic
constants [2] of the crystals. The above data were usually discussed in
terms of the Landau method.

In our work, the two-sublattice Mitsui model with piezoelectric cou-
pling [10, 11] is used to describe the above phenomena. It provides a
satisfactory agreement with experiment for a number of static and dy-
namic dielectric, piezoelectric, and elastic characteristics of Rochelle salt
in absence of external field. As we shall see later, in non-zero field the
quantitative agreement is obtained at low temperatures only. Near the
upper Curie point the theoretical curves for the permittivity, being qual-
itatively correct, overestimate the field effect and fit well to the experi-
mental points for a much lower field than the actually applied. We believe
that the electric field in crystals of Rochelle salt at high temperatures is
reduced by the space charge build-up. In the external field the free charge
carriers move towards the electrodes. If the electrodes are blocking for
the carriers, the latters will accumulate near the electroded surfaces,
forming there space charge layers. The layers, in their turn, create an
internal field that reduces the total electric field in the sample.

The paper in organized as follows. In Section 2, we present the pre-
viously obtained [10,11] final expressions for the dielectric, piezoelectric,
elastic, acoustic characteristics of Rochelle salt. In Section 3 we explore
their dependences on the longitudinal static electric field. Conclusions
are given in the last Section.

2. Model approach

Below we present the final results for the physical characteristics of
Rochelle salt, previously obtained [10, 11] within the modified Mitsui
model with the Hamiltonian

Ĥ = U − 1

2

∑

qq′

2
∑

ff ′=1

Rqq′ (ff ′)
σqf

2

σq′f ′

2
− ∆

∑

q

(σq1

2
− σq2

2

)
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− (µ1E1 − 2ψ4ε4)
∑

q

2
∑

f=1

σqf

2
. (2)

Here

U =
Nv

2
cE0

44 ε
2

4 −Nve014ε4E1 −
Nv

2
χ0

11E
2

1

is a “seed” energy of the crystal lattice which forms the asymmetric
double-well potential for the pseudospins. Rqq′(11) = Rqq′(22) = Jqq′

and Rqq′ (12) = Rqq′ (21) = Kqq′ are constants of interaction between
pseudospins belonging to the same and to different sublattices, respec-
tively. The parameter ∆ describes the asymmetry of the double well
potential; µ1 is the effective dipole moment. The last term is the inter-
nal field created by the piezoelectric coupling with the shear strain ε4, v
is a unit cell volume of the model.

Within the mean field approximation the system thermodynamic po-
tential was obtained in the following form [10]:

g =
U

N
+
J +K

4
ξ2 +

J −K

4
σ2− 2 ln 2

β
− 1

β
ln cosh

γ + δ

2
cosh

γ − δ

2
, (3)

where

γ = β

(

J +K

2
ξ − 2ψ4ε4 + µ1E1

)

, δ = β

(

J −K

2
σ + ∆

)

.

Parameters of ferro- and antiferroelectric ordering ξ and σ are deter-
mined from the saddle point of the thermodynamic potential (3): a min-
imum of g with respect to ξ and a maximum with respect to σ are
realized at equilibrium. J , K are Fourier-transforms (at k = 0) of the
interaction constants Jqq′ and Kqq′ .

Equations for crystal polarization P1 and lattice strain ε4 – first
derivatives of the thermodynamic potential – are [10]

P1 = e014ε4 + χε0
11E1 +

µ1

v
ξ, ε4 =

e014
cE0
44

E1 −
2ψ4

vcE0
44

ξ. (4)

As it is well known, all related to the field E1 and strain ε4 dielectric,
piezoelectric, and elastic characteristics of Rochelle salt – second deriva-
tives of the thermodynamic potential – can be divided into two groups.
Those of the first group, namely the elastic constant at constant polariza-
tion cP44 and the so-called true piezoelectric constants h14 and g14 exhibit
no perceptible anomaly at the Curie points at zero field. Their variation
with the field E1 is weak and will not be considered here. Those of the
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other group, namely, the elastic constant at constant field cE44 and the
corresponding piezoelectric resonance frequencies ωn, dielectric permit-
tivity ε11, piezoelectric coefficients d14 and e14 have strong peculiarities
at the Curie points at zero field and are essentially affected by the d.c.
bias.

