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Abstract

The thermally stimulated depolarization current technique is employed so as to study the dipole relaxation in dolomite. We
traced two dominant low-temperature dispersions; one located at 140 K and another at 188 K. The first is characterized by the
distribution in the relaxation time and the latter one has single-valued relaxation parameters. Standard characterization tech-
niques and annealing treatments on dolomite samples with different micro-structural features showed that the dipoles contri-
buting to the 140 K peak are matrix defects, rather than hydrophilic sites in the pore network. The infrared spectroscopy
established the absence of water molecules and the presence of hydroxyls, which probably constitute one type of defect dipoles.
q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Dielectric relaxation experiments have been conducted so
as to probe the effect of mixing on the dipole dynamics in
mixed ionic crystals [1–5]. The results were interpreted [1]
by considering that the formation of a mixed crystal induces
a long-range effect, due to the modification of the lattice
constant. On the other hand, the immediate environment
of the rotating dipole is different from that of the pure
components alone (short-range perturbation). Most of the
experimental work on the dielectric relaxation in mixed
crystals is limited to simple ionic systems, like the alkali
halides and the alkaline earth fluorides [1–5]. Recently, we
expanded the research to the field of mixed crystals by work-
ing on the calcite type materials: calcite (CaCO3); magnesite
(MgCO3) and their mixed crystal dolomite (CaMg(CO3)2).
The calcite family crystals share the rhombohedral crystal
structure [6,7]. The structure is roughly approximated by the
sodium chloride structure, with Ca or Mg on the cation site
and CO3 on the anion site [7]. The potential difference is that
the participant of the alkaline earth ion is the trioxygen
carbonate group, which is not a center of symmetry and

accommodates covalent bonds between the oxygen and
the carbons.

In a series of papers, we employed the thermally stimu-
lated depolarization current (TSDC) technique to identify
and characterize the relaxation mechanisms in the crystals
of the calcite group [8–11]. Therein, we proved that the
theoretical models, which appeared in the literature
previously [1], do not apply to the calcite family. The
low-temperature dielectric relaxation spectra of the latter
are identified by two dominant mechanisms reaching a
maximum at about 140 K and around 188 K, respectively.
Following the notation mentioned in Refs. [9–11], we label
the aforementioned dispersions LT1 and LT2, respectively.
The usual interpretation that the LT1 and the LT2 peaks
correspond to two different relaxation modes of the same
type of defect dipoles [1] may not apply to the calcite group
[8]. In a paper published recently [8], we discussed exten-
sively the low-temperature relaxation in the calcite family
materials. We concluded that the formation of the LT1
dispersion is most probably related to the presence of hydro-
xyls or water molecules in the material. However, it is an
open question whether the LT1 mechanism is related to bulk
dipole relaxation (i.e. due to the rotation of defect dipoles
embedded in the matrix) or to surface relaxation of water
(moisture) dipoles, which are either strongly or loosely
bound to the grain surface. With the aim of clarifying the
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above-mentioned questions, we worked in two directions:
firstly, we studied the single crystals of dolomite, which
have definitely different micro-structures on a nanometer
scale in comparison to that of polycrystalline samples.
Another open question is about the identity of the LT1
dipoles; i.e. whether they are water dipoles or agglomerates
with hydroxyl ions. The IR spectroscopy is employed to
give a firm answer.

2. Theory

The dielectric relaxation of an insulator originates from
the rotation of dipoles and the motion of free charge carriers
under certain boundary conditions [12]. In general, we
assume that the relaxation timet , which governs the relaxa-
tion process, is described by the Arrhenius law:

t�T� � t0 exp
E
kT

� �
�1�

whereE denotes the activation energy,t0 the pre-exponen-
tial factor and k the Boltzmann’s constant. The TSDC
method consists of the following steps [13]. The specimen
is polarized at the temperatureTp for a time intervaltp q

t�Tp� and, subsequently by keeping the external polarizing
field on, we freeze to the liquid nitrogen temperature (LNT),
where the relaxation time is practically infinite. As a result,
on removing the electric field, the dielectric remains polar-
ized. Then, we heat the sample at a constant heating rateb.
At the same time, the depolarization current is recorded via
a sensitive electrometer. At the temperature region, where
the thermal energy competes with the energyE needed for
the reorientation of the polarized dipoles, we get an asym-
metric transient electric signal, which is called “thermo-
gram“. The different types of dipoles, or the dispersions of
the interfacial and the frozen space charge polarizations,
give rise to different TSDC peaks.

