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Abstract
The pre-exponential factor of an Arrhenius-type temperature dependence of
the relaxation time of the interfacial polarization processes is sensitive to the
size distribution and the orientation of (conductive) inclusions. An
alternative narrow-window thermal sampling thermally stimulated
depolarization currents (TSDC) procedure was applied in order to
decompose two different overlapping mechanisms of interfacial polarization
in a calcite matrix accommodating a random distribution of quartz and
dolomite inclusions, which are more conductive than the host. The
distribution of the activation energy and the pre-exponential factors were
obtained from the analyses of the TSDC constituents. The orders of
magnitude of the relaxation times agree with those predicted theoretically.
The distributions in the values of the activation energy and the
pre-exponential factor are discussed with respect to predictions of the theory
for conductive ellipsoids dispersed in an insulating matrix.

1. Introduction

The calcite family consists of magnesite (MgCO3), calcite
(CaCO3) and the mixed crystal dolomite (CaMg(CO3)2) [1].
These compounds all crystallize in the rhombohedral system
and may be described approximately by the sodium chloride
structure, regarding the cubic unit cell suppressed along its
diagonal axis. A potential departure from the sodium chloride
structure approximation is that the carbonate group is not a
centre of symmetry, since the three oxygens in magnesite
and calcite settle at the corners of an equilateral triangle,
and the carbon settles at its centre [2]. Slight distortions
and deviations from the aforementioned picture preserve the
structural stability of the mixed crystal dolomite [2].

Thermally stimulated depolarization currents (TSDC)
studies [3] in the calcite group members were recently carried
out, aimed at the understanding of the preferential formation
of certain polarizable defect centres upon the specific lattice
type [4–8]. Two TSDC peaks have been detected in single
crystal calcite: one is located at 188 K and is attributed to the

rotation of defect dipoles; the other is at about 230 K, which
might be attributed to the localized hopping within the quartz
inclusions [7]. The transport properties were also studied by
means of TSDC experiments [9, 10]. The long-distance charge
transport yields space charge polarization in dolomite [9],
while trapping occurs in homogeneously spatially distributed
traps in magnesite [10].

The presence of different conductive inclusions in calcite,
with adjacent electrical and dielectric features yield interfacial
polarization processes with like relaxation parameters. The
problem of thermally stimulated depolarization stemming
from ellipsoidal particles in an insulating medium was
treated through computer simulation [11]. Such peaks are
characterized by a distribution in the pre-exponential factor
τ0. In the present work, we intend to use the thermal
sampling TSDC scheme so as to resolve double interfacial
polarization processes and obtain the distribution of the
activation energy and the pre-exponential factor values by
analysing the particular sampling components.
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2. Theory

The polarization processes related to interfacial phenomena
(known as Maxwell–Wagner–Sillars polarization) occurring
in insulators containing conductive inclusions are governed by
a relaxation time, which was proposed by Sillars, see [11–13]:

τ = ε0
(ni − 1)ε1 + ε2

σ2
(1)

where ε0 is the permittivity of free space, ni is a geometrical
factor depending on the shape of the inclusions and their
orientation with respect to the polarizing field, ε1 and ε2 denote
the (static) dielectric constants of the matrix and the inclusions,
respectively, and σ2 is the conductivity of the (semiconductive)
inclusions. The latter equation is valid under the restriction
that the conductivity of the matrix σ1 is considerably smaller
than σ2. ni holds a unique value (labelled n) provided that the
inclusions are identical and have the same axes oriented along
the direction of the polarizing electric field. Note that n = 3
for spherical inclusions.

Assuming that a thermally activated conductivity
mechanism operates within the inclusions, we may assert that

σ2(T ) = σ0 exp(−E/kT ) (2)

where k is the Boltzmann constant, σ0 is a pre-exponential
factor and E denotes the activation energy. From (1) and (2),
the relaxation time takes the form of an Arrhenius equation:

τ(T ) = τ0 exp(E/kT ) (3)

where the pre-exponential factor τ0 is

τ0 = ε0
(n − 1)ε1 + ε2

σ0
. (4)

The TSDC signal that corresponds to the interfacial
phenomena resembles that obtained for rotating dipoles [3]:

I (T , E) = S�0

τ0
exp

[
− E

kT
− 1

bτ0

∫ T

T0

exp

(
− E

kT ′

)
dT ′

]

(5)
where �0 is the initial polarization of the dielectric, S is the
sample’s surface area which is in contact with each one of the
electrodes, b is a constant of the heating rate and T0 is identical
to the liquid nitrogen temperature (LNT ).