Within the mean field approximation the dynamic dielectric permit-
tivity, static coefficient of piezoelectric strain and static elastic constant
at constant field were obtained in the form [10,11]

ε11(ω) = 1 + 4π × (5)

×
{

R(ω) − 1
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[

χε0
11 +

βµ2
1

2v
F1(ω)

]

+
1
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1)
2

2v
F2(ω)

]

}

,

d14 = d0

14 −
µ′

1βψ4

vcE0
44
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44 − 2βψ2
4

v
F1(0). (6)

The following notations are used
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iαωλ1 + ϕ3

(iαω)2 + (iαω)ϕ1 + ϕ2

,
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Here ρ is the crystal density; α is the model parameter setting the time
scale of the microwave relaxation.

Expression (5) for the dynamic dielectric permittivity is obtained
for a thin plate l × l of Rochelle salt crystal cut in the (100) plane.
It describes an evolution of the permittivity from the static value via
the piezoelectric resonances to the clamped value with the relaxational
dispersion in the microwave region. The first resonance frequency and
the relaxation times are [11]

ω0 =
π

2l

√

cE
44

ρ
, τ−1

1,2 =
1

2α
[−ϕ1 ∓

√

ϕ2
1
− 4ϕ2]. (7)
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The elastic constant cE44 is taken to be frequency independent, which is
a good approximation in the piezoelectric resonance region.

The model developed in [11] permits also to calculate the attenua-
tion coefficient of a transverse sound wave polarized along [010], which
propagates in the 90◦ Z-cuts of Rochelle salt

κ(ω) = κ0 − Im [k] , (8)

κ0 is a frequency and temperature independent background contribution
into observed attenuation (beam spreading, pulse distortion, etc).

It should be mentioned that the above expressions for dynamic char-
acteristics were obtained [11] neglecting the contributions of the induced
by electrostriction diagonal components of the lattice strain tensor εi

(i = 1, 2, 3). These contributions are zeros in the paraelectric phases,
but arise in high longitudinal electric fields. To take them into account
one has, however, to use an essential extension [12] of the considered
here model, with a substantially increased number of fitting parameters.
It is also expected that the role of electrostriction is minor as compared
to that of the piezoelectricity.

3. External electric field effects

Values of the model parameters determined in [10] and providing the best
fit to the calculated above characteristics are given in Table 1. Formally,
no new parameter ie required to evaluate these characteristics in presence
of the longitudinal electric field. However, sometimes to get a better fit to
the experimental data for the dielectric permittivity taken from different
papers, the value of the dipole moment µ1 will be changed. Variation of
µ1 from sample to sample can be explained, for instance, by variation of
water content, which is known to significantly affect the permittivity [4].
Interestingly, a better fit to the sound attenuation experimental data is
also obtained at a value of the parameter α somewhat different from the
one used to describe the microwave permittivity [7].

3.1. Static dielectric permittivity

In figs. 1,2 we show the calculated temperature dependences of dielectric
permittivity ε11 of Rochelle salt near the upper and lower transition
points at different values of external electric field. The theoretical curves
are compared with independent experimental data of [4,5]. The following
values of the effective dipole moments are used in calculations: 2.1 ·
10−18 esu cm for [4] and 2.2 · 10−18 esu cm for [5].
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Table 1. Model parameters for Rochelle salt [10].
J/kB K/kB ∆/kB ψ4/kB cE0

44 d0
14 χσ0

11

K dyn/cm2 esu/dyn
797.36 1468.83 737.33 -760 12.8 · 1010 1.9 · 10−8 0.363

v = 0.5219[1 + 0.00013(T − 190)] · 10−21 cm3,
µ1 = [2.52 + 0.0066(297 − T )] · 10−18 esu cm,

α = 1.7 · 10−13 s.

At zero field a satisfactory quantitative description of the data is ob-
tained in both paraelectric phases; in the ferroelectric phase the agree-
ment is poor because of the domain contributions into the permittivity,
not considered in our model. As expected, the theory yields that external
field, conjugate to polarization, decreases the εmax and shifts the maxi-
ma temperatures. For the upper maximum ∆Tmax2 > 0, whereas for the
lower one ∆Tmax1 < 0. An acceptable description for the field depen-
dences of the permittivity is obtained in the vicinity of the lower Curie
temperature. In the ferroelectric phase at sufficiently high fields (above
1 kV/cm) the domain contributions into the permittivity are suppressed
(a single domain state is approached), and the theory well accords with
the experimental points.