The reorientation of non-interacting dipoles stimulates
the depolarization current:

I �T� � SP0

t0
exp 2

E
kT

2
1

bt0

ZT

T0

exp 2
E
kT

� �
dT

� �
�2�

whereP0 is the initial polarization of the dielectric,S the
sample’s surface area which is in contact with the electrode
andT0 is identical to the LNT. Regarding a defect dipole,
which consists of a vacancy associated to an heterovalent
impurity, the activation energyE is identical to the migra-
tion enthalpyhm of the bound vacancy around the impurity
(which is considered to be immobile) [14].

For the initial part of the curve, Eq. (2) is approximated
by:

I �T� ù
SP0

t0
exp 2

E
kT

� �
�3�

Eq. (3) may lead to theestimationof the activation energyE,
when a straight line is fitted to the lnI(T) initial rise data.

Assuming that the activation energy is not single valued
but has a Gaussian distribution aroundE0, with distribution
function [15,16]:

f �E� � 1����
2p
p

s
exp 2

�E 2 E0� 2
2s 2

" #
�4�

wheres is the broadening parameter and the total depolar-
ization current can be written as:

I �T� �
Z1 ∞

2 ∞
f �E�I �T;E� dE �5�

where the termI(T,E) is the monoenergetic TSDC equation
(see Eq. (2)).

The integral of Eq. (2) can be approximated by the
following analytical expression:ZT

T0

exp 2
E
kT

� �
dT � T exp�2E=kT��E=kT 1 3:0396�

�E=kT� 2 1 5:0364�E=kT�1 4:1916

����T
T0

�6�
while the integration of Eq. (6) can be performed from 0 to
3E0 [16].

In order to analyze distributed TSDC signals, the distri-
bution in the relaxation time can be prescribed and a modi-
fied TSDC equation can be constructed, in the way
mentioned above. To overcome the difficulty in selecting
an arbitrary distribution function, it is more preferable to
derive the distribution from the experimental data, if possi-
ble [12]. The initial rise edge of a distributed peak merely
gives an estimate of the activation energy for the fast relaxa-
tion mechanisms. In order to evaluate the activation energy,
except for the fast (low-temperature) mechanisms, and for
the entire temperature region, we must conduct successive
partial discharges of the mechanisms. An approximate value
for the activation energy corresponds to each initial rise
signal, given by Eq. (3). Subsequently, a set of initial rise
curves provides actually the temperature distribution of the
activation energy. The accuracy of this method is better for
the temperature region close to the maximum of the initial
peak [17]. The experimental scheme is known as partial
heating [18].

3. Experimental details

The experiments were conducted in a cryostat operating
from the LNT up to 400 K. An Alcatel molecular vacuum
pump maintains a vacuum of about 1025 mbar. The crystals
were placed between the platinum electrodes and were
polarized by using a Keithley 246 DC power supply. The
temperature is measured by means of a gold–chromel ther-
mocouple, which is connected to an Air-Products tempera-
ture controller. The temperature rise was monitored by the
controller, which maintains the required constant heating
rate. The depolarization current is recorded through a
Cary 401 electrometer. The output signals from the control-
ler and the electrometer are digitized via a Keithley DAS
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8PGA card, which is installed into a computer. The addi-
tional IR spectroscopic investigations were performed at
room temperature on a Jasco IR-700 double beam infrared
spectrophotometer.

We studied natural single crystals of dolomite from Ober-
dorf, Styria (Austria). For the same crystal, structural and
spectroscopic investigations have been performed
previously [19,20]. The specimens were clear and prepared
along the cleavage planes. The chemical analysis is cited in
Ref. [21] (in wt%): CaO, 30.1; MgO, 20.4; FeO, 1.8; and
MnO, 0.5. Additional analyses in the Institute of Geological
and Mining Research (IGME, Greece), gave the following
results (in wt%): Si, 0.9; Al, 0.02; Sr, 0.02; K,,0.01; Na,
0.03, humidity 0.38.

