
Abstract. Dielectric spectroscopy of polarization phenomena
and electromigration kinetics is fraught with discrepancies.
The removal of these discrepancies and the generalization of
the available data using the theoretical models introduced here
allow the basic features of proton relaxation to be revealed. The
features of proton relaxation and conduction are established for
ice and then extended to more complex structures such as
crystalline hydrates and micas. A theory is advanced which
allows proton relaxation in hydrogen-bonded crystals to be
explained. Relaxation and electromigration mechanisms as
well as the types and parameters of relaxators are established
and the electretic properties of micas analyzed.

1. Introduction

Dielectric spectroscopy of crystals implies the experimental
determination of the spectra of thermally stimulated depolar-
ization and polarization currents (TSDC and TSPC, respec-
tively) and complex permittivity spectra (e, tan d) as well as
theoretical analysis of them using kinetic equations and
computational methods of mathematics [1 ± 5]. Dielectric
spectroscopy has been successfully applied to the investiga-
tion of real crystal structures like alkali ± halide crystals.
However, studies of hydrogen-bonded crystals are hampered

by the difficulties encountered in the construction of polar-
ization and carrier transport theory. N Bjerrum suggested the
concept of ice structural defects and thus made the first step
towards examining hydrogen-bonded crystals. H GraÈ nicher
used Bjerrum's ideas to explain electrical conduction and
polarization in ice. C Jaccard and M Hubmann proposed a
phenomenological theory of ice electric properties.

Thousands of papers on the electrophysics of ice have
been published during the last half-century. The present
review summarizes the most interesting and important ones.
Our purpose was to exclude from consideration any doubtful
facts when discussing a large number of conflicting experi-
mental findings, select the most valuable data, provide an
adequate theoretical interpretation, and elucidate mechan-
isms of polarization and carrier transport.

Materials containing hydrogen bonds are considered to be
of special value for technical needs largely by virtue of their
excellent insulating properties (micas, talc, kaolin). They can
be used to ensure insulation under extreme conditions (strong
fields, high frequencies and temperatures, and ultrasonic
effects). This brings up the necessity of in-depth studies of
the mechanisms underlying dielectric relaxation in crystals
with proton conduction. The ideal material for this purpose is
single-crystalline ice wherein the proton relaxation along
hydrogen bonds manifests itself as the migration of ioniza-
tion (H3O+, OHÿ) and orientation (L, D) structural defects
(Bjerrum defects).

The physical aspects of the theory of thermally stimulated
currents (TSC) in ice developed in the present review pertain
to the comparison of experimental and computed spectra and
are intended to facilitate an understanding of the mechanism
responsible for TSC origin as a result of the breakdown of
hetero- and homocharges.
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The present review discusses evidence of the doping effect
on TSC in crystalline ice. The ice was dopedwithHCl which is
known to generate L-defects, and NH4OH giving rise to D-
defects. L-defects are actually broken hydrogen bonds devoid
of a proton. D-defects are characterized by the presence of
two protons on one hydrogen bond. Ice is peculiar in that the
configuration vector influences the dynamics of the orienta-
tion (L and D) and ionization (H3O+, OHÿ) structural
defects. Research into formation of negative TSDCs helps to
understand the electretic properties of ice.

General laws of proton conduction and relaxation
established using model ice crystals may be extrapolated to
more complicated dielectrics with hydrogen bonds. The
majority of current studies on such crystals as micas, talc,
kaolin, and gypsum consider polarization and carrier trans-
port regardless of hydrogen bond defects even though proton
migration along hydrogen bonds in these crystals constitutes
the main relaxation mechanism.Measurements of TSDC and
tan d in mica, gypsum, and talc revealed their identity. As ice,
these materials show TSDC and tan d maxima caused by
relaxation of H3O+, OHÿ, L- and D-defects and complexes
of them and by relaxation of dipoles of adsorbed and
structurally bound water.

Of special interest is phlogopite in which negative TSDCs
are generated, as in ice, giving rise to the electretic state.
Electretic properties of phlogopite may be of great value in
industry (memory cells, membranes).

This paper considers dipole relaxation described by a
system of differential equations for a crystal model in the
form of a set of m potential wells, which permits an analytic
solution. The theory explains polarization kinetics and
describes the thermal depolarization mechanism.

Proton dielectrics and semiconductors (micas, ice) may
prove to possess promising properties at low temperatures
when quantum effects become essential (for example, in
space).

2. Ice as a proton semiconductor

2.1 Defects of ice crystal structure
In the ice crystal lattice, oxygen atoms form the ordered
substructure corresponding to either wurtzite (hexagonal ice)
or sphalerite (cubic ice) [6 ± 9]. The electrical properties of ice
are characterized by high dielectric constant due to dipole
polarization [10 ± 19] and a rather small volume electric
conductivity [20 ± 27].

Bernal and Fowler [28] demonstrated that hydrogen
atoms in ice are arranged along lines connecting oxygen
atoms. This results in:

Ð one hydrogen atom per hydrogen bond;
Ð the hydrogen atom being closer to one of the two

oxygen atoms;
Ð there being two hydrogen atoms near each oxygen

atom.
Therefore, it is possible to construct �3=2�N configura-

tions for N molecules [8, 29 ± 31]. Hence, the entropy at zero
temperature is S � k ln�3=2�N � 0:8 cal kmolÿ1. Measure-
ments [32] around 0 K yield 0.82� 0.05 J Kÿ1 [33]. The
transition from one configuration to another with increasing
temperature is infeasible if the Bernal ± Fowler rules are
fulfilled.

Bjerrum [34] was the first to explain the violation of these
rules by the presence of structural defects (Fig. 1). The energy

of formation of an orientation defect pair is characterized by
the equation

2H>D� L�U0 : �2:1�

Ionization defects arise from a shift of an H+ along a
hydrogen bond from one oxygen ion to another according to

2H2O>OHÿ �H3O
� �U1 : �2:2�

The activation energy of ion defects is low because of proton
tunnelling [21, 35]. Ice crystals contain interstitial H2O
molecules and their vacancies, due to low-density and loose
structure [36, 37]. The H2O stacking factor is 0.34 [38].

GraÈ nicher [38, 39] explained the electrical properties of ice
by the migration of structural defects. Fundamental studies
by Jaccard [25, 40] on the dynamics of H3O+, OHÿ, D-, and
L-defects allowed him to develop a phenomenological
conduction theory for both classical and quantum-mechan-
ical proton transfers. The frequency-dependent permittivity
of ice [25, 40] is defined by an analog of the Debye formula

e0 ÿ ie00 � eS
1� iot

; �2:3�

while the relaxation time t in (2.3) is determined from a rather
complicated equation
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The high-frequency volume electric conductivity

s1 � s� � sÿ � sL � sD �2:5�
is due to majority defects responsible for a rather high partial
conduction [25]. In (2.3) and (2.4), the following notation was
used:
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Figure 1. Schematic representation of ion defect (a) and D-defect (b)

transitions in hexagonal ice.
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where Si � s� � sÿ, and So � sL � sD.

The conduction in a static electric field (low-frequency
conduction) is defined by a minority charge carriers [25]:
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Here, si is the partial volume electric conductivity of defects
(i � H3O

�, OHÿ, D, L); p and q are the effective charges of
ion and orientation defects (it should be borne in mind that
p 6� q); b is the distance between oxygen ion and the nearest
proton; r � a� 2b; e is the proton charge, and a is the
distance between protons on the same hydrogen bond.

Neither the conductivity nor dielectric constant shows a
frequency dependence if the low- and high-frequency electric
conductivities are equal in the narrow region of the so-called
`cross-over' [41, 42] (Fig. 2). In that event s0 � s1. The
existence of `cross-over' explains results of a large body of
research [9, 24, 43 ± 47]. It follows from the Jaccard theory [25]
that the principal mechanism of charge transfer in pure ice
crystals is associated with orientation defects. Theoretical
estimates of the mobility of ion and orientation defects are in
good agreement with experimental findings [48]. Jaccard was
the first to introduce the configuration vector X [40] which
allowed for a specific direction in space of hydrogen bonds to
be taken into consideration:

X �
�T
0

�j1 ÿ j2 ÿ j3 � j4� dt �
�T
0

X4
k�1

Zkjk dt : �2:9�

Here, X characterizes the flow of defects; Zk � �1, ÿ1, �1,
ÿ1 for H3O+, OHÿ, D, and L, respectively, and jk � vknk are
their partial fluxes.

A proton shift along or between hydrogen bonds means a
jump of the defect by Dl. The modulus of the configuration
vector is equivalent to the product of Dl and the quantity n
which is actually the difference in the number of protons
displaced along the electric field and in the opposite direction
[40]:

jXj � nDl ;

where

Dl � 4r1
3

; r1 � 2:65� 10ÿ10 m:

The Jaccard theory was further developed in a work by
Hubmann [71], who examined a broad spectrum of defects
including (H3O+, L) and (OHÿ, D) complexes.

Kryachko [72] denied the existence of Bjerrum defects and
suggested a king-soliton model of orientation defects in the
hydrogen-bond network of ice crystals. A king-soliton is a
stable transient state between the H2O subsystem, where all
OHÿ-dipoles are at a minimum position with the angle
Y � ÿYe, and the H2O subsystem in which all dipoles
occupy the equivalent positions with Y � Ye. However, the
cooperative mechanism suggested by Kryachko does not
explain the results of measuring a complex permittivity,
thermally stimulated currents, and electric conduction. The
existence of a king-soliton in ice was not confirmed by
experiment.

2.2 Complex permittivity
and volume electric conductivity of ice
Many authors offer similar interpretations of complex
permittivity spectra in ice (Fig. 3) [11, 49 ± 53, 45, 42, 24, 14,
15, 17]. The temperature dependence of the dielectric
relaxation time is shown in Fig. 4 [53]. The experimentally
found activation energy above 223 K is 0.575 eV, in
agreement with [11]. However, Ref. [15] reports a different
activation energy of 0.23 eV at around 223 K [54]. This latter
energy used to be related to the diffusion of L-defects; its
value is consistent with Jaccard's calculations [40]. The
activation energy measured above 223 K may be compared
with the activation energies obtained from measurements of
ice internal friction (0.58� 0.02 eV) [55], proton spin-lattice
relaxation (0.611� 0.004 eV, 0.58 eV) [56, 57], and the
diffusion of hydrogen and oxygen atoms (0.63� 0.04 eV,
and 0.67� 0.08 eV) [36].

Measurements of ice's heat capacity [29, 58] and residual
entropy [29, 31] at a low temperature suggest that H2O
molecules are orientationally disordered in ordinary hexago-
nal ice. This inference is confirmed by neutron diffraction and
IR ice spectra [8, 59]. Also, the ferroelectric phase transition in
low-temperature ice was assumed to occur on fulfilling the
Curie ±Weiss law [14, 15, 46, 53, 54, 60 ± 64]:

eo ÿ e1 � A

Tÿ TC
; �2:10�

where TC is the Curie temperature. Such a transition at
T < 100 K must have resulted in a jump of heat capacity
[66] and a fall in entropy to below 0.1 J kmolÿ1 [65 ± 70], which
were never confirmed.

Ref. [14] describes the distribution of relaxation times in
the temperature range from 165 to 250 K, whereas only one
relaxation time was recorded at T > 250 K [62]. According to
Ref. [54], the smearing of the relaxation time spectrum is due
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Figure 2. Temperature dependences of low-frequency (so) and high-

frequency (s1) conductivities intercepting at the `cross-over' temperature

Tc [18].
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to the presence of chemical impurities and structural inclu-
sions in the crystal.