However, at high temperatures a substantial deviation of the theo-
retical curves from experimental data both of [4] and of [5] is observed.
The theory, though being qualitatively correct, strongly overestimates
the field effect on the permittivity. The calculated curves coincide with
the experimental points obtained in much lower fields. A question arises,
what the origin of this discrepancy is.

3.2. Space-charge screening

It might be assumed that the non-linearity of the high field effects in
Rochelle salt can account for the observed discrepancy between theory
and experiment and should be taken into account. However, there is no
reason to expect that the influence of non-linearity is so much different
near the lower and upper Curie temperature. A temperature-dependent
effect should be sought for. The phenomena, which role is strongly en-
hanced by increasing temperature (usually exponentially), are often re-
lated to the presence of free charges and conductivity in crystals. As we
have already stated, we believe that the observed discrepancy between
the theory and experiments in high fields near upper Curie temperature
is due to screening of an external field by the space charge buildup near
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Figure 1. Temperature dependences of the dielectric permittivity of Rochelle
salt at different values of external electric field E1 (kV/cm): • – 0, N – 0.05,
H – 0.1, � – 0.2, 4 – 0.5, O – 1.0. Experimental points are taken from [4].
Lines: the theory, calculated with the external field values. Arrows indicate
the correspondence between the experimental points and theoretical curves.
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T (K)

 

 

10−3 ε11

Figure 2. Same. E1 (kV/cm): � – 0, • – 0.98, N – 1.97, H – 2.46. Experimental
points are taken from [5]. Lines: the theory, calculated with the external field
values.
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the electrodes.
Suppose we have a ferroelectric crystal of the thickness L along

the axis of spontaneous polarization x, with positive and negative free
charges also present. When an external voltage V0 along the x axis is
applied, the crystal gets polarized, and the free charges start to move
towards the electrodes. If the electrodes are blocking, the free charges
will pile up at them, forming two space-charge layers near the electroded
crystal surfaces. Direction of the electric field created by these layers is
opposite to the direction of the external field; it screens out the external
field in the bulk of the crystal. As we shall show later, for Rochelle salt
the screening of the external field by the space-charge buildup at the
electrodes is only partial.

The charge carrier concentration is expected to decrease exponential-
ly with decreasing temperature. The field created by the space charge
layers will decrease too; that is why the screening is practically not ob-
served near the lower Curie temperature.

The discussed above effect of the space charge build-up under appli-
cation of d.c. bias, resulting in partial reduction of the externally applied
field in the bulk of the samples, has been actually detected experimental-
ly by Triebwasser in BaTiO3 [13]. The BaTiO3 is a n-type semiconductor
with high donor carrier concentration but low carrier mobility. The time
constants associated with the space-charge buildup were found to be of
the order of one or two minutes.

3.3. Effective field

Partial screening of the external field is well shown by the following cal-
culations. We evaluate the permittivity (5) near the upper Curie temper-
ature using a certain effective field Eeff instead of the actually applied
in the experiment Eext. As seen in fig. 3, we obtain a nearly perfect fit to
the experimental data, especially at high fields, when the domain effects
are suppressed.

The correspondence between the external fields and effective fields
used to fit to the experimental data is given in the table below and in
fig. 4. As one can see the dependence Eeff (Eext) is approximately linear,
with the ratio Eeff/Eext of about 0.55÷ 0.75 above 0.5 kV/cm both for
the experimental points of [4] and of [5]. Below 0.5 kV/cm the obtained
difference between Eeff and Eext is less significant.
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Figure 3. Dielectric permittivity near the upper Curie temperature at different
values of electric field. Experimental points are taken from [4] (left) and [5]
(right). Values of external fields are the same as in figs. 1 and 2. Lines: the
theory calculated at some effective fields (see text).

using the data of [4]
Eext (kV/cm) 0.05 0.1 0.2 0.3 0.5 0.75
Eeff (kV/cm) 0.045 0.081 0.14 0.2 0.3 0.42
Eeff/Eext 0.9 0.81 0.7 0.67 0.6 0.56

using the data of [5]
Eext (kV/cm) 1 1.97 2.46
Eeff (kV/cm) 0.6 1.36 1.86
Eeff/Eext 0.6 0.69 0.76

In subsequent calculations we shall use the values of the effective fields
from the table above and Eeff ∼ 0.6Eext at Eext > 2 kVcm near the
upper transition point. Near the lower transition point we take Eeff =
Eext. A linear interpolation between these two values in assumed for the
ferroelectric phase.