4. Results and discussion

Naturally developed crystals are rich in impurities. As a
result, the amount of free charges available is considerably
large and they participate in the space charge relaxation
processes. The presence of a strong space charge mechan-
ism does not only mask a wide temperature region of the
TSDC thermogram, but may also affect the polarization
state of the dipolar mechanisms. In the polarization stage
of a usual TSDC experiment, the formation of space charge
reduces the total electric field intensity, which is exerted on
the dipoles, in relation to the external electric field that is
applied to the specimen. As a result, dipolar peaks may be so
weak so that they are not detected during the TSDC scan.
Moreover, the spatial distribution of free charges may influ-
ence the reorientation of dipoles during the heating (depo-
larization) stage of the TSDC procedure. In conclusion, it is
necessary to minimize the space charge contribution to the
TSDC spectrum. In some recently published papers [8,10],
we definitely altered the space charge formation by appro-
priate selection of the polarization temperature.

The low-temperature thermal depolarization spectrum of
single-crystal dolomite accommodates two distinct peaks
(Fig. 1). The first one reaches a maximum at 140 K and is
labeled LT1. The other one (labeled LT2) is drastically
masked by the higher broad relaxation mechanisms. The
reduction of the spurious contributions was attained by
employing various polarization modes and revealed its
maximum around 188 K. Details concerning the sampling
methods are given in the following discussion.

4.1. Characterization and evaluation of the relaxation
parameters of the LT1 band

In Fig. 2, we depict the thermograms obtained by polar-
izing at temperatures low enough to isolate the LT1 mechan-
ism, which is located at 140 K. For polarization
temperatures below 140 K, the peak amplitude decreases
with the maximum shifting towards lower temperatures,
and the mechanism is characterized by distribution in the
relaxation time. A knee appearing in the initial part of the
depolarization current (around 115 K) originates from a
weak satellite peak.

By employing platinum electrodes, we performed four
successive measurements under exactly the same polariza-
tion conditions:Tp � 140 K, Ep � 30 kV=mm, tp � 2 min:
A set of four scans was conducted by using bronze electro-
des, and four for Teflon (insulating) electrodes. The proce-
dure was repeated for a sample with silver-pasted surfaces.
In all cases, the peak was reproducible and insensitive to the
electrode material.

We polarized the mechanism completely�Tp � 140 K�
with a field intensityEp � 30 kV=cm and we performed
the experiment for various polarization time intervals:tp �
1; 2, 4 and 8 min. We observed that the polarization for
1 min is adequate to polarize the mechanism to saturation.
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Fig. 1. The low-temperature spectrum of single-crystal dolomite.
The polarization temperature wasTp � 190 K and the polarization
time tp � 2 min: It is obvious that the end tail of the signal suffers
from strong high-temperature contribution. Different polarization
modes that minimize the undesirable overlap are given in detail in
the text.

Fig. 2. The LT1 normalized signal (open circles)of the single-crystal
dolomite. The peak was cleaned by polarizing atTp � 140 K for
tp � 1 min; in combination with partial discharge from the LNT to
about 120 K. The solid line represents the theoretical curve that best
matches the data points. The relaxation parameters are:E0 �
0:360 eV; s � 0:022 eV andt0 � 1:6770× 10211 s:



By keeping the polarization temperature and the polariza-
tion time constant (Tp � 140 K andtp � 2 min), we varied
the electric field intensityEp and concluded that the peak
amplitude increases linearly withEp. The reproducibility,
the non-dependence on the electrode material and the
saturation in small polarization time interval firmly establish
the dipolar nature of the LT1 band. At this point, we note
that the linear dependence of the signal amplitude on the
polarization field intensity cannot be the only firm criterion
for dielectric characterization.

A specimen of single-crystal dolomite was annealed at
4008C for a time interval of 30 min, and was then quenched
to the room temperature. A successive TSDC experiment
showed that the LT1 is not practically affected by thermal
perturbation. It seems that the LT1 dipole population is quite
stable and the thermal annealing does not lead to the forma-
tion of new dipole agglomerates.

