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Abstract

We performed thermally stimulated depolarization current experiments on leukolite (polycrystalline magnesite). Two bands
appear in the thermograms: one is located at 140 K (LT1 band) and another one (HT band) that reaches a maximum around 305
K. In the present work, we perform the characterization of the HT band by carrying out successive TSDC scans with electrodes
of different blocking degree by changing the polarization conditions and by varying the thickness of the specimen. The results
indicate that the HT band is characterized by the distribution in the relaxation time and is related probably to the homogeneous
polarization of the sample. The features can be interpreted through an interfacial polarization mechanism like the trapping of
free charges at the grain boundaries. We performed the thermal sampling scheme and obtained a set of the constituents that
build up the HT band. The fitting of a theoretical curve with normal distribution in the activation energy to the experimental data
yielded the relaxation paramete@.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction tuent [3]. Thus, the carbonate salts exhibit structural char-
acteristics which are more complicated than those of the

Magnesite (MgC@), calcite (CaC@) and the mixed crys- most common ionic crystals.
tal dolomite (CaMg(CG),) constitute the calcite family [1]. Recently, we have presented a series of papers on the

They all share the rhombohedral crystal structure. To a very dielectric relaxation [4—7] and the transport properties
crude approximation, they are regarded as being typical [8,6] of the alkaline earth carbonate salts. Regarding the
ionic systems with the common sodium chloride structure; calcite family, we investigated the effect of the specific
in the simplified NaCl picture, the divalent cation takes the lattice type on the formation of certain polarizable defect
place of the sodium anion and the carbonate group replacescenters (the defect structure establishment) [4,5,7]. The
the chlorine ion. However, the carbonate structure actually mixing of two ionic systems to a mixed crystal induces
departs from the oversimplified situation mentioned above. long- and short-range effects which affect the dynamics of
The carbonate group is not a center of symmetry; in magne- the defect dipoles [9]. The long-range effect is related to the
site and calcite, the three oxygens are located at the cornersmodification of the lattice spacing, which is caused by the
of an equilateral triangle, and the carbon settles at its corner mixing. The short-range effect represents the modification
[2]. The stability of the mixed crystal dolomite requires of the immediate environment of the rotating dipole [9]. By
slight distortions and deviations from this visualization. using the thermally stimulated depolarization current
Another interesting point is that the ionic lattice accommo- (TSDC) spectroscopy [10], we studied the aforementioned
dates carbonate groups with inherent covalent bonding. phenomena in calcite, dolomite and magnesite [4,7,6,5].
Recent calculations performed for magnesite showed that Finally, we studied the transport mechanisms, which operate
the bonding between the magnesium cation and the in calcite [6] and dolomite [8]. For dolomite [11] and
carbonate root has a small but considerable covalent consti- magnesite [12] we also performed conductivity experiments
as a function of pressure, so as to identify the nature of the
170 the memory of loannis Koutsidis, who left so early. conduction mechanism and to understand the transport
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phenomena. The present work is part of our research temperature, RT) we apply an electric field to the dielectric
program on carbonates and the objective is to conclude on for the time intervalt,, which is usually much longer than

the origin and the identity of the broad relaxation that acti-
vates at the room temperature region, by applying the
TSDC technique [10], which operates at relatively low
temperatures.

the relaxation timer(T,) of the relaxation mechanism. The

motion of free charges toward the sample’s surfaces and
their subsequent accumulation to the (non-ohmic) sample
electrode interface, result in the polarization of the material.

The results for the alkaline earth carbonates do not only By keeping the electric field on, the sample is cooled to
aim to the development of pure research, as mentioned in theliquid nitrogen temperature (LNT). The relaxation time
preceding paragraphs, but are highly desirable in the field of 7(LNT) at the LNT is practically infinite. Therefore, the

technological and industrial applications. Leukolite is a
high-purity polycrystalline magnesium carbonate mineral,
which is of considerable importance in the industry, for

polarization state attained during the polarizing stage,
remains frozen, even when switching off the field. Subse-
quently, by heating the sample in the absence of the external

preparing refractory materials, cements, paper, rubber and field, the space charge polarization is annihilated at rela-
pharmaceutical products. On the other hand, the carbonatestively high temperatures (usually around the RT) where