3.4. Polarization and other static properties

Figure 5 illustrates the field effect on the temperature dependences of
the polarization P1 and lattice strain ε4 of Rochelle salt. The experi-
mental points are for zero field. The expected behavior in non-zero fields
(induced polarization and ε4 in the formerly paraelectric phases) is ob-
tained. The field influence enhances on lowering temperature, as the
effective field approaches the external one. No quantitative comparison
with experiment at non-zero field is attempted, for the following reasons.
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Figure 4. Effective field vs external field near the upper Curie temperature,
as determined by fitting to the data of [4] (�) and [5] (�).

First, the deviation of the theory for spontaneous polarization from ex-
periment (at zero field) is larger than the predicted field effects. Then,
the expression (4) takes into account the contribution of the ordering
units only. Essential, especially at high temperatures and fields, is the
contribution of the space-charge polarization. A quantitative comparison
to experiment at E1 6= 0 without taking it into account is pointless.
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T (K)

ε4, 10-3

Figure 5. Temperature dependences of polarization P1 and strain ε4 at dif-
ferent values of external electric field Eext (kV/cm): 0, 1, 2, 6. Choice of the
effective field Eeff – see text. Experimental points taken from ◦– [14]; � – [15]
correspond to the zero field case.

In figure 6 we show the calculated temperature curves of the elastic
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constant cE44 and coefficient of piezoelectric strain d14 at different val-
ues of d.c. bias. As one can see, their field dependences are qualitatively
similar to those of the static dielectric permittivity ε11. It should be men-
tioned, however, that the shifts of the maxima (minima) temperatures of
these characteristics with the field are slightly different, because of the
dipole moment µ1 taken as a linear function of temperature, and since
ε11 ∼ (µ1 − 2d0

14ψ4)
2, d14 ∼ µ1 − 2d0

14ψ4, and cE44 depends on µ1 only
implicitly via ξ. No satisfactory experimental data for non-zero fields
to be compared with the theory was available. The data of [2] for the
cE44(Eext) cannot be used because of their strong dependence on the field
sign.

240 260 280 300
0

3

6

9

12

240 260 280 300

103

104

105

E

T (K)

c44 (1010dyn/cm2)

 

T (K)

d14 (10-8esu/dyn)

Figure 6. Temperature dependences of the elastic constant cE
44 and coefficient

of piezoelectric strain d14 at different values of external electric field Eext

(kV/cm): 0, 1, 2, 6. Choice of the effective field Eeff – see text. Experimental
points taken from × – [2], ♦ – [16], 5 – [17], N – [18] correspond to the zero
field case.

3.5. Dynamic permittivity

As seen in fig. 6, the elastic constant cE44 is increased by the field at
any temperature. It means that the resonance frequencies are also in-
creased; this accords with the experimental data [9, 19]. The increase of
the first resonance frequency (and of the overtones) determines the field
influence on the dielectric dynamic permittivity in the piezoelectric res-
onance region. Figure 7 illustrates the field effects on the permittivity of
a 1 × 1 cm2 cut of a Rochelle salt crystal near the upper Curie point at
different frequencies within this region.

As can be seen, application of the field is, in a sense, similar to lower-
ing frequency. When at zero field the measuring frequency is just above
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the first resonance peak (first row of Fig. 7), a sufficiently high field can
make it lower than the first resonance peak. We obtain a picture charac-
teristic of a static permittivity under the d.c. bias. Increasing frequency
at zero field (the second row) multiplies the number of resonance peaks.
The electric field decreases the number of resonance peaks back and shift
them apart. The peaks remain as sharp as in zero field, no smearing is
observed.

At the upper part of the resonance region (the third row) at zero
field the permittivity curve has both the central peak structure at the
transition point and numerous side resonance peaks. In the field the
central peak is smeared out, its magnitude is decreased. The field also
shifts the resonances closer to the central peak, as would happen on
lowering frequency. The resonance peaks stay sharp.

Interesting field effects are observed for the dielectric permittivity in
the microwave region. At low frequencies of this region (below 5 GHz)
the permittivity has finite peaks at the transition points. The field, as
in the static case, smears out the peaks and shift the rounded maxima
towards the corresponding formerly paraelectric phases (see fig. 8). At
higher frequencies and zero field, the permittivity has shallow minima at
the transition points and a pair of rounded maxima at both sides of each
minimum [7]. Application of d.c. bias smears out the minima, and each
pair of maxima tends to coalesce. At sufficiently high fields the maxima
finally merge, and the minima disappear. This behavior is illustrated in
fig. 8, and it accords qualitatively with the experimental results of [7].
Quantitative agreement with experiment is fair and approximately the
same at all fields.