Certain authors have tried to derive the constant in the
Curie ±Weiss law from permittivity spectra [15, 60, 61, 64].
The anisotropy in the directions parallel and perpendicular to
the axis C was found to be around 13% and 21%,
respectively, near the melting point. At 123 K, it was 41%
for H2O and 48% for D2O [15 ± 63]. The anisotropy of the
permittivity found in [53] near the melting point did not
exceed 10%, whereas it was only 1% in the temperature range
of 200 ± 273 K [62]. According to [15, 16, 63], the Curie ±
Weiss temperature for H2O and D2O came out to 0 K when
the electric field vector was normal to the axis C, and 46 and
55 K when it was parallel to the same axis. This obvious
discrepancy questions the existence of the ferroelectric
transition.

Theoretical studies of ice's dielectric properties at the
atomic level have actually been of a semiphenomenological
nature [6, 25, 40, 41, 71, 73 ± 76]. They demonstrated that
hydrostatic pressure affects e [47]. Also, they provided
evidence of dipole polarization changes by the action of
mechanical tension and the documented effect of ice crystal
ageing on dielectric properties [77]. This effect was examined
by measuring ice density [78], coefficient of elasticity [79], and
proton spin-lattice relaxation [80]. The effect of crystal ageing
on ice dielectric properties was investigated in Refs [49, 77,
81 ± 86]. These studies revealed the time dependence of low-
frequency dispersion. Progressive separation of the Debye
and low-frequency dispersions with time was related to the
thinning down of the quasi-liquid layer covering the ice
surface [21, 49, 87 ± 89], which is believed to occupy the
intercrystallite space [49, 86, 90 ± 92]. The high probability
of this was postulated in Refs [86, 31 ± 96].

IfU1 is the activation energy related to the formation of a
pair of orientation (D, L) defects and U2 is the activation
energy of reorientation of H2Omolecules due to migration of
L-defects, then the activation energy of the relaxation process
takes the form

U � U2 �U1

2
: �2:11�

Some authors have reported U1 � 0.685 and U2 � 0.238 eV
[23, 25]. In highly purified crystals at temperatures below
210K, the activation energy falls down to 0.26 eV [14 ± 16, 18,
53, 54, 61]. It has been suggested that equilibrium Bjerrum
defects make the greatest contribution to dielectric relaxation
at high temperatures, whereas defects related to impurities
and structural inclusions play a major role at low tempera-
tures [47]. Refs [41, 44] attribute the variation of activation
energy to the transfer from the motion of orientation defects
prevailing at high temperatures to that of ionization defects at
low temperatures, in compliance with what was shown in Ref.
[21]. The activation energy of 0.256 eV [14] corresponding to
an L-defect agrees satisfactorily with the activation energies
of 0.238 and 0.29 eV obtained in Refs [23, 25]. Decreasing the
temperature to around 150 K once again changes the slope of
the temperature dependence of relaxation time. According to
[61], the mechanism of H2O molecule reorientation in this
temperature region varies, being shifted from reorientation of
individual molecules at high temperatures to collective
reorientation at low temperatures. The Debye dispersion
region was scrutinized in Refs [14, 16, 43, 54, 97 ± 99]. The
effects of volume charge in pure and doped ice were discussed
in works [17, 24, 46, 53, 95, 100, 101].
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Figure 3. Temperature-frequency spectra of real (a) and complex (b)

parts of the permittivity of pure single-crystalline ice (||C): 1 Ð 0.3 kHz;
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It is of certain interest to consider the temperature
dependences of low- and high-frequency volume electric
conductivities in pure and doped ice [23, 71, 44]:

s1 � s� � sDL ; �2:12�
�e� � eDL�2

so
� e2DL

sDL
� e2�
s�

: �2:13�

Complexes involving one positive ion defect and one
negative orientation defect (H3O+, L) were discussed in Ref.
[64], where their strong fixation in the crystal lattice was
disclaimed while the diffusion of H3O+ and L defects is
supposed to make a major contribution to the dielectric
polarization and conduction in ice. This view is shared by
the authors of Refs [23, 41] who believe that such complexes
must show properties of ionization defects and, under certain
conditions, play the definitive role in dielectric relaxation
notwithstanding the involvement of L-defects in theirmotion.
The same authors proposed models to calculate the tempera-
ture spectra of volume electric conductivities so, s1; the data
obtained proved to be consistent with experimental findings.
They also considered the generation of a free L-defect and ion
defects by each HF molecule at concentrations satisfying (in
accordance with the law of mass action) the relation

�nH3O��2
nF

ÿ nH3O� � K ; �2:14�

where nF is the concentration of F, and K � const. At
relatively high concentrations one obtains

nH3O� /
�����
nF
p

: �2:15�
A similar defect diffusion mechanism has been considered in
alkali ± halide crystals [102, 103].

The fulfillment of relation (2.4) was confirmed by the
dependence

so / �����
nF
p �2:16�

experimentally established at relatively high HF concentra-
tions; at low nF concentrations, so and nF values turned out
yet to be proportional [25, 104, 105]. In addition to the role of
(H3O+, L) complexes in dielectric relaxation, the authors of
Ref. [41] noticed a change in the mechanism of motion for the
majority and minority charge carriers at the `cross-over'
temperature [9, 18, 77, 106 ± 109]. The `cross-over' condition
is illustrated by Fig. 2. Since the activation energy of low-
frequency conductivity exceeds that of high-frequency con-
ductivity, the `cross-over' may be absent in pure ice crystals.
At Tc, when the mechanism of motion of majority and
minority defects undergoes alteration, partial fluxes of ion
and orientation defects become identical (see Fig. 2):

si
p
� sB

q
: �2:17�

According to [110] we have

eÿ e1 � eS ÿ e1
1� iot

; �2:18�

and it is possible to write down

�s1 ÿ so�t � eo�eS ÿ e1� � eoDe �2:19�
for the volume electric conductivity. In the case of the `cross-
over'

so � sB � si : �2:20�

The analysis in Ref. [41] demonstrated that the `cross-
over' appears at equal concentrations of an impurity and the
Bjerrum defects it generates. Two `cross-overs' are likely to
arise when the HF impurity undergoes not total dissociation
[41].

The dielectric characteristics of ice containing HF
impurity have been investigated over broad temperature and
frequency ranges [23, 24, 43, 111], whereas the properties of
HCl-doped ice are poorly known.

The complex permittivity spectra of ice have been
examined at 20 Hz ± 20 kHz frequencies over a relatively
narrow concentration range of 2� 10ÿ6 ± 2� 10ÿ4 M HCl
[95]. The results obtained at high temperatures proved to be in
line with those reported in Refs [11, 12, 112] and were later
confirmed at a sufficiently high level of HCl impurity [113].
The similarity of complex e spectra in HCl- andHF-doped ice
was demonstrated in [25, 42, 65, 113, 114]. The concentration
dependence of the volume electric conductivity at low
impurity levels (< 10ÿ4 M) observed at low frequencies
turned out to be at variance with that obtained in [115],
where the minimum in volume electric conductivity was
found. Ref. [100] concerned the temperature dependences of
low (so)- and high (s1)-frequency volume electric conducti-
vities, Debye and migration relaxation time spectra, and the
temperature region adjacent to the `cross-over' Tc in HCl-
doped ice single crystals in a narrow concentration range of
10ÿ5 ± 10ÿ4 M. In this case, so was proportional to the HCl
concentrations and showed no temperature dependence at
T > Tc due to total dissociation of the molecular admixture
(HCl), which generated ion defects (H3O+) in the crystal
lattice. At T < Tc, the dependences had the form

s1 ; so / ���������
nHCl
p

:

Such behaviour of the temperature and concentration
dependences of so was in conformity with previous observa-
tions [24, 43], although the characteristics of the s1 spectra
were at variance with those found in an early study [116].
Also, the temperature dependence of the conduction activa-
tion energywas shown to have anomalous patterns. The value
of Us turned out to be 0.3 eV [25, 42, 104] regardless of the
impurity level in the range from 10ÿ5 to 10ÿ2 M HF.
According to [117], a similar behaviour for Us was observed
in HCl-doped ice. On the other hand, one more study [95]
revealed a concentration dependence of Us. And similar
results were obtained for HF-doped ice [115]. In the latter
case, the minimum of Us occurred at an impurity level of
� 1� 10ÿ4 M. Such a discrepancy between themeasurements
of complex s and ewas characteristic of both pure and doped
ice [12, 20, 22, 25, 26, 118 ± 121]. The experimentally found
dielectric properties of pure and doped ice in an alternating
current, the existence of the `cross-over', and the presence of
low-frequency Maxwellian relaxation were readily described
by phenomenological computation [23, 25, 40, 71, 122] based
on the Jaccard theory. The reasons for significant discrepancy
between measured results have to do with the following:

Ð the dielectric properties of ice are affected by crystal
growth and specimen annealing conditions [77, 123], and

Ð it is difficult to obtain nonblocking contacts for ice
[124].

In [20], platinum electrodes were used, overlaid with a
hydrogen-saturated palladium film. The use of hydrogen-
saturated palladium was also recommended in Ref. [125].
Jaccard [25] obtained electrodes by evaporating gold in a high
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vacuum, while the authors of Ref. [42] used the so-called
`sandwich' electrodes of HF-doped ice in which the impurity
level was almost 10 times that in the sample. Proton electrodes
were proposed in [126], however their quality was questioned
[127, 128].

The use of blocking electrodes to measure the complex
permittivity of ice resulted in a volume charge around them
which accounted for the overestimation of the real part of the
dielectric constant at superlow frequencies. According to [95,
129], a volume charge can influence dielectric properties of ice
through the presence of dissolved air bubbles. The volume
charge impact on the permittivity spectrum was documented
in Refs [23, 42, 100, 130, 131].

A rise in temperature (T > 240 K) enhances the role of
surface electrical conduction which dims themeasurements of
dielectric parameters [18, 96, 108, 132, 133]. It has been
demonstrated both in theory and experiment [96, 132] that
in this case the ice surface is a quasi-liquid layer. Ref. [44]
recommends measuring the ice dielectric characteristics in an
inert gas. Measurements in a vacuum are attended by the
continuous sublimation of H2O molecules and the inflow of
the defects to the surface of the crystal which impairs
reproducibility. The choice and preparation of electrodes
are crucial for measuring the dielectric parameters of ice.

Analysis of the experimental dielectric characteristics of
ice has shown that both current measuring techniques and the
theoretical interpretation of the results are imperfect. Special
attention should be given to near-electrode polarization and
surface conduction which are apt to mask the real values of
the volume electric conductivity and the complex permittiv-
ity. These requirements were met in Ref. [134]. Temperature
vs. frequency curves of tan d are available for ice polycrystals
(Fig. 5). The ln t dependence on 103=T (see Fig. 6) has two
slopes (curve 1) corresponding to activation energies of
U1 � 0:63� 0:08 eV and U2 � 0:25� 0:05 eV. Spectra 2 ± 5
appear to occur in a higher-frequency region than spectrum 1,
probably due to effect of the volume charge field on the
relaxation time spectrum. The existence of a set of relaxation
times at lower temperatures is confirmed by the Cole andCole

plots (Fig. 7) at 262, 253, and 247 K (curves 1, 2, and 3,
respectively), which are impossible to separate based on
dielectric losses. The Cole and Cole plots imply at least three
sets of relaxators.

To summarize, tan d and e spectra bear incomplete
information about the types and parameters of relaxators in
ice.