are substantial participants of the earth’s crust. Dielectric
and electrical laboratory experiments are potentially signif-
icant for understanding and modelling the large scale
geophysical electrical phenomena [13]. Additionally, our

the thermal energy is high enough to assist the spatial re-
distribution of the space charge. The time (equivalently,
temperature) variation of the polarization is responsible
for the depolarization current emitted. A sensitive electro-

results are related to determine the mechanisms of chargemeter connected to the sample surfaces during the heating

flow and induced polarization resulting from natural or arti-
ficial sources in the earth’s solid crust. The detection of
dipole or extended dipole relaxation (i.e., interfacial polar-
ization) is critical for the applicability of theoretical models

which predict a polarization or depolarization dipole relaxa-

tion that accompany the pressurization of geomaterials and

are actually precursors of seismic activity [13,14].

2. Theory

The polarization of an ionic dielectric under the action of

an external electric field, consists of three main heterocharge

components [15]: (i) the atomic and ionic polarization; (ii)

the polarization of ionic dipoles existing in the matrix (like

dipole defect); and (iii) the free charge transport polariza-
tion. The latter involves two phenomena: (a) the space
charge polarization, when the moving charges are immobi-
lized at the sample electrode interface; (b) the interfacial
polarization, provided that the carriers are trapped in

procedure, records a transient thermal depolarization current
I(T), originating from the time variation of the space charge
polarization.

For the simple case of rotating non-interacting dipoles,
the signall4i,(T) is a glow curve like:
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wherell is the initial polarization of the dielectri§is the
surface sample area which is in contact with each one of the
electrodesE is the activation energy of the rotating dipoles,
b is the constant heating rate, afiglcoincides to the LNT.

If the activation energy is not single valued, but has a
normal distribution aroundg,, with distribution function
[16,17]

f(E) =

E - Ey)°
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1
V2T — o ex;{ a 20°

internal obstacles, like the interfaces separating the con- Where o denotes the broadening parameter, the modified

ductive inclusions and the non-conductive matrix, or the
dislocations.

The dielectric relaxation is characterized by the relaxa-
tion timet. A common assumption made is that the tempera-
ture dependence of the relaxation time obeys the following
Arrhenius equation:

E
T(T)=1m eXF(E)

wherek is Boltzmann’s constan& denotes the activation
energy andr is the pre-exponential factor.

The TSDC technique [10] is capable of detecting the
dipole orientation and free charge transport polarization
(cases (i) and (iii)). We present the basic steps of the
TSDC method in brief, focusing on the space charge
polarization [15]: at the temperatur&, (usually room

@

depolarization current can be written:

+ 00
I(T) = J f(E)I(T,E) dE ()
where the term(T,E) is the monoenergetic TSDC equation
(see Eq. (2)).

The integral of Eq. (1) can be approximated by the
following analytical expression:

IT ox p(_ E ) o7 — T eXH—E/KT)(EKT +30396 |
To KT/~ (E/KT)? + 5.0364E/KT) + 4.1916]r,

©)
while the integration of Eq. (5) can be performed from 0 to
3E, [16].

The picture mentioned above for the space charge polar-
ization, is simplified. The free charge population undergoes
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Fig. 1. Thermal depolarization spectra of polycrystalline magnesite (leukolite) by using platinum electrodes. The solid line was recorded by

selecting the RT as the polarisation temperatde={ 290 K). The dashed line was recorded wign= 150 K. In both cases the external
polarizing electric field intensity wak, = 8.33 kV/cm and the polarization time w#s= 2 min. The importance of the selection of the
appropriate polarization temperature is discussed in the text.

