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Defect dipole relaxation in polycrystalline dolomite[CaMg(CO 3),]

A. N. Papathanassiou and J. Grammatikakis
University of Athens, Department of Physics, Section of Solid State Physics, Panepistimiopolis, GR 15784 Zografos, Greece
(Received 5 October 1995

The thermally stimulated depolarization current or ionic thermocurrent technique detects two low-
temperature bands with maxima at 140 and 188 K, respectively. The choice of proper polarizing conditions, to
inhibit the formation of space-charge polarization, permits the accurate study of the low-temperature mecha-
nisms. The extensive dielectric characterization shows that the relaxation mechanisms are related to homoge-
neous polarization processes and most likely originate from dipolar centers. The thermal treatments indicate
that the centers are probably defect dipole agglomerates. The energy parameters for dielectric relaxation are
also evaluated.S0163-18206)07123-9

I. INTRODUCTION where E is the activation energyr, is the preexponential
factor, andk is Boltzmann'’s constant.
Calcite (CaC0O;), magnesite(MgCO3), and dolomite In the thermally stimulated depolarization curréREDC)

[CaMgCO3) , or CaCO;:MgCO4] belong to the so-called method we can monitor the behavior of a previously polar-
“calcite family” and crystallize in the rhombohedral crystal ized dielectric by varying the temperature. The basic steps
structure™? Dielectric studies on the calcite family will pro- are the following** At a certain temperaturg, we polarize
vide valuable information on the ionic relaxation of the the sample for a period of timg> 7(T). Then keeping the
mixed crystal dolomitef CaMgCO3),] in relation to the external polarizing field on, we cool to liquid-nitrogen tem-
dielectric relaxation of the end membeX€aCO; and perature(LNT) where the relaxation time is practically infi-
MgCO3). We notice that, to the best of our knowledge, little nite. Therefore, upon switching off the field, the dielectric
experimental work has been reported to date about the relaxemains polarized. Subsequently, we detect with an elec-
ation of mixed crystal$-® From the calcite family, the only trometer the depolarization current as the temperature aug-
dielectric studies concern the calcite and limest¢pely- ments at a constant heating réite At the temperature range
crystalline rock-calcite’™® Dolomite and magnesite have where the thermal energy competes with the enefgy
been studied very recentand our results are in pre$s. needed for the reorientation of the polarized dipoles, we get
The present paper not only contributes to the pure rea transient electric signal called thermogram. For different
search of ionic relaxation in the alkaline earth carbonate salt/pes of dipoles, or for the dispersion of the frozen space-
but can also assist in the improvement of the industrial andharge polarization, we get additional peaks.
technological usage of these widespread gal&ddition- In the simple case of noninteracting dipoles, the transient
ally, profit can be gained in the electrical geophysical pro-depolarization current density is
cesses, since the carbonate salts are important constituents of

the Earth’s crust. - _Sl'[0 y _E_LJT o — E 4T @
(D=7 T b ), ™A kT 4T
Il. THEORY wherell, is the initial polarization of the dielectri@§ is the

sample’s surface area, which is in contact to the electrode,

The dielectric relaxation of an insulator is due to the ro- T ) o )
tation of dipoles and to the motion of free charge barriersand To coincides with the LNT. The activation energyis

under certain boundary conditiohsThe migration of the identical to thg mlgratlor_1 eqthalpy“. . :
free charges, which themselves contribute to the dc conduc- The relaxation timer is given by the following relation
tivity, can be prohibitedi) from the internal obstacle@.e., (area methoy

interfaces between two phases of different conductivities, 1 -

grain boundaries, dlslpca.tlo)qsea(.j_mg to the interfacial (T)= _f I(T)dT, (3)
(Maxwell-Wagney polarization andii) from the non-Ohmic bI(T) J1

interface between the specimen surface and the electrodes . ,
leading to the formation of space-charge polarization. Eacl/N€reTs is the final temperature of the peak where the cur-
of the relaxation phenomena, following the removal of anfent becomes null. For the initial part of the curve, E2).
external polarizing field, is described by a relaxation time®duces to

7, which is temperature and pressure dependent. The relax-

ation time is related to the temperature via the Arrhenius I(T)s%ex% —
equation To