2.3 Thermally stimulated currents (TSC) in ice
The depolarization TSC technique is based on the polariza-
tion of a dielectric specimen in an electric field at a sufficiently
high temperature during a period longer than the relaxation
time, followed by rapid cooling, removal of the polarizing
field, closing the dielectric/electrometer circuit and, finally,
measuring the electric current which passes through the
specimen [10]. The temperature dependence of TSC may
feature several peaks corresponding to the relaxation of
selected groups of defects. To measure TSPC spectra, the
dielectric is first cooled in the absence of an electric field, then
the field is applied and the current through the sample is
measured, whilst being heated. The temperature dependence
of polarization TSC also displays several maxima. The
resolution of the TSC method allows groups of relaxators to
be separated which is not an easy task when dealing with an
alternating current. The TSC technique has wider application
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Figure 5. Frequency dependences of tan d in pure polycrystalline ice at

different temperatures: 1 ì T � 263 K; 2 ì T � 256 K; 3 ì T � 247 K;
4ì T � 240 K; 5ì T � 230 K; 6ì T � 200 K [134].
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Figure 7. Cole and Cole plots for ice [134].
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for the analysis of relaxation time spectra than tan d and e
measurements, since TSC measuring instruments ensure a
100 times higher accuracy of reading than that achieved by
measuring the Q-factor of contours. Moreover, measurement
of the TSC, unlike that of tan d, does not require tuning to the
fundamental polarization harmonic.

The TSDC curve for pure ice normally shows two main
current peaks at around 120 and 220 K [10, 60, 97, 135 ± 141].
In an early work by Dengel et al. [142], the low-temperature
(LT) currentmaximumwas apparent at 110K. Then a change
in the current directionwas observed and aminimumat 125K
manifested itself, which the authors tried to relate to the
ferroelectric transition near 100 K. In the neighbourhood of
this temperature, there occurred jumplike changes of heat
capacity [68, 143], Young's modulus [144], and polarization
[13, 145 ± 148] in both pure and HF-doped ice. In [149], the
nature of the LT maximum of TSDC was accounted for by
trapping Bjerrum defects in the lattice and their subsequent
thermally induced release upon heating of the specimen.

The TSPC spectra in HF-doped ice showed maxima at
around 100 and 125 K [150]. The LT peak shifted to a lower
temperature region with growing HF levels. The LT peak of
TSPC was attributed to the relaxation of H2O dipoles due to
the migration of L-defects [150]. According to [25, 40], the
relaxation time depends on the concentration of L-defects, i.e.
on HF levels:

1

t
/ nL : �2:21�

It follows from (2.21) that the TSC peak shifts to a lower
temperature region with growing HF levels. In [150], the
TSDC spectrum in HF-doped ice (nHF � 9� 1022 mÿ3)
showed peaks at the same temperatures. However, the second
TSC peak was followed by a negative current minimum at
around 138 K. The general shape of the TSC spectrum in Ref.
[150], for instance, the presence of the current maximum and
minimum, and their temperature-dependent positions were
consistent with the data of [142] and could be accounted for by
the ferroelectric transition. However, the authors of [142]
explained the TSC minima by the processes in ice near the
electrodes. The possibility of transition of the ice's crystal
structure to the ferroelectric phase was assessed by the TSC
method in Refs [13, 145, 151, 152].

The relaxation of H2O dipoles caused by the migration of
L-defects and responsible for the LT maximum of TSC was
considered in [97, 114, 135 ± 141, 153]. At the same time, the
authors of Ref. [151] attributed the thermally stimulated
depolarization currents at 125 K to volume-charge phenom-
ena at the blocking electrodes. On the other hand, an LT
maximum of TSDC occurred when both blocking and gold-
sputtered electrodes were used [135].

The results of TSC measurements in pure and doped ice
used to be interpreted solely by applying the Bucci andFieschi
formula [154] and the Curie ±Weiss law [60]. It should be
emphasized that the configuration vector would be equally
helpful in the interpretation of experiments with ice as a
proton semiconductor.

Ref. [151] considers the parameters of two additional
relaxation processes in ice presenting with TSDC maxima
around 150 and 160 K, with activation energies of 0.28 and
0.6 eV and frequency factors 1:2� 10ÿ8 and 5� 10ÿ17 sÿ1,
respectively. The shape of the experimental LT peak was
fairly well described by the Bucci and Fieschi formula [154].
At the same time, the authors of Ref. [60] identified two or

even three relaxation processes giving rise to the LT
maximum of TSDC. According to [137], the parameters of
this maximum were unaffected by the water purity, whereas
the authors of Ref. [150] maintained that they depend on HF
doping. Furthermore, the LT maximum was shown to be
proportional to the strength Ep of the polarizing electric field,
whereas the position of the LT peak Tm turned out to be
independent of either Ep or the polarization temperature Tp

[137, 138]. The parameters of LT maxima for single- and
polycrystalline ice samples were reported to be stable [137].
The concentration of defects in polycrystal samples increased
due to the presence of grain boundaries, dislocations, and
inclusions. It was inferred in Ref. [137] that LT dielectric
relaxation was independent of the external defect concentra-
tion. Investigations of the TSC dependence for ice single
crystals dopedwithHF revealed a current peak at 107K [145].
The authors explained the presence of this peak by ionization
H3O+ defects generated by the HF impurity.

On the one hand, the TSC maximum near 220 K used to
be attributed to volume charge dissipation [152]. On the other
hand, this maximum was approximately described by the
Bucci and Fieschi formula [154] and defined as amonorelaxa-
tion peak [136]. Ref. [142] demonstrated the participation of
ion defects in high-temperature relaxation processes, whereas
Ref. [148] reported the contribution of the ionization defect
relaxation to a TSC peak at 107 K.

To summarize, there are conflicting interpretations of
TSC spectra in the scientific literature, and the mechanisms
of relaxation processes in ice remain conjectural.

Ref. [134] reports recent TSC measurements in ice.
A typical TSC spectrum for polycrystalline ice is shown in

Fig. 8. TSC peaks can be seen at 127, 139, 158, and 230 K
under a heating rate of c � 2:4 K minÿ1. The nonlinear
dependence of ln I on 103=T for the LT peak was established
in [155]. Ref. [60] considers the probable contribution of three
different relaxation processes to the LT maximum. The
authors managed for the first time to explicitly obtain a
current maximum in pure ice with U1 � 0:1� 0:01 eV,
t01 � 3� 10ÿ5 s at 97 K (peak 1) at the leading edge of the
LT peak. This maximum failed to be seen by other authors

60 100 140 180 220 T, K

10ÿ9

10ÿ10
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97 K

139 K

127 K
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230 K

Figure 8. TSC spectrum of polycrystalline ice at a polarizing field strength

Ep � 1:5� 105 Vmÿ1, polarization temperatureTp � 240 K, polarization

time tp � 15 min, and heating rate c � 4� 10ÿ2 K sÿ1 [134].
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because of the superposition of a stronger relaxation process
at 127 K (peak 2) with U2 � 0:23� 0:01 eV,
t02 � 1:73� 10ÿ9 s due to a higher concentration of L-
defects influencing the position of the peak [60, 135].

Peak 1 appears to be due to the tunnelling of ion H3O+

defects whose mobility is slightly dependent on temperature.
No TSC maxima were found in Ref. [156] in the range from
helium temperature to 90 K. The authors also assumed that
the charge calculated from the maximum parameters is
proportional to the square root of the HF concentration.
Based on this assumption, they considered the quantum-
mechanical character of H2O-dipole reorientation by ioniza-
tion H3O+ defects. In this experiment, the same maximum
also occurred in pure polycrystalline ice.

Parameters of the current maxima at 139 K (peak 3) and
158 K (peak 4) with activation energies U3 � 0:28� 0:06 eV
and U4 � 0:5� 0:1 eV, while t03 � 1:8� 10ÿ10 s and
t04 � 2:5� 10ÿ16 s, respectively, were obtained by thermal
purification. The change in the peak 3 temperature (Tm) for
different samples did not exceed�3 K, and that for peak 4, at
most, �5 K. The activation energy of peak 2
(U2 � 0:23� 0:01 eV) agreed closely with that
(U � 0:235 eV) obtained by Jaccard [25] for the diffusion of
L-defects.

Themeasured values proved to be in good agreement with
the computed ones. The characteristic parameters of peaks
1 ± 4 are presented in Table 1. The calculations were made
using the equation which governs TSDC [10, 154]:

j�T�� P0

t0
exp

�
ÿ U

kT

�
exp

�
ÿ 1

ct0

�T
T0

exp

�
ÿ U

kT 0

�
dT 0

�
;

�2:22�

where P0 is the initial polarization intensity, t0 the frequency
factor, U the activation energy, and c the heating rate.

The permittivity of ice at T � 130 K was calculated from
the characteristics of peak 2 using formula

eS ÿ e1 � Q

SeoEp
; �2:23�

where S is the sample area, and Ep is the strength of the
polarizing field. The total depolarization charge is numeri-
cally equivalent to the area enclosed by the peak 2 curve:

Q �
�1
0

I dt : �2:24�

The quantity eS ÿ e1 was 140� 10. According to Ref. [46],
eS � 130 in an ice single crystal at T � 130 K. Calculations
following Jaccard [25] and Hubmann [71] and assuming the
orientation polarization of H2O molecules to be due to the
drift of L-defects, gave eS ÿ e1 � 162 as an estimate [135]. In
polycrystalline ice, eS ÿ e1 � 192 at 135 K [14]. The observed
eS ÿ e1 value is in fairly good agreement with the above
theoretical and experimental findings and confirms the
orientational nature of peak 2.

The concentration of Bjerrum defects obtained from the
relation NB � P=�eBd� was � 9:4� 1017 mÿ3, whereas the
number density of oriented H2O molecules, nH2O � P=m,
reached 1:6� 1025 mÿ3 (here P is the polarization intensity
of the sample; eB is the effective charge of Bjerrum defects
equal to 0:38e; d is the crystal thickness, and m is the dipole
moment of an H2O molecule).

Repeating the TSC measurements on one sample resulted
in a shift of Tm for peak 2 to the lower temperature region
(down to 116.5 K) due to the increased Bjerrum defect
concentration with crystal ageing [150].

It appears safe to argue that the TSC spectra in single- and
polycrystalline ice give evidence of four groups of relaxators
and provide far more information about proton migration
than complex permittivity spectra. The Cole and Cole
diagrams also support the existence of relaxator groups.
Such relaxators are H3O+ (first TSC maximum), L-defects
(second TSC maximum), H2O and OHÿ (third and fourth
TSC maxima). The D-defects appear to contribute to the
third and fourth maxima which are close to each other, the
more so that one plot in Fig. 7 may correspond to several sets
of relaxators. Peaks 1 ± 4 in TSC spectra are independent of
the polarization temperature Tp, whereas peak 5 exhibits a
dependence onTp, which indicates that it is due to the volume
charge [10]. This polarization mechanism can be verified by
doping ice crystals with impurities capable of altering the
concentration of Bjerrum defects. The concentration of L-
defects in pure ice is 1018 mÿ3 [137, 138] and NH4OH doping
diminishes the L-concentration through the defect annihila-
tion. A similar fall may be expected to occur in the nOHÿ level
with increasing nNH3

. The possibility of selectively manipulat-
ing concentrations of individual structural defects allows the
mechanism of their action on TSC spectra to be elucidated.
As nHCl increases, peak 2 shifts to the lower temperature
region, in conformity with (2.21). The location of peak 1 at
low HCl levels (< 5� 10ÿ5 M) remains unaltered, whereas at
a higher concentration (> 5� 10ÿ5 M) it shifts to the higher
temperature region (Fig. 9). Figure 10 shows a series of TSDC

Table 1. Parameters of TSDC maxima in ice.