different simultaneous processes, like the space chargetemperature controller and the electrometer. The data were
limited drift, the diffusion, the neutralization to the electro- afterwards analyzed with the appropriate software we have
des, the creation and/or recombination of charges, etc. [18]. developed.
Itis also probable that the transferring charges are trapped in  Magnesite is the name of both single-crystal and poly-
internal obstacles (traps) distributed in the bulk. The space crystalline MgCQ salts. The material we studied comes
charge TSDC peaks are sensitive to the electrode material from the large deposits of compact polycrystalline magne-
used; i.e., the blocking degree of the sample—electrode site located at the island of Euboea (Greece) [23]. The speci-
interface. The polarization state strongly depends upon the mens were snow-like white. Because of their characteristic
storage conditions and the electret's prehistory [15,19]. color, the common name for the mineral is leukolite. The
Although the competing mechanisms make impossible to typical thickness of the specimens were 1.0—-1.2 mm. The
construct an analytical equation for the space charge analysis performed by the Institute of Geological and
TSDC signal, rough approaches have been made and severaMining Research (IGME, Greece) gave the following
approximate space TSDC equations have been derivedresults: 47.90 wt% MgO, 2.80 wt% Si, 0.02 wt% Al, 0.13
[15,18,20]. The different approximations converge to the wt% Fe, 0.41 wt% Ca, 0.02 wt% Mn, 0.02 wt% St, 0.01
point that the initial edge of the TSDC curve coincides to  wt% K, 0.04 wt% Na and 0.31 wt% humidity.
that of the non-interacting rotating dipoles. Depending on
the specific type of crystal, the activation eneEygvaluated
from space charge TSDC signals is identical to migration 4. Results and discussion
enthalpyh™ for the carrier diffusion, or to the migration
enthalpy plus a portion of a term, which represents the asso-  Two distinct relaxation mechanisms appear in the magne-
ciation of defects [21,22]. site’s thermogram (Fig. 1). The low-temperature mechanism
reaches a maximum at about 140 K and is labelled LT1. The
broad high-temperature band has a maximum close to room
3. Experimental details temperature (RT) and is labelled HT. The LT1 band was
studied in detail in a paper published recently [4]. Therein,
The experiments were conducted in a cryostat, which we proved that the LT1 mechanism is a dipolar one and is
operates from the liquid nitrogen temperature (LNT) up to characterized by the distribution in the relaxation time. We
400 K. An Alcatel molecular vacuum pump maintained a also found that the polarization of the HT band affects the
vacuum better than I8 mbar. The specimens were placed polarization state of the low temperature mechanism [4].
between platinum electrodes. They were polarized by using The same phenomenon was observed in polycrystalline
a Kethley 246 DC power supply. The temperature was dolomite (CaMg(CQ),) [5], as well as, in some other mate-
measured by means of a gold—chromel thermocouple and rials [15,21]. If only the HT mechanism is unpolarized, the
monitored by an Air-Products temperature controller. The LT1 is recorded undisturbed. The phenomenon was inter-
heating rate was kept constant (around 3 K/min) during the preted in the usual manner: the total polarizing electric field
heating stage of the TSDC run. The depolarization current intensity inside the crystal, is diminished due to the forma-
was measured with a Cary 401 electrometer. A Keithley tion of the space charge. Thus, the LT1 dipoles can hardly
DAS 8 PGA card, which was installed into a computer, reach a polarization state such that can actually be detected
was employed to digitize the output signals from the by the TSDC scheme. Even if the LT1 dipole population is
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Fig. 2. Recordings of the HT band of polycrystalline magnesite, by varying the polarization temp&gaitre polarization field intensity and
the polarization time were kept constaBf.= 13.64 kV/cm and, = 2 min, respectively.

polarized, their reorientation during the heating stage is
affected probably by the spatial distribution of the space
charge [24]. In the present paper, we focus on the study of
the HT band. For extensive details and suggestions for
proper dielectric characterization, see Refs. [4,5].

4.1. Dielectric characterization experiments

The TSDC thermograms, which are depicted in Fig. 2,
were obtained by varying the polarization temperaftie
while the polarization field intensiti, and the polarization
time t, were constantH, = 13.64 kV/cm.t, = 2 min). We
employed platinum electrodes. On decreasing the polariza-
tion temperature, the maximuify,, as well as the signal
amplitude |, Of the HT peak, decrease gradually. The
behavior may be interpreted in two different ways: (i) the
HT relaxation is characterized by the distribution in the
relaxation time; or (ii) the HT band is the overlap of two
(or more) different peaks. The temperatdrg, is always
higher thanT,, which probably can be related to the space
charge contribution.