E

kT)" @

For a linear heating ratb, the temperatur& ,,,, where the
7(T)= 1exp(E/KT), (1) current maximizes is given through the equation:
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Tmax _ Eb (5) 4
T(Tma  KTmax :
Equations(1) and(3) can lead to the evaluation of the acti- .
vation energyE and to the value of the factar,. :u; z—_
IIl. EXPERIMENTAL DETAILS -
Our cryostat operates from LNT up to 400 K. A vacuum -
better than 10° mbars was created by an Alcatel molecular L A o o
vacuum pump. The crystals were placed between the plati- 90 160 230 300 370
num electrodes and were polarized by using a Keithley 246 T (K)

dc power supply. The temperature was measured by means _ _ .

of a gold-chromel thermocouple fed into the upper electrode, F!G- 1. TSDC thermogram of polycrystaliine dolomite obtained
which was connected to an Air-Products temperature con! € usual manner, i.e., by polarizing at RT. The polarization
troller. The temperature rise was monitored by the controllefOnditions weref,=292 K, t,=5 min, E,=7.09 kv/cm. The heat-
and the desiredconstank heating rate was attained through- Ing rate wash=3.5 K/min. The electrode material was platinum.
out each TSDC scan. The depolarization current was mea-

sured with a Cary 401 electrometer. Current intensities of th&eept, the same and choodg, as the variable parameter so
order of 10 1% A could be detected. The output signals from @s to obtain high accuracy. In Fig. 2 we present the thermo-
the controller and the electrometer were digitized via a Kei-grams recorded by gradually decreasing the polarization tem-
thley DAS 8 PGA card installed into a computer. The dataPeratureT,. We observe that the degree of polarization of
were afterwards analyzed with the appropriate software wéhe HT band becomes smaller and, at the same time, the

have developed. low-temperaturéLT) spectra are exhibited. By polarizing at
Details about the samples’ origin and composition arel =200 K, the original uniform distribution of the space
given in the preceding papét. charge is not alteretthe HT peak is not recorded at aland

we may get highly reproducible curves of the LT spectra. In
IV. RESULTS AND DISCUSSION the present paper, our interest will hereafter be focused in the

LT spectra.
A. The way to perform reliable dielectric characterization

The common practice to obtain an ionic thermocurrent g, variation of the polarization conditions, the electrode
thermogram is to polarize the sample at room temperature configuration, and the sample thickness
(RT), where the dipole entities are mobile enough to orient.
The situation becomes complicated when the dipolar mechqg—

nisms coexist with space-charge ones. The formation of th X h hani | :
space-charge results in the creation of an internal electrif@nd- Since the mechanisms are also detected in monocrys-

field that opposes the external polarizing field. Subsequentlyf@l dolomite;™ they are not determined by the material mi-

the total field that the dipoles feel during the pdarizaﬂonc’rost_ructure but rather by the ionic relaxation of the dolomite
stage is reduced, probably to a null value in relation to thd™atrx.
external field. Therefore, the polarization state of the dipole
population can be altered drasticalf/Additionally, as has IoA)
already been reported, the nonuniform free charge distribu- 104 4
tion can lead to a polarization process of the dipoles during  sf—
the heating of the sample and the simultaneous recording of
the thermogrant’

In Fig. 1 we present the thermogram of polycrystalline
dolomite obtained in the usual mannédr,(at RT). A strong
complex mechanism, thereafter called HT, maximizes close
to RT. Our recent extensive TSDC studfeprove that the
HT band is related to the space-charge polarization. So, it
would be risky to conclude that the HT peaks show the
unique relaxation mechanism in dolomite, recalling that the
space-charge formation might inhibit the dipole orientation.

The polarization state can be controlled drastically by the
appropriate selection of the polarization timgeand the po- T, =200K
larization temperaturd . If the polarization timet, is too 3%
short and comparable to the time needed to cool the sample ®

to LNT (a few seconds there exists too large an uncertainty FIG. 2. Thermograms obtained by varying the polarization tem-

in the knowledge of the actual polarization time. §0can- — peratyreT, with the aim of preventing the space-charge polariza-
not easily be selected as the experimental parameter that Wilbn and obtaining reliable low-temperature dielectric characteriza-
accurately control the polarization state attained. Instead, wggn (E,=21.43 kV/cm,t,=2 min).