Peak No. Tm, K U, eV t0 expt�Tm�, s j�T �max, ¡ mÿ2 P0 calc, C mÿ2 t0 calc, (Tm), s

1
2
3
4

97
127
139
158

0.1�0.01
0.23�0.01
0.28�0.06
0.5�0.1

3.0�10ÿ5
1.73�10ÿ9
1.8�10ÿ10
2.5�10ÿ16

1.03�10ÿ9
3.0�10ÿ7
4.8�10ÿ8
6.0�10ÿ8

0.1�10ÿ7
0.2�10ÿ5
0.38�10ÿ6
0.31�10ÿ6

3.0�10ÿ5
1.73�10ÿ9
1.8�10ÿ10
1.6�10ÿ16
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130

Tm, K

Tm2

Tm1

120
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nHCl, mÿ3

Figure 9.Temperatures of TSDC peaks 1 and 2 as functions of nHCl in pure

ice [157].
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vs. nHCl curves for ice in the nHCl range between 10ÿ7 and
10ÿ3 M. The curves illustrate variation of characteristics of
current maxima as functions of nHCl. There is a weak
dependence of the characteristic parameters of peaks 1 and 2
on the material of the electrodes (stainless steel, aluminium,
and copper) (Fig. 11). Figures 9 and 12 present TSC
temperatures of peaks 1 and 2 found experimentally, their
maximal values and charges Q1;2 depending on the HCl

concentrations [134]. U1 increases to 0.22 eV with increasing
nHCl due to a better separation of the first and second
relaxation processes, as well as a larger area enclosed by the
TSC peak 1, in conformity with the Q1 / �nHCl�0:43 law, by
virtue of the involvement of ion H3O+ defects in the
relaxation process [38, 43].

The above relaxation mechanism for H3O+, OHÿ, L-,
and D-defects and H2O molecules is not directly associated
with a particular crystalline structure (e.g., ice) but is related
to specific features of the hydrogen bonds and is likely to
operate in any crystals where these bonds are present.

3. Electretic properties of ice

3.1 Phenomenological theory of thermally
stimulated currents in ice
The TSPC density can be found by solving a closed system of
equations for all partial defect fluxes. Assuming flux
components to be coordinate-independent, let us introduce
the following notations: ei and si are the effective charge and
the ith defect conduction, respectively (e1 � ÿe2; e3 � ÿe4;
e1 � e3 � e); e is the proton charge; e1 � 0:62e, e3 � 0:38e;
ji�t� is the projection of ith flux density on the x axis, andO�t�
and E are the corresponding projections of the configuration
vector and the electric field strength on the x axis. For the
configuration vector and partial fluxes, it is possible to write,
following [25, 122]:

dO
dt
�
X4
i�1

Ziji ; �3:1�

ji � nivi : �3:2�

Here, ni and vi are the defect concentration and velocity
respectively. The quantity Zi may be conveniently estimated
using Table 2. For partial fluxes one then obtains [157]

ji � �eiEÿ ZiFO�si�ei�ÿ2 ; �3:3�
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Figure 10. Temperature dependence of TSDC density at different nHCl

levels in ice (Ep � 105 V mÿ1, Tp � 240 K, tp � 15 min, and

c � 4� 10ÿ2 K sÿ1) [157]: 1 Ð pure ice; 2 ì nHCl � 4:8� 10ÿ7 ®; 3 ì
nHCl � 8:48� 10ÿ7 ®; 4ì nHCl � 1:7� 10ÿ6 ®; 5ì nHCl � 5� 10ÿ6 ®;
6 ì nHCl � 1� 10ÿ5 ®; 7 ì nHCl � 2:5� 10ÿ5 ®; 8 ì
nHCl � 4:88� 10ÿ5 ®; 9 ì nHCl � 9:3� 10ÿ5 ®, and 10 ì
nHCl � 1:2� 10ÿ3 ®.
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Figure 11. TSDC density as a function of temperature in HCl-doped

ice (nHCl � 1:7� 10ÿ7 M) with stainless steel (dashed line), copper (dot-

and-dash line), and aluminium (solid line) electrodes (Ep�105 V mÿ1,
Tp � 240 K, tp � 15 min, and c � 4� 10ÿ2 K sÿ1) [159].
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Figure 12. nHCl-dependence of charges corresponding to peaks 1 and 2

[157].

Table 2. Partial fluxes of structural defects in single-crystalline ice.

H3O+ OHÿ L D

i � 1

Zi � �1
ei � �e1

i � 2

Zi � ÿ1
ei � ÿe1

i � 3

Zi � ÿ1
ei � ÿe3

i � 4

Zi � �1
ei � �e3
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where F � 3:85kTr1 [71], r1 � 2:76A, k is the Boltzmann
constant, and T is the temperature. Equations (3.1) and (3.3)
give

dO
dt
� ÿ O�

F�s1=e2i � sB=e2B�
�ÿ1 � E

�
s1
ei
ÿ sB

eB

�
; �3:4�

where si � s1 � s2, and sB � s3 � s4.
The high-frequency volume conductivity equals [25, 40]

s1 � si � sB : �3:5�

Since polarization is absent (Ojt�0 � 0) at the initial moment
t � 0, the solution of (3.4) with respect to O leads to

O�t�
E
� exp

�
ÿ
�t
0

dt 0

tD�t 0�
� �t

0

�
si
ei
ÿ sB

eB

�
� exp

�
ÿ
�t 0
0

dt 00

tD�t 00�
�
dt 0 : �3:6�

Taking into account four types of charge carriers, the
expression for TSPC density assumes the form

j�t�TSPC �
X4
i�1

eiji � E�si � sB� ÿ FO
�
si
ei
ÿ sB

eB

�
� E�si � sB� ÿ
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The following notations are used in (3.7) and (3.8):
c � dT= dt is the heating rate, and

1

tD
� F

�
si
e2i
� sB

e2B

�
; ep �

�
si
ei
ÿ sB

eB

��
si
e2i
� sB

e2B

�ÿ1
:

Let us now consider the system of equations for TSDC
density in a crystalline ice sample with ohmic electrodes:

dO
dt
�
X4
i�1

Ziji ;

ji � si
e21
�eiEÿ ZiFO� ; E � 0 ;

9>>>=>>>; �3:9�

dO
dt
� ÿ O

tD�t� ;

Ojt�0 � O0 :

9>=>; �3:10�

The solution of (3.10) yields

O�t� � O0 exp

�
ÿ
�t
0

dt 0

tD�t 0�
�
: �3:11�

Taking into account (3.10), the TSDC density is written as
follows

jTSDC�T � �
X4
i�1

eiji � ÿ
X4
i�1

siZiFO�t�
ei

� ÿO0ep
tD

exp

�
ÿ 1

c

�T
T0

dT 0

tD

�
: �3:12�

The theoretical dependence described by (3.8) is shown in
Fig. 13. The curve exhibits TSCminima following the passage
of positive currents. There is a perfect coincidence of TSPC
curves both taking into account static conduction and
disregarding it. A minimum of negative current is apparent
at around 130 K. The calculated and experimental TSPC
density curves show maxima and minima at the same
temperatures (T � 110 and 125 K). The parameters of the
relaxators used for the computation are close to real ones;
some of them were obtained in the experiment.

Therefore, there is theoretical evidence that negative TSCs
in ice are due to the relaxation of four types of ion (H3O+,
OHÿ) and orientation (L, D) defects and reflect ice properties
related to proton relaxation.

3.2 Thermally stimulated negative currents in ice
Negative TSDCs in pure ice were first observed in [6] and
attributed to the homocharge formed and near-electrode
phenomena. In early works, they were not related to intrinsic
ice properties.

One of the pioneering studies on the depolarization TSC
in ice was carried out by Engelhardt and Riehl [147, 149].
Johari and Jones [60 ± 62] reviewed a wealth of TSC data for
ice and concluded that two facts may be considered estab-
lished with confidence: firstly, that the TSC spectrum is
multicomponent, and, secondly, that depolarization currents
correspond to the discharge of a heterocharged electret.

90 100 110 120 130 140 T, K

10ÿ12

j1, O
ÿ1 mÿ1

10ÿ13

ÿ10ÿ13

Figure 13. Theoretical dependence of j1 �T� calculated via (3.8) [157, 159].
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Precision measurements of ice's TSDC became possible
using carefully prepared standard samples of chemically pure
didistilled and degasified water having a volume electric
conductivity of less than 5� 10ÿ5 Ohmÿ1 cmÿ1 [158].

The theoretical description of TSDC and TSPC spectra in
ice samples with ohmic electrodes allows for the conclusion
that TSDC and TSPC can change sign upon discharge of a
homocharged electret from ice. It is convenient to begin
experimental verification of this inference with pure ice.

Figure 14 presents TSDC curves obtained after thermal
purification of samples at Tj 5 ± 6 K higher than the maximal
temperature Tm, followed by rapid cooling of the sample
down to T0. Further heating for tj � 15 ± 20 min induced
negative currents (NC). The positions of NC minima for
selected TSC peaks undergoing thermal purification
remained unaltered. Following thermal purification of the
second and third maxima, the NC peaks were localized at
116 K and 126 K, respectively.

Results of the calculations are presented in Fig. 15
illustrating the theoretical dependences of TSDC for differ-
ent concentrations of ion (H3O+) and orientation (L) defects
derived from formula (3.12). Figure 16 shows the experi-
mental second maxima of TSDC in pure, HCl- and NH4OH-
doped ice. Comparison of these curves demonstrates a fairly
good agreement between theory and experiment. The
dependence of the amplitude of peak 2 on the growing
NH4OH concentration becomes apparent as the peak shifts
to the lower temperature region. In the studied NH4OH
concentration range, the charge numerically equivalent to
the area enclosed by the curve of peak 2 is of the same order of
magnitude as the corresponding charge in pure ice. Compu-
ter-assisted computation using the familiar Bucci and Fieschi
formula (2.22) indicated that the area under peak 1 decreased
asQ / �nL�0:43. The permittivity of ice at 130 K, derived from
the formula

eS ÿ e1 � Q

EpeoS
;

and obtained from peak 1 characteristics for HCl-doped ice
(nHCl � 1:2� 10ÿ3 M) proved to be 300� 10, in agreement
with the model [122]. Taken together with the dependences of
Q, Tm on nHCl, nNH3

, this suggests the involvement of
ionization (H3O+) and L-defects in the relaxation process at
100 K and 127 K, respectively [114].

In addition to the observed TSDC dependence, Fig. 17
shows a theoretical TSDC dependence derived from formula
(3.12). There is a qualitative agreement between theory and
experiment [157, 159].

Therefore, the negative currents induced by homocharge
breakdown, predicted by the theory in question and found
experimentally in the TSDC spectra of pure, HCl-, and
NH4OH-doped ice reflect those properties of ice which are
related to changes of the configuration vector. These changes
follow the breakdown of the homocharge and are responsible
for the electretic state of ice. The resulting electretic charge is
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Figure 14. TSDC density as a function of temperature: TSC in pure ice

(solid line); TSC in thermally purified ice (dashed line); TSC in the same

sample after repeat thermal purification following thermal exposure at

T �135 K for tj � 15 ± 20 min [114] (Ep � 105 V mÿ1, Tp � 240 K,

tp � 15 min, and c � 4� 10ÿ2 K sÿ1 [159]).
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Figure 15. Theoretical dependences of TSDC density calculated using

(3.12) for different concentrations of H3O+- and L-defects [159]: 1 ì
nH3O� � 1018 mÿ3, nL � 1012 mÿ3; 2 ì nH3O� � 1019 mÿ3,
nL � 5� 1012 mÿ3; 3ì nH3O� � 1017 mÿ3, nL � 5� 1011 mÿ3 [114].

80 100 120 140 T, K

10ÿ7

j, ¡ mÿ2

10ÿ8

10ÿ9

2
1

3

Figure 16. Experimental temperature dependences of TSDC density: 1 Ð

pure ice; 2 Ð HCl-doped ice (nHCl � 4:8� 10ÿ7 M); 3 Ð NH4OH-doped

ice (nNH4OH � 5� 10ÿ7 M) [114, 159].
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set up by the relaxation of protons which migrate along
hydrogen bonds. It is precisely this process that determines
O0 as well as si and sB in formula (3.12). The concentration of
structural defects which is a function of the amount of proton-
donating and proton-accepting impurities, enters to O0, si,
and sB and determines both the position and the magnitude
of maxima and minima in TSC spectra.