We conducted four successive TSDC experiments, by
using platinum electrodes. The polarization conditions
were exactly the same; at the polarization temperature
T, = 290 K, we applied an electric field of intensiBy =
8.33 kV/cm, for the time interval, = 2 min. The signal
amplitude is gradually reduced, while the extreme variation
of Thax is about 8 K. We also conducted five successive

scans, under the same polarization conditions as those
mentioned for the platinum electrodes, by employing bronze
electrodes. The peak amplitude is modified, while the varia-
tion of the maximum is less than about 3 K.

In order to vary the blocking degree of the electrodes
drastically, we placed a thin teflon foil between each surface
of the specimen and the metal electrodes of the cryostat.
This configuration is known in the literature as the MISIM
(metal—insulator—sample—insulator—metal) structure [25].
The polarization conditions were the same as those
mentioned above. We observe that a systematic reduction
of the peak amplitude, and a slight shift to the peak maxi-
mum; i.e. less than about 3 K.

In Fig. 3, we comparatively display the thermograms
recorded by using different electrode materials. We observe
that the HT band exhibits moderate reproducibility. In Table
1, we depict the polarizatiofly, which was evaluated from
the TSDC thermograms, reduced to the electric field inten-
sity E,, in relation to the electrode material. The results must
be visualized critically, because the effective surface of the
sample—electrode interface is different when changing the
electrode material. In this sense, the results depicted in
Table 1 are noticeably of the same order of magnitude. If
the HT band was related to the space charge relaxation, the
differences would be drastic: the use of blocking electrodes
allows the rapid accumulation of free carriers and the space
charge motion is embedded rapidly; hence the signal for the
teflon electrodes would be much lower than that recorded
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Fig. 3. Sensitivity of the HT peak on the material of the electrodes: (a) platinum, (b) teflon, (c) bronze. The polarization conditichs=were:

290 K, E, = 8.33 kV/cm,t, = 2 min. We note that the value of the external polarizing field that was applied when blocking (insulating)
electrodes were employed, was carefully selected so as to achieve a field intensity in the specimen, which is practically equal to the value used
when plain metal electrodes were employed.

with conductive electrodes—nbut this is not the case. The interactions, but the charge neutralization, the diffusion, etc.
variations of the band’s shape and the temperature where theThe latter speculation is justified by the last thermogram
current reaches a maximum, are slight, in comparison to the presented in Fig. 4. We performed the series of experiments
results reported for polycrystalline dolomite [8]y.x does by starting fromt, = 2 min. After completing the set of
not strongly depend on the electrode nature, as it happens forexperiments, we repeated a last experiment wjth= 2
a space charge dispersion. The moderate reproducibility of min again. The signal amplitude is lower than the initial
the HT band makes hard the attribution of the mechanism to one. The situation is similar to the reduction of the signal,
the space charge relaxation. On the other hand, the reprodu-when we perform a series of successive scans under the
cibility is much lower than we have observed for the low- same polarization conditions.
temperature dipolar peaks [4-7]. We propose an explanation for the experimental results
For a given set of field intensity and polarization tempera- mentioned above: There are two modes for the migration of
ture, we varied the polarization tinig In Fig. 4, we see that  the free charge carriers: the carriers transfer along the
the increase of the polarization time is accompanied by the sample toward the sample—electrode interface, or they are
augmentation of the total charge released and the shift of the trapped in sites (traps) distributed into the matrix, yielding
maximum temperature toward higher temperatures. It seems an interfacial type polarization. The carriers undergo local-
that the saturation polarization is not achieved. As the polar- ized transfer within the grains. Most of them are trapped at
ization time increases, the free charges travel along longer
distances. So, during the depolarization stage, the relaxation

o : L d
mechanism is characterized by longer relaxation times and, 1.0
subsequently, the HT peak reaches its maximum at higher ]
temperatures. However, it is risky to discuss the charge |
release upon the polarization time, recalling that the spatial ?m -
charge population is controlled by not only the electrostatic ™~ 0.5
Table 1 i
The polarization[ [, which was evaluated from the TSDC thermo- i
grams, reduced_to the electric field intendgy in function to the 0.0 - e AAAREEREEREREEETE
electrode material 200 250 300 350
T (K)
. m .. C
Electrode material £ (10 15—\/ )
P ‘mm Fig. 4. Dependence of the HT band upon the polarization time