In Fig. 3 the LT spectra are depicted. They consist of two
ands with maxima at 140 KLT1 band and 188 K(LT2

0

T,~240K
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FIG. 3. The low-temperatur€.T) spectra of an as-received |G 5. Dependence of the LT2 band upon the polarization tem-
sample of polycrystalline dolomiteT,=200 K, E;=8.33 kV/cm,  perature T, (E,=6.76 kvicm, t,=2 min). By polarizing at

tp=2 min). T,=160 K, LT1 is not polarized at all.

The vast majority of the experiments were performed by | _ L o
using platinum electrodes. We additionally used bronze eled2€ interpreted via the relaxation time distribution model and

trodes, silver paste, graphite paint, and insulatifigflon) can be viewed as the polarization of the faster components
electrodes (metal-insulator-sample-insulator-metdM 1SIM ~ upon T, decrease. On the contrary, the LT2 peak location
configuration.* In this way we could change the blocking remains unalteredrig. 5 by shifting T, to lower tempera-
degree of the electrodes. For each kind of electrode materigires, indicating a unique relaxation time response.
we performed successive measurements under exactly the In Fig. 6 we display the dependence of the polarization
same polarization conditiond {=200 K, E,=6.94 kV/cm,  state upon the external electric field intendily. The linear-
t,=2 min) that lead to reproducible, electrode independenity is typical of dipole relaxation, although this result cannot
thermograms. The same set of experiments was performdeke considered as a proof of the dipolar character.
by polarizing atT,=160 K, so as to polarize only the LT1 For two different polarization temperatureb,= 160 and
mechanism and yielded the same conclusions. The high r00 K) and keeping the polarization conditions constant
producibility and the invariance upon the nature of the elec{E,=9.09 kV/cm,t,=2 min), we examined the dependence
trodes strongly indicate the dipolar feature and the fact thaof the signal upon the sample thickness. The initial thickness
the LT1 and LT2 mechanisms are related to the homogewas 1.65 mm and the final one 0.90 mm. As can be seen in
neous polarization of the sample. Fig. 7, the spectrum remains unaffected, indicating that the
By polarizing at T,=200 K (E,=6.76 kV/cm and relaxation mechanisms of both LT1 and LT2 are related to
choosing different values of the polarization time(1, 2, 3, the homogeneous polarization of the sanifi.
4, 6, and 9 miin, we observed that the saturation was attained
at about 1 min. By selectind,=160 K, E,=7.14 kV/cm

. . -11
and varying the, values(15 sec, 1, 2, and 3 minwe found I max (pA) Q(10 Cb)
the saturation polarization again at about 1 min. This behav- g 4 15
g)czl efgr the attainment of saturation is characteristic of di- 00 LTI band
While keepingE, andt, constant, we change®,. For 0.3 _X LT2 band
T, larger than 140 and 188 K, the maxima of LT1 and LT2, ) 10
respectively, remained the same. Whign<140 K the tem-
peratureT ,, (at which LT1 maximizesand the peak am- 0.2
plitude I o decrease upofi, (Fig. 4. The phenomenon can )
5
0.075 — 0.1
< 0.050 4 Ttk 0 . ! ! 0
& 7 0 5 10 15 20 25
0.025 — Ep (kV/cm)
E FIG. 6. Dependence of the signal upon the electric field intensity
0.000 LR e L o s o s e e B e E,. The data for the LT1 band were obtained by polarizing at
100 140 180 T,=160 K, while for the LT2 band by polarizing at,=200 K.
T(X) The polarization state of the LT1 band is described by the total

chargeQ released. Due to the fact that LT2 overlaps with LT1, the
FIG. 4. Dependence of the LT1 band upon the polarization tempolarization state of LT2 is more reliably represented by the peak
peratureT, (E,=6.76 kV/cm,t,=2 min). amplitudel -
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FIG. 7. Thermograms for two different thickness values of theditions: T, =200 K,E,=6.76 kV/cm,tp.=2_min. Its dorrlinant com-
same sampleT(,= 200 K, E,=9.09 kv/cm,t,=2 min). ponent LT2§1 was obtal_ned b_y choogmg— 166 K, E,=6.76 kV/ _
cm, t,=2 min and partially discharging up to 170 K. The satellite
weak peak(LT2b) was obtained by initially choosing,=200 K,