The electretic state of ice arising from thermally stimu-
lated depolarization depends on two factors: the polarizing
electric field and the configuration vector, while the electretic
charge is produced by proton relaxation on hydrogen bonds.

The proton relaxation mechanisms underlying the evolu-
tion of the electretic state depend on specific features of
hydrogen bonds. Therefore, they must be operative not only
in ice but also in crystals containing structurally bound water.

4. Kinetic theory of polarization
and depolarization of hydrogen-bonded crystals

4.1 Complex permittivity
The phenomenological theory for the field-induced accumu-
lation of volume charge in dielectrics and semiconductors was
first suggested by MacDonald [160]. Later studies [161, 162]
demonstrated the marked effect of tunnelling transitions
overlooked by MacDonald for dielectric relaxation at low
temperatures.

We consider here transport processes for an ideal lattice
taking account of neither traps nor the recombination/
dissociation of charge carriers. The distance between equili-
brium positions a is taken to be equal to the lattice constant.
Such anapproximation is not too rough for proton relaxation.

An external electric field causes the redistribution of
charge carriers. Therefore, the potential relief assumed to be

rectangular depends not only on the coordinate x but also on
the time t. To simplify calculations, we consider the transport
of a single type of charge carrier and suppose the oppositely
charged carrier to have low mobility and the electrodes to be
blocking.

The following system of kinetic equations ensues from the
condition for the transition of relaxators between neighbour-
ing states iÿ 1, i, i� 1 [163]:

qni�t�
qt
� Aÿiÿ1; i niÿ1 ÿ �A�i; iÿ1 � Aÿi; i�1�ni � A�i�1; i ni�1 ; �4:1�

where ni is the concentration of ions in the ith state, andA�i; j is
the probability of ion transition from state i to state j per unit
time which may be presented in the form

A�i; j �
n0
2

�
exp

�
ÿU� jDUi; jj

kT

�
� B�i; j

�
: �4:2�

In (4.2), jDUi; jj is the change in the height of the potential
barrier following transition from state i to state j:

jDUi; jj �
q

�
j�xi� ÿ j

�
xi � a

2

��
; i < j ,

q

�
j
�
xi ÿ a

2

�
ÿ j�xi�

�
; i > j .

8>><>>: �4:3�

In (4.2) and (4.3), n0 is the frequency of ion oscillation in the
separate potential well,U is the height of the potential barrier,
q is the ion charge, k is the Boltzmann constant, j is the
electric field potential, and B�i; j take into account subbarrier
tunnelling transitions between neighbouring states in the
quasi-classical approximation, in accordance with [161, 162]:

B�i; j �
1

kT

�U�jDUi; jj

j2DUi; jj;0
exp

�
ÿ E

kT
ÿ 2d

�h

� �2m�U� jDUi; jj ÿ E��1=2� dE ; �4:4�

Bÿi; j � Z� bjDUi; jj ÿWk

�
1� jDUi; jj 1

kT

�
; �4:5�

B�i; j � Zÿ bjDUi; jj �Wk

�
1ÿ jDUi; jj 1

kT

�
ÿ 2jDUi; jjWt

kT
;

�4:6�
whereWk � exp�ÿU=kT�, andWt �exp

�ÿ �8d2mU=�h2�1=2�.
In (4.5) and (4.6) the following notations are introduced:

Z �Wt

�
1� 2b

X1
k�0

AkC
2k

�
�Wk

X1
k�0

Akb
k�1 ; �4:7�

b �
�
2md2

�h2U

�1=2

Wt

�
1�
X1
k�0

AkC
2k�1

�
2b1=2 ÿ 2k� 1

c

��

� 4md2

�h2
Wk

X1
k�0

Akb
k : �4:8�

Here, d is the width of the potential barrier, m is the ion
mass, b � 2d2mkT=�h2, c � ������������

U=kT
p ÿ ���

b
p

, and Ak �
2k�ÿ1�k=�2k� 1�!!.

It appears appropriate to transform the finite difference
equation (4.1) to an equation of the Fokker ± Planck type.
Using (4.2), (4.3) and (4.5), confining ourselves to the linear
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Figure 17. TSDC density as a function of temperature: experimental

dependence of TSDC density for HCl-doped ice (solid curve)

(nHCl � 8:5� 10ÿ7 M); experimental dependences of TSDC density for

the same sample following thermal purification (dashed curves); theore-

tical dependence calculated using (3.12) (dot-and-dash curve)

(Ep � 105 V mÿ1, Tp � 240 K, tp � 15 min, c � 4� 10ÿ2 K sÿ1 [159]).
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approximation in the expansion of potentials j�xi � a=2� in
powers of a=2, and taking into consideration that
E � ÿqj=qx, we find [163]

qn
qt
� D

q2n
qx2
ÿ m

q�En�
qx

: �4:9�

In (4.9), the diffusion coefficient (D) andmobility (m) have the
form

D � n0a2Z
2

; m � n0a2q
2

�
b�Wt

kT

�
: �4:10�

The kinetic equation (4.9) needs to be solved together with
the Poisson equation

qE
qx
� q

ee0
�nÿ n0� �4:11�

under the boundary conditions

qn
qx

����
x�0; d

� m
D

nE

����
x�0; d

;

�d
0

E dx � U0 exp�iot� ; �4:12�

whereUo is the amplitude of the applied external voltage, d is
the dielectric thickness, o is the angular frequency of the
external electric field, and n0 is the equilibrium ion concentra-
tion.

The initial condition has the form

n�x; 0� � n0 : �4:13�

By expressing x, t, and E through the dimensionless
quantities

x � x

a
; t � Dt

a2
; z � E

E0
�4:14�

and introducing the notations

r� nÿ n0 ; g � maE0

D
; c � aq

ee0E0
; Y � cgn0 ; �4:15�

the system of equations (4.9) and (4.11) can be rewritten, in
view of the boundary and initial conditions (4.12) and (4.13),
in a modified form

qr
qt
� q2r

qx2
ÿ g

q�rz�
qx
ÿYr ;

dz

dx
� cr ;

qr
qx

����
x�0; d=a

� g�n0 � r�z
����
x�0; d=a

;

�d=a
0

z dx � d

a
exp

iota2

D
; r�x; 0� � 0 : �4:16�

The nonlinear system of equations (4.16) has no exact
solution. However, it is not infrequent that g < 1; in this
case, z and r can be expanded in power series of g:

z �
X1
n�0

zngn ; r �
X1
n�1

rng
n : �4:17�

As a rule, the tangent of the dielectric loss angle is
measured using low intensities of the electric field. There-

fore, it will suffice to be confined in (4.17) to the terms linear
in g:

z � z0 � z1g ; r � r1g : �4:18�
The substitution of (4.18) into (4.16) yields

qr1
qt
� q2r1

qx2
ÿYr1 ;

qz0
qx
� 0 ;

qr1
qx

����
x�0; d=a

� z0n0 ; r1�x; 0� � 0 ;

�d=a
0

z0 dx � d

a
exp

iota2

D
: �4:19�

It follows from (4.19) that z0 � exp�iota2=D�. Eqn (4.19) is
solved using a Laplace transform. The solution of (4.19) in the
`image' is [163]

r1�p� �
n0

pÿ ioa2=D
1�������������

p�Y
p

� cosh
ÿ �������������

p�Y
p

x
�ÿ cosh

� �������������
p�Y
p �xÿ d=a��

sinh
ÿ �������������

p�Y
p

d=a
� : �4:20�

Passing to the original in variables x and t in expression (4.20)
and taking into account (4.15) and (4.18), we find

r�x; t� � ÿ 4mn0E0

d

X1
k�1

sin2�pk=2� cos�pkx=d�
1� iotk

�
�
exp�iot� ÿ exp

�
ÿ t

tk

��
: �4:21�

It follows from (4.21) that the distribution of charge carriers is
described by the sum of spatial harmonics, with only odd
harmonics making a nonzero contribution, each character-
ized by its own relaxation time tk:

1

tk
� 1

tM
� 1

tdk
; �4:22�

where tM � ee0=mqn0 is the Maxwellian relaxation time, and
tdk � d 2=p2k2D is the relaxation time due to diffusion.

It appears from (4.22) that the following situations should
be distinguished: Maxwellian relaxation at tdk 4 tM, diffu-
sive relaxation at tM 4 tdk, and an intermediate case at
tM � tdk. Similar to what was found in Refs [161, 162],
tunnelling of relaxators leads to non-Debye dispersion
below the characteristic temperature [163]

TS � 1

2k

�
�h2U

2d2m

�1=2

: �4:23�

The relaxation time decreases with increasing harmonic
number; hence, there is a periodic solution at t4 t1 [163]:

r�x; t� � ÿ 4mn0E0

d

X1
k�1

sin2�pk=2� cos�pkx=d�
1� iotk

exp�iot� :

�4:24�
Using (4.24) allows the polarization intensity averaged

over the coordinate to be computed:

P�t� � 8mn0E0

p2
X1
k�1

sin2�pk=2�tk
k2�1� iotk� exp�iot� : �4:25�
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The electric field energy scattered in a unit volume during
a period is derived from the expression

Q � ReERe
qP
qt
: �4:26�

The bar in (4.26) defines averaging over time.
Let us now calculate the imaginary part of the permittivity

e00 � 2

oE2
0

ReERe
qP
qt
: �4:27�

By substituting (4.25) into (4.27) and taking into account that
ReE � E0 cosot, we have

e00 � 8mqn0
p2

X1
k�1

tk
k2

sin2�pk=2�otk
1� o2t2k

: �4:28�

The real part of the permittivity is determined from the
Kramers ±Kronig relationship

e0 � e1 � 8mqn0
p2

X1
k�1

tk
k2

sin2�pk=2�
1� o2t2k

: �4:29�

4.2 Thermally stimulated depolarization currents
The TSDC is measured under specific experimental condi-
tions, that is after polarization of the `frozen' crystalline state
is completed accounting for the equilibrium number and
distribution of relaxators in the crystal. In this case, the
concentration of structural defects may be determined using
the Boltzmann distribution which greatly simplifies the
solution of the system of kinetic equations above [164].

Let us represent the model of a crystal as a system of m
sufficiently deep wells (layers) [2]. The concentration of
charged defects for the ith state found from the Boltzmann
distribution is

n0i � n0 exp
qji

Yp
; n0iÿ1 � n0 exp

qjiÿ1
Yp

; �4:30�

whence

n0i � n0iÿ1 exp
qDji; iÿ1

Yp
; �4:31�

where Dji; iÿ1 may be regarded as the difference of potentials
between equipotential layers i and iÿ 1, q is the effective
charge, Yp is the absolute polarization temperature:
Yp � kTp.