: interval t,, by using platinum electrodes. The polarization condi-
Platinum 16.33 n P :
Bronze 10.77 tions wereE, = 8.33 kV/cm,T, =290 K and (a}, = 2 min, (b)t,=
Teflon 0.96 8 min, (c)t, = 15 min, (d)t, = 30 min, (e)t, = 2 min (platinum

electrodes).
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Fig. 5. Thermograms recorded by using platinum electrodes, for different values of the sample thickness. The polarization condifigrs were:
290 K, E, = 26.30 kV/cm,t, = 2 min.

the grain boundaries and contribute to the interfacial polar- distinguishing between the homogeneous polarization and
ization. The accumulation at the grain boundaries prohibits the inhomogeneous one, the experiments involving the
the motion of the charge population; hence a set of succes- modification of the sample thickness can hardly assist
sive experiments lead to signals with reducing maximum further quantitative analyses. For example, in order to
(screening effect). It is probable that part of the charge ensure that the sample microstructure remains invariant,
population travel along distances, which are much longer we performed the experiments by gradually reducing the
than the mean grain’s size. The latter are trapped at a neigh-thickness of the same sample. Consequently, the removal
boring grain boundary or they reach the sample—electrode of slices during the sample thickness reduction, removes at
interface. In the first case (trapping at the neighboring grain the same time some of the space charge stored during the
boundaries), we would observe an interfacial mechanism previous experiments.
with longer relaxation time. This happens when the electric
field is applied for long time intervals: the peak maximum 4 5 petection of the components of the HT peak
shifted toward higher temperature for increasigdndicat-
ing the augmentation of the relaxation time. The small ~ The selectivity is the most significant advantage of the
portion of charges that reach the electrodes can also influ- TSDC technique; various combined polarization and depo-
ence the HT band. The latter population is present as a larization modes can be conducted, in order to decompose a
background (i.e., multiple satellite mechanisms) to the broad band to its constituents. The procedure is described in
relaxation spectrum, which compete the polarization of the the literature as the thermal sampling technique [18,26,27].
HT band. In the present work, we adopt an alternative thermal
The modification of the sample’s thickness provides defi- sampling technique [28,29]: we chose a temperafjg
nite information about the nature of the relaxation mechan- which is located within the temperature range where the
ism. We conducted a TSDC experiment on a sample of TSDC peak appears. At this temperature, we polarize the
thickness 1.14 mm, under the following polarization condi- sample for the time interva. By keeping the temperature
tions: T, = 290 K, E, = 26.30 kV/cm,t, = 2 min. Subse- (Tp) constant, we discharge the sample for the time interval
quently, the sample thickness was reduced to 0.65 mm. t;. The condition fulfilled ist, = ty = t,q. Inmediately after-
Three days later, a TSDC run was conducted, under polar- wards, the specimen is cooled to the LNT. Which is the
ization conditions which were exactly the same as those physics hidden behind the aforementioned thermal sampling
mentioned above. In Fig. 5, the curves corresponding to scheme? By polarizing &y, the slow relaxation mechan-
the two different sample thickness values, are shown isms, which activate at much higher temperatures fan
together. We note that the reduction of the sample thickness remain practically unpolarized. The discharge at the
results in a slight decrease of the maximum (about 5.5 K). temperatureT,q, results in the depolarization of the fast
The signal amplitude is decreased to about 96% of the initial relaxation mechanisms, which activate at temperatures
amplitude. The similarity between the signals corresponding much lower thariT,s. Consequently, only the mechanisms
to the different sample thicknesses, indicates that the HT activating around’,qreach a detectable polarization state. In
band is related to the homogeneous polarization of the the subsequent heating stage, a band, which corresponds to
sample. The charges contributing to the HT band are the polarized mechanisms that survived the ‘polarization—
immobilized at internal obstacles like the grain boundaries, depolarization’ procedure and represents a portion of the
and the traps (probably the grain boundaries) are spatially initial dispersion, is recorded. The thermal sampling scheme
uniformly distributed in the matrix. At this point, itis worth  is repeated for variou,s temperatures and a set of discrete
noting the following: despite their potential significance in  responses is traced.
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Fig. 6. Representative thermal sampling responses, so as to decom-

pose the HT band to its components. The ‘polarization—depolariza-
tion’ temperatures were: (&)= 250 K, (b)Tpg= 270K, (C)Tpg =
290 K, (d)Tpg = 310 K, (e)Tpg = 330 K, (f) Tog = 350 K.