C. Resolution of the relaxation components and evaluation of E,=6.76 kV/cm,t,= 2 min and partially discharging up to 200 K.
the energy parameters P P

The partial heating technique was applied in ionic crystalgnaterial during the heating stage up to 170 K, cooled once
by us® and consists of the following steps: After polarization more to the LNT and, in the second run, we got the whole
at 200 K and cooling down to LNT, we heat up the sampleLT2a component. In Fig. 10 we have plotted the lralues
until we get the initial rise of the thermocurrent and imme-for LT2a, according to E(3), vs T~*. The excellent linear-
diately cool down to LNT. IfT. denotes the cooling tem- ity certifies the good isolation and verifies the aspect that the
perature, we repeat the heating procedure by a gradual ifielaxation is due to single valuerotating dipoles.
crease ofl ., until we discharge the sample completely. The The energy parameters obtained from the Arrhenius plot
set of initial rise curves provides, through E¢), the acti- are depicted in Table I. We notice that the maximum of
vation energyE distribution versus the temperature. The ad-LT2a coincides with that of LT2 and that the amplitude of
vantage of the technique is that the initial rise, as stated ik T2a strongly dominates that of LT2. Therefore, we may
the theory, is described via E¢4) for any kind of mecha- identify the features of LT2, reported above, with those of its
nism (dipoles or space chargeln Fig. 8 we see that the Very dominant component LT2a. By polarizingTg$=200 K
activation energy values distribute from 0.24 to 0.40 eV forand after partially discharging up to 200 K, we obtained a
the LT1 band and scatter from 0.50 to 0.61 eV for LT2. Theweak satellite peak, labeled LT2b. From the initial rise
wide energy distribution of LT1 is to be expected since theanalysis[Eq. (4)] and the maximum conditiofEq. (5)] we
aforementioned variation of ,,, upon T, for T,<140 K, evaluated the energy parameters of LT2b that are displayed
indicates the distribution of the relaxation time. Due to thein Table I.
fact that the LT2 band does not show any distributionrjn
we must attribute the scatter to a weak peak, satellite to the D. The effect of thermal treatment
LT2 dispersion. This aspect is indeed justified in the follow-
ing paragraph.

In Fig. 9 we have separated the dominant mechaitiam
beled LT2a by polarizing atT,= 166 K. Due to the overlap
of the LT2 band with the LT1, we partially discharged the

The dolomite samples were thermally treated in two dif-
ferent ways: In the first one, the anneal was performed at
400 °C for 30 min(Fig. 11 and, in the latter, inside the
cryostate(in vacuun) at 150 °C for 2 h. In both cases, the
thermal anneal was followed by rapid quench to the RT. The
electrode material was platinum, but graphite paint was ad-
ditionally used in some specimens. The sample’s weight did
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FIG. 8. Temperature dependence of the activation en&gy ™ (K™

evaluated from a set of initial rise curves obtained by employing the
partial heating schem@&,, denotes the end temperature of the initial ~ FIG. 10. The Arrhenius plot of the component LT2a. The en-
rise curve, where the sample is cooled down to LNT. ergy parameters evaluated from the diagram are depicted in Table I.
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TABLE |. Energy parameters of the low-temperature mecha-

nisms. Techniques of parameter evaluation: *: partial heating; **: 0.2 i
peak cleaning(area and computer fittingand ***: partial dis- _
charge(initial rise methodl. _
E (eV) 7o (se9 Eoa A
LT1 (*) 0.24-0.40 .
LT2 (*) 0.50-0.61 —
LT2a (**) 0.53 121071 0.0 TT I T T T T ¥ T [ T T T T T T T T T TT1
LT2b (***) 0.39 2.41x10°8 100 125 150 175 200