Neglecting the intrinsic field of relaxators, expression
(4.31) can be transformed to

n0i � n0iÿ1 exp
qaEp

Yp
;

or

n0i � n01a
2�iÿ1� : �4:32�

In (4.32), a � exp�qaEp=2Yp) and a is the lattice constant.
According to the charge conservation lawXm
i�1

n0i � n01a
0 � n01a

2 � . . .� n01a
2�mÿ1� : �4:33�

Let us multiply both parts of Eqn (4.33) by a2 and subtract
(4.33) from the product. Then we arrive at

a2
Xm
i�1

n0i ÿ
Xm
i�1

n0i � n0i a
2m ÿ n0i :

Therefore,Xm
i�1

n0i �
n01�a2m ÿ 1�

a2 ÿ 1
:

Since

n �
Xm
i�1

n0i ;

and taking into account (4.32), it follows

n � ni�a2m ÿ 1�
a2�iÿ1��a2 ÿ 1� :

Hence, the initial condition takes the form

n0i �
n�a2 ÿ 1�
a2m ÿ 1

a2�iÿ1� ; �4:34�

where n is the mean concentration of defects in the crystal.
When the contact with electrodes is good, the boundary

conditions have the form n0 � nm�1 � 0, and depolarization
is described by the above system of coupled nonlinear
differential equations (4.1) which describe transitions of
charged relaxators:

dn1
dY

b � ÿln1 � ln2 ;

. . . . . . . . . . . . . . . . . . . . . . . . . . .

dni
dY

b � lniÿ1 ÿ 2lni � lni�1 ;

. . . . . . . . . . . . . . . . . . . . . . . . . . .

dnm
dY

b � lnmÿ1 ÿ lnm : �4:35�

According to [3, 2], one obtains

l � fn exp
�
ÿ U

Y

�
; �4:36�

f � v

2anÿ v : �4:37�
Here, v is the velocity of sound in a crystal, n is the natural
frequency of particle oscillations, U is the activation energy
for the movement of the charge between the layers, and
b � dY= dt.

The rate of transition to equilibrium state is determined by
the difference between particle concentrations in layers i.
There is no sense in transforming the system (4.35) to the
Fokker ± Planck equation [164]. Let us take advantage of the
approximation from Refs [2, 3], where it is assumed that

ni � n

m
ÿ ni�1 ÿ ni

2
: �4:38�

Using the expansion

ni�1 �
Xmÿ1
k�1

Ak�Y�Sk
i ; �4:39�
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in which
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m

r
sin

�
kpi
m
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�
; �4:40�

the system of equations (4.35) can be presented in the form
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By combining the first and the third terms in the right-hand
side of Eqn (4.41), we find that

dAk

dY
� ÿ 4l

b
Ak cos

2

�
kp
2m

�
: �4:42�

The latter equation may be used to determine parameters Ak:

Ak � ak exp

�
ÿ
�Y
Y0

4l
b
cos2

�
kp
2m

�
dY
�
: �4:43�

Let us substitute (4.39) and (4.40) into (4.38). After the
transformation taking into account (4.43), the concentration
of relaxators in the ith layer is

ni � n

m
ÿ 1

2

Xmÿ1
k�1

ak�Sk
i ÿ Sk

iÿ1�

� exp

�
ÿ
�Y
Y0

4l
b
cos2

�
kp
2m

�
dY
�
: �4:44�

Equation (4.44) suggests the independence of relaxation
modes characterized by the wave numbers k. The coefficients
ak may be calculated by using the initial conditions (4.34) and
normalization of eigenfunctions (4.39) and (4.38), fromwhich
it follows that

Xmÿ1
k�1

Sk0
i �Sk

i�1 ÿ Sk
iÿ1� � ÿ2 cos

�
kp
2m

�
dkk0 ; �4:45�

where

dkk0 � 1 ; k � k0 ,
0 ; k 6� k0 .

�
�4:46�

Let us write (4.45) for ni�1 and ni atY � Y0. The subsequent
transformation yields

Xmÿ1
i�1

Sk0
i �n0i�1 ÿ n0i � �

1

2
ak
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where
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If the product of sines is substituted by the difference of
cosines, then

Xmÿ1
i�1

Sk0
i S k
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1 ; k � k0 ,
0 ; k 6� k0 .

�
Taking into consideration (4.34), (4.45), and (4.46) leads to
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2

�a2 ÿ 1�2
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i a
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Let us substitute (4.40) into (4.48) taking into account the
expression for a. Then, the summation of (4.48) over i yields

ak �
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2

m
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�a2 ÿ 1�2
a2m ÿ 1

�
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As a result, the concentration of charged relaxators is
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To summarize, the rate of charge redistribution between
different layers depends on the deviation of internal para-
meters from equilibrium values. This accounts for the
reciprocal motion of charged relaxators inside the layers.

Crystal polarization intensity is defined by the formula

P � aq

2

Xm
i�1
�mÿ 2i� 1��nmÿi�1 ÿ ni� : �4:51�

The TSC density being j � dP= dt � � dP= dY�b, the sub-
stitution of (4.50) into (4.51) leads to
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The minus sign indicates that the current density vector and
the intensity of the electric field have opposite directions.

In our case, k5m, m4 1.
By expanding trigonometric functions in a series, it is

possible to simplify (4.52) and obtain a formula which
facilitates calculations using a computer:

j � ÿ 8aqn

m
l
X�mÿ1�=2
k�1

exp

�
ÿ
�T
T0

p2l�2kÿ 1�2
bm2

dT

�
; �4:53�

where k � 1; 2; 3; . . ., and b � dT= dt.
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5. Proton relaxation in crystalline hydrates
and micas

5.1 Relaxing structural defects. TSDC spectra
in hydrogen-bonded crystals
In complex crystalline structures containing water and OHÿ

radicals (crystalline hydrates, micas), the assembly of relaxa-
tors includes water molecules, besides Bjerrum defects. Other
feasible relaxators are bonded by strong chemical forces and
may show up only when the temperature is sufficiently low
and tunnelling transitions are competitive.

Figures 18 ± 20 present the TSDC density spectra of talc,
phlogopite, and muscovite (common mica) at different Tp

and Ep. For the first six maxima, jmax � f�Ep� and
jmax � f�Tp� (Fig. 21) correspond to dipole polarization [10].
The TSDC density in peak 7 is not proportional to Ep. With
decreasing Tp, regardless of the annealing temperature Tan,
this peak tends to shift to the lower temperature region as far
as to overlap peak 6. At a fixed polarization temperature Tp,
the position of peak 7 depends on the sample annealing
temperature. It is therefore suggested that this peak is due to
volume charge relaxation.

The TSDCmaxima for talc were recorded at 86, 112, 180,
206, 230, 251, and 305 K. The TSDC peaks for gypsum
(CaSO4 � 2H2O), blue vitriol (CuSO4 � 5H2O) [165, 166], and
muscovite (KAl2�AlSi3O10��OH�2) were apparent at approxi-
mately the same temperature, while peak 7 for phlogopite
turned out to be markedly shifted (100, 130, 178, 206, 235,
260, and 405 K; see Fig. 21). Peaks 1 and 2 were very low and
showed up only when the intensity of the polarizing field was
in excess of 105 V mÿ1.

Thermal treatment of water-containing ionic structures
such as mica and talc may be an effective tool for the asses-
sment of the role of dipoles in the relaxation process, unlike
that of ice where all attempts to activate water molecules have
failed because of decomposition of the crystals.

Another way to act upon relaxators is by doping crystals
with proton-donating or proton-accepting impurities.

In order to understand the nature of the peaks related to
the relaxation of water molecules, the samples were sequen-
tially annealed in the temperature range from 473 to 1373 K.
At Tan � 473 K, most crystals lost water adsorbed at
separated layers which resulted in a 10 ± 100-fold reduction
of peak 4. Desorption occurred at Tan � 570 K [167].

Early structural changes in the talc crystal lattice appear
after annealing above 850 K due to the release of crystal-
lization water molecules [168]. This process terminates at
Tan � 1323 K. It starts at Tan � 333 K for calcium sulfate,
and at 573 K for copper sulfate. Just at these temperatures,
peak 3 subsides and disappears (see Fig. 18). In phlogopite,
this maximum disappears at Tan � 1037 K [168, 169] because
of the presence of water lenses and gas-liquid inclusions (see
Fig. 20). These inclusions also affect the height dependence of
peak 3 on the sample thickness (Fig. 22). The estimated
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Figure 18. Temperature dependence of the TSDC density for talc at

different annealing temperatures and Ep � 2� 105 V mÿ1, Tp � 300 K:

1Ðnoannealing; 2ìTan � 473K; 3ìTan � 1023K; 4ÐTan � 1323K,

TSPC in the absence of annealing atEp � 2� 105 Vmÿ1 and c � 0.1K sÿ1

[166].
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Figure 19.TSDC density as a function of temperature andEp in muscovite

at Tp � 300 K and tp � 15 min: 1 ì Ep � 2� 105 V mÿ1; 2 ì
Ep � 5� 105 V mÿ1; 3 ì Ep � 106 V mÿ1; 4 ì Ep � 5� 106 V mÿ1 and
c � 0:1K sÿ1 [166, 178].
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Figure 20. TSDC density spectrum in phlogopite for Ep � 106 V mÿ1,
Tp � 373 K, and d � 30 mm: 1�, 1ÿ ì natural; 2�, 2ÿ ì Tan � 873 K;
3�ì Tan � 1073 K; 4�ì Tan � 1373 K; 5ÐTDC density spectrum. The

sign alongside the digit defines the polarity of the sample [179].
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energy of water dipole attraction to the lower packet of
silicooxygen tetrahedrons in mica is 0.23 eV [168]. Within
experimental error, this value is close to the activation energy
of crystallization water molecules (peak 3) (Table 3).

Phlogopite crystals annealed to 1373 K appear to lose less
than 30%of their constitutional hydrated oxides [168]. In this
case, peak 5 (235K) does not totally disappear. Similar effects
are reported for talc, muscovite, crystalline hydrates of
calcium and copper sulfate [165, 166]. The activation
energies of OHÿ ions derived from IR and Raman scattering
spectra [168, 170] coincide, to within the error, with those for

peak 5 in TSDC spectra (Table 3). This means that peak 5 is
related to the relaxation of OHÿ ions.

The nature of peaks 1, 2, 5, and 6 was examined by the
method proposed in [171]. Doping of the samples in HCl and
NH4OH solutions of different concentrations for 60 ± 100
days resulted in a shift of maxima 2 and 6 relative to the
standard sample spectra. For HCl-doped crystals, it was
evident a shift of peak 6 to the lower temperature range,
according to (2.21), while the same peak for NH4OH-doped
crystals shifted to the higher temperature region. In the latter
case, there was a prominent rise in peak 5 (Fig. 23). Similar
shifts of TSC maxima are typical of doped ice crystals as well
[156].

It follows from the comparison of TSDC spectra and the
activation energies that peak 2 in both sulfate and silicate
crystalline hydrates is due to the relaxation of ion H3O+

defects, whereas peak 6 is related to the formation of
`vacancy+L-defect' (VL) or `vacancy+D-defect' (VD)
complexes [165]. In [172], the activation energy of VL (VD)
complexes is estimated to be 0.4 ± 0.5 eV, similar to our data
(Table 3). Also, complexes of interstitial molecules with L-
and D-defects are conceivable [173]. The types of relaxators
and their modes of orientation are presented in Table 4.

5.2 Electretic properties of phlogopite
Additional studies have been carried out to account for the
position and magnitude of peak 7 in phlogopite spectra.

A change in the sample polarity gave rise to a reversal of
the current sigh in the spectra of thermodepolarization
currents (TDC) used to study electrets [174]. The current
density increased from 10ÿ10 Amÿ2 at 220K to 10ÿ6 Amÿ2 at
450 ± 500 K (Fig. 24). The TDC was measured in the absence
of polarization and an electric field. The data obtained
indicate that natural phlogopite specimens are electrets. It
proved possible to prepare a thermoelectret of phlogopite
plates at Tp � 473 K, Ep � 107 V mÿ1, and tp � 2 h in which,
when short-circuited, the electretic current of about 10ÿ10 A
persisted for a few months at room temperature.

0 2 4 6 8 E, 106 V mÿ1

10ÿ6

j, ¡ mÿ2
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Figure 21. TSDC density as a function of Ep in phlogopite for different

maxima: 1 ì Tm � 100 K; 2 ì Tm � 130 K; 3 ì Tm � 178 K; 4 ì
Tm � 206 K; 5ì Tm � 235 K; 6ì Tm � 257 K [179].

d, 10ÿ6 m

j, 10ÿ8 ¡ mÿ2

0 100 200
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5

Figure 22. TSDC density as a function of sample thickness for the third

maximum in the phlogopite spectrum at Ep � 106 V mÿ1, Tp � 300 K

[179].