In Fig. 2, we depict the LT1 band, obtained after careful

cleaning.; i.e. polarizing the maximum of the LT1 peak for
tp � 1 min; and discharging up to 120 K in the depolariza-
tion (heating) stage. A successive heating procedure yielded
the isolated LT1 band (Fig. 2). Assuming that the activation
energy values obey the normal distribution around a central
valueE0, we performed a nonlinear least squares fit of Eq.
(5) to the experimental data points. The result was visually
inspected so as to have a good match of the theoretical curve
to the initial part of the signal. The best relaxation para-
meters are E0 � 0:360 eV; s � 0:022 eV and t0 �
1:6770× 10211 s:

In order to overcome the problem of the arbitrary selec-
tion of a distribution function, we estimated the activation
energy values experimentally by employing the partial heat-
ing scheme [21], whereas no assumption about the distribu-
tion function is required. It consists of partial discharges of a
polarized mechanism at constant temperature step. The
discharge is interrupted at the temperatureTC, as soon as
the initial part of the depolarization current appears. Eq. (3),
when fitted to the initial rise data, provides an approximate
value of the activation energy. The temperature distribution
of the activation energy values is displayed in Fig. 3. The
first (low-temperature) data point is unreliable, due to the
presence of the low-temperature satellite dispersion
mentioned above. We conclude that the activation energy
values range from 0.28 to 0.37 eV. Although the energy
span is about fours , the energy values, which were esti-
mated experimentally, are compatible with the energy spec-
trum obtained from the whole curve fitting. It is probable
thats is actually suppressed as a consequence of the partial
discharge required in order to eliminate the low-temperature
satellite dispersion.

4.2. On the origin of the LT1 dispersion: effect of
microstructure modification and identification of hydroxyl
through IR spectroscopy

The LT1 band appears in the thermograms of polycrystal-
line dolomite, as well [10]. The activation energy values
obtained by the partial heating scheme range from 0.24 to
0.40 eV. Additional experiments on polycrystalline dolo-
mite were performed in the present work, so as to obtain a
well-cleaned curve of the LT1 band (Fig. 4). The relaxation
parameters of the theoretical curve that best matches the
data points, are:E0 � 0:351 eV; s � 0:024 eV andt0 �
3:6733× 10211 s: E0 is about 3% lower than that evaluated
for the single crystal. The migration enthalpies correspond-
ing to the rotation of the LT1 dipoles are practically iden-
tical. The larger value of thes parameter obtained for the
polycrystalline specimen stems from the perturbation
caused by the internal boundary conditions (i.e. the grain
boundaries). From the area under the TSDC signal, we
found that the LT1 dipole concentration is the same for
both the polycrystalline and the single-crystal specimen
and thus the divergence between the broadening parameters
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Fig. 4. The LT1 band (circles) recorded in a sample ofpolycrystal-
line dolomite, by polarizing at 140 K for the time intervaltp �
1 min: The solid line is the theoretical curve that best matches the
experimental points. The relaxation parameters areE0 � 0:351 eV;
s � 0:024 eV andt0 � 3:6733× 10211 s:

Fig. 3. Temperature distribution of the activation energy values for
the LT1 mechanism of single-crystal dolomite, obtained by the
partial heating experiments.



can hardly be attributed to electrostatic interactions resulting
from the dipole concentration.

We proposed recently [8] that the LT1 mechanism origi-
nates from the rotation of water molecules or defect dipoles
with hydroxyl as the major participant. The incorporation is
favored by the magnesium sublattice [22]. There are three
possibilities for the location of the LT1 dipoles: (a) they are
accommodated in the pores of the polycrystalline specimen;
(b) they are (strongly) bound to the grain boundaries, or (c)
they are inserted into the matrix material. If hypotheses (a)
and (b) were true, the LT1 should be absent in the spectrum
of the single crystal. If we consider the pore space or the
grains’ surface as hydrophilic sites, the charge release of the
LT1 mechanism would be porosity dependent, but the latter
does not occur. An additional reason for rejecting the first
assumption is that the LT1 location and charge release are
not influenced by thermal annealing [8]. We conclude that
assertion (c) is compatible with the experimental results.
The dipoles of the LT1 mechanism are actually lattice
defects and are strongly bound to the magnesium sublattice.