The analysis following the thermal sampling experiments
requires the construction of thg,.(T,q) diagram. Provided
that the TSDC peak is a single one (single relaxation time),
then the maximunT,,,, of the responses would be indepen-
dent of the polarization—depolarization temperatiisg If
now the TSDC signal is the overlap of two single relaxation
mechanisms (without distribution in their relaxation para-
meters), theTya points would accumulate around two
distinct values. The random scatter of the experimental
points is typical of space charge mechanisms. The fit of a
straight line with unity slope is assigned to the distribution
in the relaxation time values [27,30]. The reproducibility of
the thermal sampling peaks is typical of dipole contribution;

413
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Fig. 7. Dependence of the temperaturg., where the thermal
sampling peak reaches a maximum and its signal amplityge
versus the ‘polarization—depolarization’ temperatilig

and depolarization time intervals, as well as to the heating
rate [30]. Subsequently, in our opinion, the location of the
band cannot stand alone as evidence for space charge
mechanisms. The thermal sampling peaks exhibit moderate
reproducibility. In Fig. 7, we display additionally the peak
amplitudel . dependence upol,g. As Tyq increases, the
amplitude increases gradually to a unique maximum and, at
the high-temperature region, the amplitude becomes
weaker. If thelyn.{T,9 plot exhibited two maxima, then
the HT would be the overlap of two different relaxation
mechanisms. The latter situation is not valid and, therefore,
we conclude that the HT band is actually a uniqgue mechan-

on the contrary, space charge components suffer from the jsm with distribution in the relaxation parameters.

irreproducibility. We note that the variation of tiig,, upon
Toa s, in some respects, similar to tg — Tg,p procedure
developed for thermoluminescence analysis [31,32].

We tried 30 differentT,q temperatures and recorded 30

4.3. Evaluation of the relaxation parameters

responses of the HT band. Some of the thermal sampling  The variation of the polarization temperature, when the

peaks are depicted in Fig. 6. Thig.(T,q data points lie on
a straight line with slope equal to unity (Fig. 7). Conse-
quently, the HT mechanism is characterized by the distribu-
tion in the relaxation time values. This is in accordance with
the result that the maximum temperature of the HT disper-
sion depends on the polarization temperafliewhen the

TSDC experiments are performed in the usual experimental
mode, as well as the thermal sampling technique, showed
that the HT band is characterized by the distribution in the
relaxation time. We performed a non-linear least-squares fit
of the modified Eqg. (4), whereas the distribution in the acti-
vation energy is asserted, to the experimental data. The

TSDC experiments are conducted in the usual manner. We results were visually inspected so as to verify the good
also note that the thermal sampling components reach a match of the theoretical curve to the initial rising part of
maximum at the temperatufB,,,, which is always higher  the TSDC band. In Fig. 8, a theoretical curve is depicted,
than the ‘polarization—depolarization’ temperatuig. It together with a normalized TSDC signal. The peak was
seems quite probable that this feature is related to the cleaned carefully from neighboring contributions, by
space charge polarization. However, the location of any employing the thermal sampling scheme at the polarization
thermal sampling peak is functioned to the polarization temperaturel,y = 290 K. The relaxation parameters of the
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Fig. 8. Theoretical curve with Gaussian distribution in the activa-
tion energy (solid line) fitted to the experimental points (circles).
The band is cleaned from neighbouring contributions by performing
the thermal sampling scheme. The parameters of the theoretical
curve areE, = 0.751 eV, = 0.020 eV andro, = 7.996x 10 's.

theoretical curve ar€; = 0.751 eV,0 = 0.020 eV and =
7.996x 10 s,
The carriers responsible for the ionic transport are prob-

ably cation vacancies, which are the major vacancies as the

result of charge compensation for the introduction of cation
impurities. Aliovalent impurities with relatively small ionic
radius, like K* or Na", probably contribute to the free
charge diffusion within the grains of leukolite.

5. Conclusion

We studied the intense broad dispersion, which appears in
the TSDC thermograms of polycrystalline magnesite at the
room temperature region. The experiments indicated that
the relaxation mechanism is characterized by the distribu-
tion in the relaxation time. The moderate reproducibility for
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