Table 3. Activation energies derived from a TSDC spectrum.

Peak No. Talc Phlogopite

Tm, K U, eV Tm, K U, eV

1
2
3
4
5
6
7

86
112
180
206
230
251
305

0.06�0.01
0.09�0.02
0.19�0.02
0.25�0.03
0.32�0.04
0.41�0.04
0.40�0.06

100
130
178
206
235
260
405

0.05�0.01
0.17�0.02
0.25�0.03
0.31�0.03
0.40�0.04
0.49�0.05
0.35�0.05

3

2

1

100 200 300 T, K

10ÿ7

10ÿ8

10ÿ9

10ÿ10

j, ¡ mÿ2
86 K 112 K 180 K

230 K
251 K 305 K

Figure 23. Effect of talc doping on TSDC spectrum: 1Ðnatural talc; 2Ð

HCl-doped talc (nHCl � 7.4 mol lÿ1); 3 Ð NH4OH-doped talc

(nNH4OH � 9.2 mol lÿ1); Ep � 2� 105 V mÿ1, Tp � 300 K [166].
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The TDC resulting from decay of the electretic state was
characterized by maxima, the number of which corresponded
to the number ofmonorelaxation processes [175]. The electret
charge was calculated by summing the area enclosed by TDC
curves and taking into account the current sign. It turned out
to be 3� 10ÿ7 C.

The TDC was measured not only for the thermoelectret
but also after the TSDC spectrum was obtained. There
occurred residual polarization in both cases. The TDC
spectra exhibited seven maxima (see Fig. 24) which it proved
difficult to distinguish because the thermal purification
technique was found inapplicable to thermoelectrets. Never-
theless, the number of maxima gives an idea of how many
relaxators underlie the electretic state.

The appearance of TDCs with either sign may be
attributed to the formation of the electretic state in phlogo-
pite crystals. The presence of positive maxima is due to the
heterocharge which results from freezing oriented dipoles and
protons displaced along hydrogen bonds in the electric field.
This picture does not contradict the Gross theory [176, 175].

The homocharge characterized by negative maxima is
normally formed when ions or electrons from a metallic
electrode are injected into a crystal. The heterocharge may
undergo transformation to a homocharge upon neutraliza-
tion of the ions shifted towards electrodes by the conduction
current. During this transformation, a part of the hetero-
charge disappears and the number of implanted ions which
have the opposite sign to that of the displaced ions, may
exceed the number of bound dipoles [175, 177]. This was
confirmed in our experiments (see Fig. 24). Another TDC
spectrum obtained 15 days after the first also suggests the loss
of a part of the heterocharge and exhibits the residual
maximum at T � 325 K (see Fig. 24, curves 1ÿ, 2ÿ, 2�).
Further measurements also showed a single broadened
negative maximum for the reversed polarity of the sample in
this temperature region, which was later stabilized (curves 2+

and 3+).
Therefore, phlogopite crystals possess properties intrinsic

in electrets, namely, a long-lived charge with a relatively short
Maxwellian relaxation time, a sign inversion from hetero- to
homocharge, `external' and `internal' residual polarizations,
and opposite directions for the TDCwith volume distribution
of hetero- and homocharges. At a high annealing tempera-
ture, the charges are dispersed and electretic properties
disappear (see Fig. 24, curve 4ÿ) [178, 179].

The TSDC and TDC spectra suggest that both the
magnitude and the position of TSDC peak 7 are due to an
electretic current. Gemant [180] and Pugett and Gubkin [175]
argue that electrets may arise from substances containing
polar groups, in particular, OHÿ ions. It is supposed that the
TDC maximum at 240 K is also dictated by relaxation with
the OHÿ involved (Table 4), whereas the maximum at 375 K
is related to volume charge dispersal caused by the migration
of H3O+ and OHÿ ions and protons. Here, as in ice, a change
in the proton subsystem state is apparent [114]. It is proton
migration that is responsible for the appearance of H3O+ and
OHÿ dipoles facilitating the formation of the electretic state.
There is every reason to believe that proton relaxation is a
major cause of the phlogopite electretic state.

5.3 Mechanism of structural defect migration
in hydrogen-bonded crystals
It was demonstrated in Ref. [166] that the electric conduc-
tion in layered crystals like those of gypsum and talc is
largely due to the movement of OHÿ ions at high
temperatures and H3O+ ions at low temperatures when
proton tunnelling is feasible. Dielectric relaxation is also
related to proton migration as ensues from the dependence
ln t � f�1=T� constructed based on the tan d � f�n;T�
spectra in the temperature range from 77 to 350 K [165].
The structures of talc (Mg3[Si4O10](OH)2) and muscovite
(KAl2[AlSi3O10](OH)2) are peculiar in that the distance
between SiO4ÿ

4 layers does not exceed 1.8 A, i.e. the
hydrogen bridge length [181]. Therefore, as in the case of
gypsum [166], there are two possibilities for the diffusion of
H3O+ defects:

(1) migration of H3O+ ions along a water layer and
between H2O molecules of adjacent layers;

Table 4. TSDC maxima positions, types of relaxators, and their mechan-
isms of orientation in phlogopite.

Peak
No.

Tm,
K

Type of relaxator Orientation mechanism

1

2

3

4

5

6

7

100

130

178

206

235

260

405

HSiO3ÿ
4

H3O+

H2O (crystalliza-
tion water)
H2O (adsorbed
at separated
layers)
OHÿ

VL (VD)

H3O+, OHÿ, H+

Proton tunnelling. Proton transition
inside and between anions.
Ionization. Proton transition be-
tween H2O molecules.
Dipolar

Dipolar

Ionization. Proton transition be-
tween H2O molecules.
Orientational. Rotation of H2O mo-
lecules and formation of complexes.
Interlayer polarization. Charge accu-
mulation and dispersal. Superim-
posed electretic current.

200 300 400 T, K

10ÿ12

j, ¡ mÿ2

10ÿ10

10ÿ8

10ÿ6

245K 253K 300K 325K 375K 500K

4ÿ
2ÿ 3�

1ÿ

2�

Figure 24. TDC density spectrum in phlogopite for Tan � 873 K: 1 Ð the

early spectrum; 2+ and 2ÿÐ the same after 15 days; 3+ Ð the same after

16 days; 4ÿ Ð Tan � 1073 K. The sign alongside the digit defines the

polarity of the sample [179].
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(2) migration of H3O+ ions between H2O and SiO4-ion
layers.

A proton placed between two neighbouring water
molecules can overcome the potential barrier when driven
by thermal fluctuations and the applied electric field, and shift
along a hydrogen bond from one water molecule to another,
thus giving rise to an ion H3O+ defect. The concentration of
such defects can be increased by introducing proton-donating
impurities. The migration of a proton is mirrored in the
movement of an H3O+ defect. A rise in the proton-donating
concentration is accompanied by an enhancement of the
electric conductivity (Fig. 25) in conformity with Refs [166,
182].

Let us now consider the structure of individual crystals,
for instance, those of muscovite [183]. In such a crystal, two
layers of SiO4ÿ

4 anionic groups bound to aluminium ions form
layers oriented perpendicular to the axis C. A part of the
potassium nests in muscovite and phlogopite crystals are
occupied by water molecules, whereas some interpacket
zones contain monomolecular water interlayers [168].

Given the close layer packing, the electronic shells of
oxygen ions belonging to SiO4ÿ

4 anions and adjacent H2O
molecules may be assumed to overlap. Such assumption is
supported by observations of calcium sulfate crystalline
hydrate, a layered crystal [184]. This would ease both proton
passage over the barrier and proton tunnelling from anH3O+

ion formed in the water layer to the nearest SiO4ÿ
4 anion. In

this case, a change of orientation is a necessary condition for
further movement of the charge carrier. A change in SiO4ÿ

4

orientation due to a turn of the whole anion is unlikely. The
reorientation of a protonated HSiO3ÿ

4 anion is much more
probable due to proton transfer from one oxygen ion to

another inside the anion, as was demonstrated for sulfate
crystalline hydrates in Refs [182, 185, 186, 166].

The reorientation of the HSiO3ÿ
4 anion being completed,

the protonmoves to adjacent SiO4ÿ
4 anion. This passage along

a hydrogen bond does not involve activation and is realized
by the tunnelling mechanism at a rate of 1013 sÿ1, which is
considerably higher than 1=t, where t is the relaxation time
[166]. Therefore, a proton repeatedly passes from one anion
to another in a time of the favourable-for-proton-transfer
orientation, which means that the proton charge is equally
distributed between them. Also, it seems quite likely that
OHÿ ions participate in proton transfer between the layers.

Migration of H3O+ defects between electrodes and across
the sample is actually a sequence of events including

Ð formation of H3O+ defects;
Ð proton movement from the H3O+ ion to SiO4ÿ

4 anion
and the formation of a protonated HSiO3ÿ

4 anion;
Ð reorientation of the protonated anion due to a proton

transfer inside it;
Ð proton movement between cells of the anionic sub-

lattice, with a newly formed protonated anion acquiring the
opposite orientation;

Ð reorientation of the second protonated anion, and
Ð proton migration to a water molecule and the

formation of an H3O+ defect:

HSiO3ÿ
4 �H2O! SiO4ÿ

4 �H3O
�
:

Migration of OHÿ ions proceeds in the same manner with
the sole exception that it has the opposite direction (Table 4 ).

The contribution of L- and D-defects and VL and VD
complexes to electric conductivity is insignificant. The
mechanism of their movement between layers is likely to be
different only at an early stage, when orientation defects are
being formed, because a proton can pass to a SiO4ÿ

4 anion
only after a turn of the water molecule.

To summarize, the migration of defects in layered sulfate
and silicate crystalline hydrates is due to proton movement
through the crystal giving rise to protonated anions. There-
fore, rotations of H3O+ and OHÿ ions and H2O dipoles are
supported by the migration of protons which are responsible
for dielectric relaxation. Dipole migration to a neighbouring
vacancy with a turn in the direction of the field, i.e. relaxation
of polar vacancies described in Ref. [2], is possible in principle
but hardly occurs in reality, as the calculations in [2]
demonstrate.

5.4 Low-temperature relaxation
The relaxation process at low temperatures develops in
protonated HSiO3ÿ

4 anions. Their relaxation results in
proton migration from one oxygen ion to another both
inside and between the anions. For this reason, the current
generated by the relaxation of HSiO3ÿ

4 anions is rather small.
The activation energy must be equally low because proton
movement is possible not only by activation but also due to
the tunnelling effect [166]. The travelling molecules come
close to one another, and the probability of proton tunnelling
increases [187].

Statistical analysis of experimental findings has revealed a
weak maximum (I � 10ÿ13 ± 10ÿ14 A) with an activation
energy of 0.05 eV (see Table 3) in the TSDC spectrum of
phlogopite at around 100 K (see Fig. 21). A similar peak for
talc has an activation energy of 0.06 eV atT � 86K. The peak
enhances with increasing the concentration of HCl impurity.

2 4 6 8 103=T,Kÿ1

ÿ8

lg g

ÿ10

ÿ12

ÿ14

1

32

4

Figure 25. Volume electric conductivity in HCl-doped talc as a function of

temperature: 1Ðnatural talc, Tan � 1023 K; 2ì nHCl � 3.3 mol lÿ1; 3Ð
nHCl � 4.9 mol lÿ1; 4Ð nHCl � 8.2 mol lÿ1 [166].
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This TSDC maximum was not displaced after annealing
crystals, whereas other peaks disappeared. Only at the
annealing temperature over 1200 K (for phlogopite), when
both all water and part of the protons were evolved [168],
peak 1 came almost to nought. It was therefore concluded
that the peak was due to the relaxation of an anionic
sublattice, specifically that of protonated anions HSiO3ÿ

4 (in
silicates) and HSOÿ4 (in sulfate crystalline hydrates). The
estimated concentration of protonated HSiO3ÿ

4 anions was
of order 1016 mÿ3 (Table 5).