Field influence on the inverse relaxation times is shown in fig. 9. The
relaxation time τ1, exhibiting critical slowing down at the Curie points
and zero field (but remaining finite due to piezoelectric clamping effect),
varies with the field in the same manner as the dielectric permittivity
of a clamped crystal (see fig. 8 for ν = 2.5 GHz). The second relaxation
time, whose contribution to the permittivity is minor, is increased by
the field.

Decrease of the relaxation time τ1 with the field means an increase of
the microwave dispersion frequency, as follows from the relation ωτ = 1.
The shift of the dispersion frequency with the bias is well seen in the
fig. 10, where the frequency dependences of real and imaginary parts of
the dynamic dielectric permittivity in the microwave region are present-
ed.
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Figure 7. Dynamic dielectric permittivity in piezoelectric resonance re-
gion at different frequencies and fields Eext: 0 (left), 104 V/m (right).
Eeff is used in calculations.
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3.6. Sound attenuation

Closely related to the discussed relaxation times is the ultrasound at-
tenuation coefficient κ for the transverse wave propagating in 90◦ Z-
cuts of Rochelle salt. It exhibits a critical behavior at the transition
points, and the d.c. bias is expected to smear out this criticality. The
field dependences of this attenuation in Rochelle salt were calculated
in [3] within the Landau approach. In fig. 8 we depict the theoretical
curves obtained within the modified Mitsui model with κ0 = 0.5 cm−1

and α = 2.3 · 10−13 s, which qualitatively agree with the those obtained
in [3]. As can bee seen, the presented field dependences of attenuation
are analogous to those of static permittivity or piezomodule d14.

The external field weakens the frequency dependence of sound atten-
uation at low frequencies (see fig. 12, left). In the microwave region an
existence of a cut-off frequency for sound propagation is expected [11],
which frequency position correlates with the start of a fast increase in
the imaginary part of the dielectric permittivity. The longitudinal field
strongly increases the cut-off frequency (see fig. 12, right). Similarly to
the previously discussed shift of the microwave relaxation frequency, this
is also due to the decrease of the relaxation time τ1 with the field.

4. Concluding remarks

In the present paper the influence of longitudinal electric field on the stat-
ic and dynamic dielectric, elastic, piezoelectric characteristics of Rochelle
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salt, as well as sound attenuation, is studied within the two-sublattice
Mitsui model with taking into account the piezoelectric coupling. The
calculation results are compared with available recent experimental data.

A satisfactory agreement is obtained for the field effect on the static
dielectric permittivity near the lower Curie temperature. However, at the
upper Curie temperature an effective field of about 0.6Eext should be
used in calculations to fit to the experimental points. The experimental
field effect on the microwave permittivity is also fairly well described by
the presented theory with the effective fields used in calculations.

Theory predictions for the field influence on the elastic constant cE44,
piezomodule d14, attenuation coefficient κ for 90◦ Z-cut of Rochelle salt,
relaxation times τi, as well as the dynamic dielectric permittivity in the
piezoelectric resonance region are presented. The expected field depen-
dences of cE44, d14, κ, τ1 are similar to those of static permittivity. On the
contrast, the temperature behavior of the permittivity in the resonance
region can be qualitatively changed by the external field; this is due to
the increase of the resonance frequencies with the field.

In the microwave region an existence of a cut-off frequency for sound
propagation in 90◦ Z-cut is expected [11]. The longitudinal field has been
shown to strongly increase the cut-off frequency, as well as the microwave
dielectric relaxation frequency. These effects are due to the decrease of
the relaxation time τ1 with the field.

It is argued that the origin of external field screening at high temper-
atures is the space-charge build-up at blocking electrodes. A presumed
exponential decrease of charge carrier concentration with decreasing tem-
perature explains why screening is not observed near the lower Curie
temperature. No attempt to explicitly describe space-charge buildup has
been undertaken in the present paper. This problem will be the subject of
a separate publication. Such calculations will permit to describe the field
dependences of polarization, where the contribution of the space-charge
polarization must be taken into account.
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