The direct applicability of equation (5) for the analysis
of the TSDC signals produced by interfacial polarization
mechanisms is constrained by (4); τ0 is not single valued
but is sensitive to the size distribution and the orientation
(with respect to the direction of the polarizing field) of the
conducting inclusions [11]. Since the distribution in τ0 may
not be prescribed, it is necessary to resolve experimentally the
TSDC peak into a finite set of elementary components. To a
first approximation, a particular component may be described
by a single τ0 value, while E may be assumed to obey a normal
distribution around E0 with broadening parameter σ :

f (E) = 1√
2πσ

exp

[
− (E − E0)

2

2σ 2

]
. (6)

The TSDC current is [14]

I (T ) =
∫ +∞

−∞
f (E)I (T , E) dE (7)

where I (T , E) denotes the single relaxation time function of
equation (5).
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Figure 1. The thermogram of calcite containing quartz and dolomite
inclusions obtained by polarizing at Tp = 298 K using platinum
electrodes (full curve) and insulating spacers (broken curve).

3. Experiment

The TSDC apparatus was described in [15]. The heating
rate was b = 0.045 K s−1. The composition of the natural
polycrystalline samples was: 97 wt% calcite (CaCO3), 3 wt%
dolomite (CaMg(CO3)2) and 1 wt% quartz (SiO2).

4. Results and discussion

4.1. Decomposition of the TSDC spectrum

A thermogram obtained by employing platinum electrodes
together with another one recorded with blocking (Teflon)
electrodes is depicted in figure 1. In both cases the sample
was polarized at Tp = 290 K. The intense band exhibiting
its maximum at Tm = 272 K is compressed by the use
of the blocking electrodes and a peak, which was initially
masked by its high-temperature neighbouring relaxation, with
its maximum at 256 K is revealed at the expense of the
272 K peak, which is suppressed by the use of insulating
spacers. A ‘shoulder’ observed in the thermogram recorded
using platinum electrodes gives evidence for another relaxation
mechanism. It is evident that undesirable space charge
relaxation occurs close to room temperature. However, the
strong overlap among the relaxation mechanisms prohibits the
detection of the separate polarization components.

The dielectric relaxation spectrum was decomposed to
its constituents by an alternative of the well known thermal
sampling scheme [16–18], which consists of polarizing a
sample for a short time interval tp = 15 s at constant
temperature Tp, which is located within the temperature
range where a broad TSDC peak appears, and subsequent
abrupt cooling to the LNT in the absence of the external
polarizing field [19, 20]. By polarizing at Tp for a short
time, the slow relaxation mechanisms, which activate at much
higher temperatures than Tp, remain practically unpolarized,
while the subsequent cooling in the absence of an external
polarizing field results in the depolarization of the fast
relaxation mechanisms, which activate at temperatures much
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Figure 2. The thermal sampling signals (full curves) together with
the thermogram obtained by the conventional TSDC scheme
(broken curve).

lower than Tp. Hence, the mechanisms proceeding in the
immediate neighbourhood ofTp reach a detectable polarization
state, which is detected as a peak in the TSDC spectrum.
This alternative selective polarization mode is equivalent to
a very narrow windowing sampling and has been applied
successfully in many cases where the dielectric spectrum
was too complicated [9, 10, 15, 21]. Platinum electrodes were
employed in the thermal sampling experiments. The thermal
sampling signals are presented in figure 2.

The temperature Tm where a thermal sampling peak
reaches a maximum as a function of the (thermal sampling)
polarization temperature Tp is depicted in figure 3. It seems
that the maxima are likely to distribute over three distinct
relaxation mechanisms. The position of the peaks belonging to
relaxation I is practically independent of Tp. The dispersion is
broader for relaxation II, ranging from 254 to 262 K (table 1).
The signals were analysed in terms of the model of the normal
distribution in the activation energy around a central value
E0 (equation (7)). The results are presented in table 1. In
figure 4, E0 is plotted as a function of the temperature Tm. The
broadening parameter σ is represented by vertical bars. In
this diagram it is clear that three different responses constitute
the dielectric spectrum. The latter verifies the picture of three
relaxations resulting from the Tm(Tp) diagram (figure 3). The
corresponding values of the pre-exponential factors τ0 are
presented against Tm in figure 5. Relaxation I is likely to
correspond to the ‘shoulder’ appearing in the thermogram of
figure 1. The thermal sampling responses of dispersion II
(figure 4) maximize around 259 K and may well be attributed
to the band observed at 256 K when blocking electrodes are
used (see figure 1).

4.2. Attribution of the relaxation mechanisms

The dramatic reduction of the high-temperature TSDC signal
(see figure 1) when blocking electrodes (metal insulator sample
insulator metal (MISIM) structure [22]) are employed indicates
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Figure 3. The temperature Tmax where the thermal sampling peaks
reach their maxima against the polarization (sampling)
temperature Tp .

Table 1. The temperature Tm where a thermal sampling peak reaches
its maximum, together with the relaxation parameters (E0, σ and τ0)
obtained from the fitting of a theoretical curve with a Gaussian
distribution in the activation energy to the experimental data.