It is possible to examine the potential by the quasi-
classical method provided the condition mod2=4�h4 1 is
satisfied. This requirement is met in the case being consid-
ered. To judge the transmission coefficient, let us approx-
imate the potential relief using a one-dimensional rectangular
barrier for which the conditions 2mU�x�=�h2 � K 2

0 at jxj4 a
andU � 0 beyond this interval are fulfilled. Then we arrive at

D �
�
1� K 2

0

2KK
sinh 2Ka

�ÿ1
; �5:1�

where

K 2 � 2m

�h2
E ; K2 � K 2

0 ÿ K 2 ; a � d
2
:

Here, E is the proton energy.
The width of the potential barrier can be found in Ref.

[165]:

U � mo2d2

8
; o � 2pn ; n � 1013 sÿ1 : �5:2�

Since U � 0.06 eV, one obtains d � 1:08� 0:05A. The
separations between oxygen ions in the SO2ÿ

4 anion and
between an oxygen ion and a water molecule are 1.215 and
1.35A, respectively. The interanion distance is 1.4A. There-
fore, the estimated width of the barrier is acceptable.

The energy of proton thermal motion at 92 K does not
exceed 0.01 eV, which is insufficient to overcome the potential
barrier. Results of calculations using formula (5.2) indicate
that the transmission coefficient has a definite value, that is
D � 8:4� 10ÿ5 at the pedestal of the barrier, taking into
account the thermal motion energy, and D � 7:2� 10ÿ3 at
themid-height of the barrier, whereE � U=2.Hence, asmany
as 8:4� 10ÿ3% of the total number of particles incident on
the barrier pass at its pedestal compared with 0.72% at the
mid-height. In other words, proton migration inside and
between SO2ÿ

4 anions occurs through tunnelling. This
inference is confirmed by experiments using ammonium
sulfate and potassium dehydrophosphate crystals [181, 185].

To conclude, peak 1 of the TSDC spectrum is related to
relaxation ofHSOÿ4 (sulfates) orHSiO3ÿ

4 (silicates) ions, while

the migration of defects in hydrosulfates and hydrosilicates is
due to protonmovements by relays over the anionic sublattice
and water layers.

5.5 Dielectric losses
Figures 26 ± 29 display the tan d and e0 frequency and
temperature spectra for talc and gypsum in the tempera-
ture range 77 to 350 K. The frequency dependence shows
three tan d maxima with the middle one reducing after
annealing.

Table 5.Defect concentration in phlogopite.

Peak No. Tm, K Concentration n, mÿ3

1
2
3
4
5
6
7

100
130
178
206
235
260
405

1.2�1016
4.3�1016
2.0�1018
3.0�1017
2.2�1018
5.0�1018
3.5�1020

105 106 n, sÿ1 107

10ÿ2

10ÿ3

tan d
4.7

e0

e0

4.5

8

8

1

7

6

5

4
3

2 1

Figure 26. tan d and e0 frequency spectra of talc for Tan � 1023 K at

different temperatures: 1Ð 80 K; 2Ð 98 K; 3Ð 112 K; 4Ð 125 K; 5Ð

150 K; 6Ð 218 K; 7Ð 250 K, and 8Ð 298 K [166].
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Figure 27. tan d and e0 frequency spectra of gypsum (CaSO4 � 0:5H2O) for

Tan � 393 K at different temperatures: 1Ð 86 K; 2Ð 112 K; 3Ð 124 K;

4Ð 150 K; 5Ð 200 K; 6Ð 273 K, and 7Ð 293 K [166].
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A shift of the maxima to the lower frequency region upon
a fall in temperature suggests its relaxation nature. The e0�o�
spectrum does not exhibit apparent dispersion regions, which
makes it impossible to construct Cole and Cole plots
e00 � f�e0�, a feature characteristic of ionic crystals [2].

The tan d temperature spectrum has four maxima (see
Figs 28, 29).

A shift to the lower temperature region with decreasing
frequency from 7MHz to 1 kHz results in the displacement of
peak 1 to below 80K. The activation energy is calculated from
the formula

U � kT1T2

T2 ÿ T1
ln
o2

o1
: �5:3�

The values of the latter quantity are presented in Table 6. A
smaller number of maxima on the tan d temperature curve
compared with that for TSDC dependence is due to the
release of adsorbed water from samples before the measure-

ment, while the volume charge relaxation fails to appear
because of the significant loss for electric conductivity.

In samples previously maintained in a HCl solution, tan d
turned out to increase while the maxima shifted to the higher
frequency region, but they shifted to the lower frequency
region after annealing. The low resolving capacity of the
method, in particular, in the low-temperature region where
the error sharply raised, did not allow the tan dmaximum due
to protonated anion relaxation to be identified.

Measurements at a lower-than-critical temperature are
affected by the tunnelling effect (see formula 4.23). It follows
from the experimental curve ln t � f�1=T� (Fig. 30) that the
slope relative to the horizontal axis, which unambiguously
defines the activation energy of a given type of relaxator,
sharply decreases at the critical point. The height of potential
barrier cannot change jumpwise, but its transmission D is
altered. And precise calculations are difficult here for
mathematical reasons.
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Figure 28. tan d and e0 temperature spectra of gypsum (CaSO4 � 0:5H2O)

for Tan � 393 K: 1Ð n � 7 MHz, and 2ì n � 12 MHz [166].
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Figure 29. tan d and e0 temperature spectra of talc for Tan � 1023K: 1, 3ì
n � 7 MHz, and 2, 4Ð n � 12 MHz [166].

Table 6. Activation energies derived from a tan d � f�T � spectrum.

Peak No. Talc Gypsum

Tm, K U, eV Tm, K U, eV

1
2
3
4

160
220
265
310

0.9�0.02
0.18�0.03
0.36�0.04
0.40�0.08

145
210
270
320

1.10�0.02
0.20�0.05
0.45�0.07
0.6�0.2

10 8 6 4 103=T, Kÿ1
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ln t1 ln t3
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4

Figure 30.Temperature dependence of relaxation time for dipoles (peaks 1

and 3 in tan d�T� curve): 1, 4 Ð talc, Tan � 1023 K; 2, 5 Ð gypsum,

Tan � 393 K; 3, 6Ð natural gypsum, and 7, 8Ð natural talc [166].
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A comparison of relaxation times, activation energies,
positions of peaks in tan d�T� curve and TSDC density
spectrum indicates that the first low-temperature tan d�T�
maximum is due to the relaxation ofH3O+ ions, the second to
that of crystallization water dipoles, the third to the
relaxation of OHÿ ions, and the fourth to the migration of
VL and VD complexes [165].

5.6 Theoretical and experimental spectra of thermally
stimulated depolarization currents
The above proton relaxationmechanism is consistent with the
theory discussed in Section 4.2. Let us compare experimental
TSDC spectra of phlogopite with those calculated using
formula (4.53).

The physical sense of the summation over k is in the
consideration of a set of dipoles differing in the degree of
fixation. At k � 1; 2; 3; . . ., Eqn (4.53) gives three closely
located maxima each having a smaller amplitude than the
previous one. Collectively, these maxima yield one broadened
peak for a given type of relaxators. The current density at
k � 3 is very small already. Hence, the difference between
dipole fixation conditions is insignificant for a given sort of
dipoles.

Using Eqn (4.53) for each group of relaxators allows the
theoretical TSDCdensity spectrum to be constructed. It is not
difficult to find the number of layers m � d=a � 2:5� 105

when the thickness and magnitude of parameter a are known
(in other words,m is the effective number of potential wells in
the mathematical model). The TSDC density for water
molecules is calculated using the effective molecular charge
qeff � m=reff, where m is the dipole moment, and reff is the
effective radius of the molecule. The computed m value
turned out to be of order (1 ± 5)�105.

The theoretical and experimental spectra are nearly
identical (Fig. 31). A marked enhancement and shift of
experimental peak 7 compared with the theoretical peak are
due to the imposed electretic current as mentioned above.
There was no such shift in the talc TSDC spectrum [164].
Taking into consideration the electretic current above 220 K,
the TSDC density calculated using (4.53) increases and the
resultant spectrum correlates fairly well with the experimental
one.

It should be borne in mind that the interpretation of TSC
measurements proceeding from the ideal isothermal Debye
response in terms of the Bucci andFieschi theory [1] refers to a
rough approximation as was emphasized by Jonscher [188].
The proposed theory is devoid of this drawback since it leans
upon a solution of the system of kinetic equations (4.35) and
therefore reflects the relaxation process in full (in the frame-
work of the Boltzmann approximation for determining the
relaxator concentration). The relaxation mechanism remains
virtually the same as in ice, that is the relaxing defects of
H3O+, OHÿ, L, D, VL and VD complexes, and protonated
anions are oriented in the electric field by virtue of proton
migration along hydrogen bonds.

To sum up, the proposed method for dielectric spectro-
scopy including complex measurements of TSDC, TDC,
tan d, e0, g, t and computation of TSC density based on the
kinetic relaxation theory [Eqn (4.53)] gives an adequate
approximation to the description of dielectric relaxation.

6. Conclusions

The present review summarizes results of proton relaxation
and carrier transport studies in ice and inorganic crystals
containing water and OHÿ radicals, by dielectric spectro-
scopy from a single standpoint. Until recently, studies along
these lines have been developing independently, thus leading
to mistakes and misunderstanding. For instance, calcula-
tions of tan d in crystalline hydrates disregarded the
relaxation of Bjerrum defects and thus failed to provide
results in conformity with experiment [2]. The universally
accepted explanation for the temperature and frequency
dependences of tan d was inadequate since it took account
of H2O, OHÿ dipoles but ignored L- and D-defects and
H3O+ ions [2].

The construction of a rigorous theory of dielectric loss and
TSCs in hydrogen-bonded crystals encounters serious diffi-
culties pertinent to computation. Specifically, calculating the
relaxation of orientation defects in the crystal lattice of
hexagonal ice at the molecular level yields results which are
difficult to interpret even if the volume charge is disregarded
[189].

So far, partial fluxes of ice structural defects (the
configuration vector) and quantum effects at low tempera-
tures have not been fully taken into consideration. One has to
reconcile oneself with the multiwell potential relief model
described in this review, which very nearly approximates the
real structure in the case of crystalline hydrates and micas.
These calculations qualitatively correspond to the experi-
mental findings and define the boundary between Debye
and quantum relaxations.

The most important conclusion from the analysis of the
scientific literature in the present review is that hydrogen-
bonded crystals are proton semiconductors and dielectrics
having a common mechanism of proton relaxation by means
of their migration along hydrogen bonds with different
activation energies and charges 0.38e and 0:62e. Other
relaxation processes largely occur in the quantum region
(the relaxation of HSiOÿ34 and HSOÿ4 ions). Volume charge
relaxation remains to be investigated, and the origin of the
charge is virtually unknown. It appears safe to state that the
electretic state arises in hydrogen-bonded crystals through the
relaxation of Bjerrum defects, especially that of OHÿ ions.
This concept questions the possibility of ferroelectrical
phenomena in ice.
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Figure 31.TSDCdensity spectrum of phlogopite: 1Ðcalculated by (4.53);

2 Ð experimental, at Ep � 106 V mÿ1, Tp � 300 K, d � 5 mm, and

c � 0.1 K sÿ1 [179].
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A strict theory of proton relaxation in hydrogen-bonded
crystals is needed to better understand nonlinear polarization
effects, primarily the mechanism of electretic state formation
and quantum polarization [190].

The technological utility of these effects is quite obvious.
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