Another question is whether water molecules or hydroxyl
complexes produce the LT1 dispersion. We performed
infrared experiments. In Fig. 5, the absorption vs the
frequency is depicted. We emphasize on two peaks, which
reach their maxima at 3300 and 3600 cm21. The peaks are
located within the frequency region 3100–3600 cm21,
where both the stretching modes of water and hydroxyl
should appear [23]. However, the region around
1600 cm21, where the bending mode of the water appears,
is free of any peak. Subsequently, the peaks at 3300 and
3600 cm21 are induced by hydroxyl ions [23]. As a result,
the LT1 dipoles are rather defect dipoles with hydroxyl in
their structure, than freely rotating water molecules.

4.3. Detection of the LT2 dispersion

A strong band, which is labeled LT2, is located around
188 K, but it is masked by intense relaxation mechanisms,
which activate at higher temperatures. The dispersion is also
present in the thermograms of the calcite compounds [8].
We applied an electric field of intensityEp � 30 kV=cm; for
a very short time intervaltp � 1–2 s and performed a series
of TSDC experiments for different polarization tempera-
turesTp � 185; 180, 177 and 175 K. In Fig. 6, we see that
the reduction of the polarization temperature prohibits the
spurious high-temperature contribution and enables the detec-
tion of a maximum around 188 K. We see that the latter
maximum depends slightly on the polarization temperature.
We assert that the activation energy is characterized by a
very narrow distribution around a central value.

In Fig. 7, we depict a series of thermograms obtained by
polarizing for different time intervals:tp � 5 min; 2 min,
1 min, 5 s and 1–2 s. The polarization temperature was
selected so as to minimize the high-temperature spurious
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Fig. 5. Absorption IR spectrum of single-crystal dolomite.

Fig. 6. Tracing the maximum of the LT2 band by varying the polar-
ization temperatureTp. We employed platinum electrodes. The
polarization conditions were:Ep � 30 kV=cm; tp � 1 2 2 s and
(a) Tp � 185 K; (b) Tp � 180 K; (c) Tp � 177 K; and (d) Tp �
175 K:

Fig. 7. Minimization of the high-temperature spurious contribution,
by reducing the polarization timetp: (a) 5 min; (b) 2 min; (c) 1 min;
(d) 5 s; (e) 1–2 s. The polarization conditions were:Ep �
30 kV=cm; Tp � 180 K:



contribution. We observe that the reduction of the polariza-
tion time tp yields the minimization of the high-temperature
contributions. At this point, we note that the effective polar-
ization time in TSDC experiments is larger thantp, because
of the time required to cool the sample.

It is hard to determine the relaxation parameters by fitting
a modified TSDC curve to the whole experimental data
points, due to the undesirable neighboring contributions. A
crude estimate of the activation energy was obtained by the
partial heating scheme:E � �0:58^ 0:06 eV�: The disper-
sion in the activation energy values may not be interpreted
within the frame of the distribution inE; in the preceding
paragraph, we showed experimentally that the mechanism is
rather non-distributed. Thus, the energy-spread is attributed
to the fact that the equation (Eq. (3)) used for analyzing the
partial heating signals is actually approximate.

5. Conclusion

The 140 K dipole dispersion (LT1 band) of dolomite is
related to the rotation of defect dipoles with either hydroxyl
as major participant or water molecules. We investigated
whether the dipole centers are hydrophilic sites on the
surface of polycrystalline aggregates or they are bulk
(matrix) defects, which are accommodated by the magne-
sium carbonate sublattice. Standard characterization techni-
ques and annealing treatments on dolomite samples with
different micro-structural features, showed that the dipoles
related to the LT1 peak are matrix defects. The full curve
fitting yielded the energy spectrum and the pre-exponential
factor. Infrared spectroscopic studies proved that the LT1
dipoles are rather defect dipoles consisting of hydroxyl ions
than freely rotating water dipoles. This is in agreement with
the previous assertion that the defects are matrix ones.
Another dispersion (LT2 band) is located around 188 K
and manifests as a typical relaxation mechanism of the
calcite sublattice.
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