Thermal
sampling peak Tm (K) E0 (eV) σ (eV) τ0 (s)

I1 225.0 0.576 0.018 2.39 × 10−11

I2 225.1 0.591 0.022 8.26 × 10−12

I3 223.2 0.592 0.026 6.19 × 10−12

II1 254.0 0.650 0.025 1.34 × 10−11

II2 258.2 0.650 0.021 3.18 × 10−11

II3 255.1 0.650 0.035 2.82 × 10−11

II4 262.1 0.660 0.031 2.05 × 10−11

II5 260.5 0.650 0.031 4.54 × 10−11

III1 272.3 0.680 0.037 5.35 × 10−11

III2 277.4 0.680 0.030 2.09 × 10−11

III3 297.7 0.690 0.032 6.54 × 10−10

III4 304.5 0.700 0.037 9.32 × 10−10

III5 309.0 0.710 0.038 6.92 × 10−10

that the relaxation occurring close to room temperature stems
from the annihilation of the (undesirable) space charge. The set
of the thermal sampling responses grouped under III, originate
from the time reduction of a space charge polarization attained
through the migration of free charge carriers along the volume
of the specimen and their subsequent trapping close to the
sample–electrode interface. The use of insulating electrodes
prohibits any discharge on the standard metal electrodes.
Hence, the rapid accumulation of the charges close to the
electrodes induces an internal electric field that competes with
the externally applied field. As a result, the TSDC signal is
drastically depressed.

Concerning relaxations I and II, the maxima of the
thermal sampling signals depend slightly (negligibly) upon
the polarization temperature, as can be seen in figure 3. Both
relaxations are of dipolar nature and correspond to the short-
range localized hopping of charge carriers. In order to ascertain
that they are related to the polarization of the conductive
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Figure 4. The central values of the activation energy values E0

against the maxima Tm of the thermal sampling responses. The
length of the vertical bars equals 2σ , where σ is the broadening
parameter of the Gaussian distribution of the activation energy
values around E0.
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Figure 5. The pre-exponential factor τ0 against the maxima Tm of
the thermal sampling responses.

phases, which are embedded in the calcite matrix, we
estimated the relaxation times at room temperature according
to equation (1). Their coincidence with the relaxation times
(reduced to the room temperature) calculated from the TSDC
results, would identify each relaxation mechanism with a
specific type of interfacial polarization. The resistivity of
the host calcite at room temperature, 5.0 × 1012 � m [23], is
significantly larger that that of quartz (3.8 × 1010 � m [23])
and dolomite (≈109 � m [24]). It is expected that interfacial
polarization might well occur within such conductive
inclusions. Typical values of the static dielectric constants of
calcite, quartz and dolomite are 8, 5 and 7, respectively [23].
Recalling that the conductivity is defined as the inverse of the
resistivity, by replacing the above mentioned values in (1) and
regarding the shape factor (n−1) to be of the order of unity, we
get the relaxation time at room temperature: 4 × 100 s for the
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Figure 6. The relaxation time at room temperature obtained using
the parameters E0 and τ0 which were evaluated from the analyses of
the thermal sampling responses. The horizontal lines indicate the
relaxation times predicted from the Sillars model.

quartz inclusions and 1 × 10−1 s for the dolomite inclusions.
By using the values of E0 and τ0, which were obtained from
the analyses of the thermal sampling peaks, we calculated the
relaxation time τ at room temperature (T = 290 K) through
the Arrhenius equation (equation (3)). The room-temperature
relaxation times corresponding to each relaxation component
are depicted in figure 6. In this diagram the two horizontal
lines correspond to the relaxation times predicted through the
Sillars model (equation (1)). This picture directs one to the
interconnection of relaxation mechanisms I and II with the
presence of dolomite and quartz inclusions, respectively.

The analyses of the thermal sampling signals showed
that both E and τ0 are distributed. The distribution in τ0

reflects the distribution in size and orientation of the dispersed
inclusions, as mentioned in section 2. The distribution
in E could not be prescribed and reflects the operation of
multiple conduction mechanisms in the conductive phase. This
result could only be obtained by a narrow-window thermal
sampling decomposition, since a relaxation mechanism with
distribution in both E and τ0 requires an over-parameterized
fitting procedure.

5. Conclusions

Closely separated relaxation mechanisms in calcite containing
two dispersed phases of quartz and dolomite, which are
more conductive than the host matrix, were decomposed by
the thermal sampling TSDC spectroscopy. The relaxation
times predicted from the theory of Sillars are compatible
with those obtained experimentally, identifying two relaxation
mechanisms with the interfacial polarization of the quartz and
dolomite inclusions, respectively. The necessity for dielectric
relaxation mapping stems from the strong overlap of the
interfacial polarization mechanisms (due to their neighbouring
relaxation time values) and from the inadequacy of the theory
to propose a generalized TSDC equation originating from
the polarization of dispersed conductive phases. The values
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of the pre-exponential factor are distributed, reflecting the
distribution in size and orientation of the inclusions. The
activation energy values obey a normal distribution around a
mean value, indicating the coexistence of multiple conduction
mechanisms within the conductive phases.
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