T (K)

not change after the anneal. The th ded aft FIG. 11. Thermogram of a sample annealed at 400 °C for 30
9 - [N€ thermograms recorded artgf, o4 subsequently quenched to RT. The polarization conditions

the thermal perturbation indicated the following. _ _ DS
(@ The amplitude of LT2 is reduced to approximately wereT,=200 K, E,=8.33 kViem,t,=2 min.
60% of the original spectrum, whilg,,,, remains unaffected
after the thermal treatment. sponding to LT2 as the unique dipole relaxation band in
(b) The shape of the LT2 band is the same as a simpl&alcite. Our work on magnesite shows that the LT1 mecha-
single peak, like LT2a. The Arrhenius plot is a straight linenism is the only dipolar relaxation mechanism appearing in
that leads to the energy parametes=0.55 eV and the thermograms. As both LT1 and LT2 appear in the ther-
70=6.861x10 = sec. In view of the fact that the maximum mograms of dolomite, we can conclude that the LT1 mecha-
temperatureT ., and, in comparison to the values reportednism originates from the defect structure of the magnesium
in Table 1, the energy parameters are practically the same aiblattice, whereas LT2 is related to the defect structure of
those of the virgin samples, we can state that the LT2a banthe calcium sublattict:
survives the thermal treatment, probably by partial aggrega- It was verified spectroscopically that Mh impurity is
tion of the dipoles to some larger aggregates with null dipofavored in dolomite’?* therefore it might contribute to the
lar moment(considering the fact that no additional peak ap-defect structure in the magnesium sublatfestimulating
pears following the thermal treatment the LT1 mechanism. From another viewpoint, the tempera-
(c) LT1 is shifted to lower temperaturéthe maximum is  ture region where LT1 appears is typical for a wide variety
located toT .= 130 K) without variation of the charge re- of materials that contain water in their struct@f@ur analy-
leased. ses showed that our materials contain a small amount of
(d) Two months after the thermal treatment, the spectrunwater (free water or hydroxylincorporated into the matrix,
consists of a broad LT1 band maximizing around 155 K,and having in mind that hydroxyl incorporation is favored in
whereas the total charge released remains almost the sametitf¢ magnesium sublatti®& we may be justified in attribut-
comparison to the virgin spectrum band. The LT2 band reing the LT1 band to dipoles where hydroxyl is the basic
mains the same as that detected immediately after theomponent.
guench. The LT2 mechanism can be related to the defect dipoles,
Observations(a) and (b) are typical of defect dipole with Sr?* (Ref. 25 or AI®* as the most probable
centers® Due to the fact that the position and the energycandidates!
parameters of LT2 practically remain unaltered, we conclude
that a considerable numbéapproximately 60% of the di-
poles keep their structural configuration, while the others are V. CONCLUSION

either decomposed to simpler aggregates or else form some , . o
larger agglomerates with zero dipole moment. If any conver- The formation of the space charge during the polarization

sion of the LT2a dipoles to LT1 ones happened, then thétage in a TSDC experiment in polycrystalline dolomite

LT1 amplitude should increase, but this is not justified bystrongly affects the orientation of dipoles and strongly alters
observation(c). Observationgc) and (d) indicate that the f[he_low-temperf'iture spectra. _The proper d|f_alectr|c characte_r-
thermal treatment affects the distribution of the relaxation'zation of the dipolar mechanisms was attained by appropri-

time, leading to different maxima,,, of LT1. ate selection of the polarization temperatligg, which pre-
vents the space-charge polarization. Two bands, typical for

the dolomite material, labeled LT1 and LT2, show maxima
at 140 and 188 K, respectively. By changing the electrode

We conclude that the sensitivity of the low-temperaturematerial, the polarization conditions, the sample thickness
mechanisms to the thermal treatment directs us to the aspead by employing different thermal treatments, we proved
of the defect dipole rotation. The configuration of these centhat the bands originate from the relaxation of defect dipoles.
ters cannot be understood via dielectric measurements, uhT1 is related to the defect structure developed in the mag-
less we exploit the dielectric properties of the calcite familynesium sublattice, while LT2 is related to that developed in
and profit from additional spectroscopic data. For the calcitehe calcium sublattice. M#™ or hydroxyl complexes are
family [calcite(CaCQ;), magnesitdMgCO3), and dolomite  possible candidates for the appearance of LT1, and LT2
CaMgCO3) ,] there has already been reported a band corremight be related to $r or Al®* defect dipoles.

E. On the origin of the dipole bands
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