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Dipole and interfacial polarization phenomena in natural single-crystal calcite studied
by the thermally stimulated depolarization currents method
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The low-temperature thermal depolarization spectrum of natural single-crystal calcite exhibits two relaxation
mechanisms: the lower temperattd’) one located at 188 K and the medium temperatM€&) one located
at 230 K. Extensive thermally stimulated depolarization cur(@®DC) experiments proved that the LT band
is related to the rotation of defect dipoles, while the MT one to the interfacial polarization. A theoretical
guantitative model, which involves the Si@clusions in the matrix, is developed and successfully interprets
the appearance and the behavior of the MT b480163-182¢08)02940-3

[. INTRODUCTION (conducting or insulatingand applying the partial heating
technique. Finally we suggest an explanation for a part of the
The relaxation mechanisms that may exist in a dielectricexperimental results via a model that is more general than
are (i) the dipolar, (i) the space charge, anii) the the well-known Maxwell-Wagner model.
Maxwell-Wagner or interfacial polarization. The dipolar re-
laxation mechanisms;2? result from dipoles created by the
attraction of positive and negative charges existing in a di- Il. THEORY
electric. These charges can be created by doping the material
with aliovalent impurities(i.e., in an alkali halide crystal
A*B~, M2* impurities may substitute th&* cations. Due The TSDC or ionic thermocurrentTC) method®is a
to the neutralization of the crystal, cation vacancies are crehdigh-resolution technique for electrical characterization of
ated with negative effective charge. The impurity and thedielectrics. This method is as follows: The sample is polar-
cation vacancies form a dipole known la¥ dipole. Differ-  ized by an external applied electric fielid}, at a temperature
ent kind of dipoles are created due to the distance betweeh,, for a duration timet, much longer than the relaxation
the impurity and the cation vacancy. When the impurity con-time at the polarizing temperature, in order to orient the vast
centration is high, then dipole clusters may be formed, sucinajority of the polarizing specimens existing in the sample.
as dimers, trimers, and so on. This polarization is subsequently frozen in by coolingder
Space charge relaxatidnt! is caused by both intrinsic the existence of the applied electric fiplthe sample to a
and extrinsic free carrier.e., ions or electronsThe polar-  temperatureT, such that the frozen-in polarization remains
ization of these charges is attributed (p the macroscopic unchanged even if the external electric field is switched off.
movement of the charge carriers towards the electrodes anthis happens because at such a low temperature the relax-
(i) their accumulation at interfaces within the material. Dur-ation time of the polarization processes is very big compared
ing the movement of the carriers, several processes may prie that at room temperature. By heating up the sample by a
ceed simultaneously. Their parameters vary not only withconstant heating rate, the depolarization current, as the po-
time and space but they depend also on many variabldgrizing specimens relaxes, is detected by an electrometer. In
atypical of the material. the case of a single relaxation process obeying the usual
Finally, the interfacial or Maxwell-WagneiMW) relax-  Arrhenius relation,
ation mechanism; ** usually appears in heterogeneous struc-
tures. It is the result ofi) the formation of charge layers at
the interfaces, due to the different conductivity currents 7(T) = 7oeXp(E/KT), 1)
within the various phases, ¢r) the migration of the carriers
over microscopic distances and the subsequent trapping. Th
materials that contain conductive inclusions are the mosﬁ‘I
challenging materials for investigation.
In this paper the dielectric behavior of natural single cal-
cite crystals is investigated, by applying the thermally stimu-
lated depolarization currentdf SDC) method, in the tem-

A. The method

erer(T) is the relaxation time at the temperatdrer, is

e preexponential factoE is the activation energy, ardis

the Boltzmann’s constant, the depolarization current is given
by the relation

perature range from 77 to 400 K. We study the behavior of AP E 1 (T
the peaks appearing in the spectrum by varying the initial  j(T)= Oex;{ - _) exp{ _f e(E/kT'>dT’], 2
experimental conditions, using different types of electrodes 7o kT b7o )7,
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whereA is the surface area of the sample dtyglis the initial  main axis parallel to the electric field arfil) their conduc-
polarization. It is proven that the depolarization current istivity is much higher than this of the host matrix, the relax-
maximized at a temperaturd, whenever the general ation timer (for small volume fraction of the inclusiohsis
conditiont* given by the relatiotf~18

dr
dt

__1 3 g M Deates @

02

=T,

wheregg is the electric permittivity of free space; ande,

are the permittivities of the host matrix and the inclusions,

respectivelyo, the conductivity of the inclusions and, the
bE7, [{ E ) shape factor of the inclusions in a specific directwiusu-

= ex .

is fulfilled. The above condition leads to the well-known
equation for noninteracting dipoles:

é K T (4) ally that of the applied electric fieldWhena=a, b, or c
(wherea, b, andc are the axes of the spheroid inclusions,
For a single curve, the relaxation timéT) calculated ac- respectively the shape factor is given By
cording to the so-called area method is given by the

formulat®*® _ 2
T Na abcL, )
,
- r, (NdT 5 Wi
T M
. _ ° d\
whereT; is the temperature that the current appearsTgrid La=f T > > .
the temperature that the current vanishes. An Arrhenius plot 0 (a+M)?V(@2+N) (B> +N)(c?+))
(In 7 versusT ) permits the evaluation df and 7o. The small volume fraction approximation is generally ful-

The initial rise current for temperatures much smaller tharijjled in materials that are studied using the TSDC method.
the temperaturd 'y, (i.e., wheniy~i./10, wherei, is the  The conditiono; <o, (in some cases it is assumeg=0)

maximum currentis given by is also important since with the TSDC method we can study
AP £ only insulating materials. When the conductivity inside the
i(T)= : Oex;{ _ k_'r) (6) inclusion particles is thermally activated, i.e.,
0
Oy= erxq E/kT) y (9)

From the logarithmic plot Ii(T) versusT ! the activation

energyE is directly derived. where o is a preexponential factoE is the activation en-
The following characteristic features of the TSDC methodergy, andk is the Boltzmann'’s constant, then the relaxation

make it especially suitable for investigating natural mineralsfime is found to be an exponential function of the tempera-

which are expected to include many defects. The method iture as in an Arrhenius-type relation:

very sensitive since it can measure dipole concentrations up

to 0.1 ppm. The existence of a single peak in most cases is 7(T) = 7oexp(E/KT)

rather unrealistic even in ionic single crystals. Usually, manyitn

overlapping peaks may appear making the distinction and the

calculation of the parameters very difficult. The TSDC (n,~1)e;+e,

method offers alternative experimental techniques in order to To=¢€p .

dissociate the different kinds of polarization mechanisms or

to distinguish relaxation processes arising from polarizatiorFor a first-order kinetic process, the equations of the TSDC

mechanisms with slightly different relaxation times. Finally method are the same as in the previous section.

the TSDC thermogram comprises several distinct mecha-

nisms which in the conventional ac method would corre- C. Calcite structure

spond to a frequency range from several GHz to a few mHz

at room temperature.

(10

0o

The unit cell in calcite’s structutéis an exact rombohe-
dron, which contains two molecules of CagCQhe hexago-
nal cell (when using an hexagonal axis sysjeis of the
same height of the exact rombohedron but contains six mol-
Several models of heterogeneous structiré8(stratified  ecules of CaCQ By looking at the crystalline structure of
structure, spherical or spheroid inclusions in the host matrixpatural calcite along the axis, it is observed that groups of
etc) have been adopted in order to explain the MW mechacalcite basis C§ that belong to the same layer are of the

nism. The dielectric loss tangent and the relaxation time okame orientation, while those that belong to adjacent layers
the MW relaxation mechanism in a medium containinggre of different orientation.
spheroid inclusions, as a function 6§ the electric permit-

B. Maxwell-Wagner or interfacial depolarization

tivity, (i) the conductivity of the inclusions and the host Ill. EXPERIMENTAL DETAILS
matrix, respectively, andii) the shape factor of the inclu- '
sions, are obtained. Provided th@t all the inclusions are Natural calcite single crystals were used for TSDC experi-

identical in shape and size, noninteracting and have theiments. Atomic absorption spectrosco®AS) indicates the
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TABLE I. Impurity concentrations existing in natural calcite 20
single crystals. ]
] HT

Impurity Concentratior{ppm)

Na* 579 18]

K* 125 ]

Mn?2* 211

Mg?* 745 ~ ]

S 229 Ao

Fe 125 =~

A% <200

Sit* 4995 ]

Ti*t 586 5]
presence of impurities with concentrations presented in ] LT T
Table I. Note that Si" has the greatest concentration of all P I S N
the impurities. This impurity is found in inclusions of Sit 80 130 180 230 280 330 380
calcite crystal€® This coincides with the fact that in other T(K)
samples of polycrystal calciteinclusions of SiQ were ob- FIG. 1. TSDC scan of as grown natural calcite single crystal.
served. The external polarization electric field i,=19.6 kV/cm, the po-

The specimens were cut along the cleavage planes of cahrizing temperaturel,=288 K, the polarizing duration time,
cite. Their thickness was 1.0—1.5 mm and care was taken te5 min and the heating rate=3.8 K/min.
avoid contamination with moisture. The samples were placed

onto platinum electrodes in a cryostat operated from liquidmetal-insulator-sample-insulator-metMISIM)], are used.
nitrogen temperaturé NT) up to 450 K. A vacuum of 10" The other experimental conditions were kept constant. An
Torr was created. The temperature was measured via a thenaspection of Fig. 2 results in the fact that the MT band is
mocouple connected to an Air Products temperature contropractically insensitive to the electrode material indicating the
ler. The temperature variation was monitored by the controlexistence of a bulk phenomenon.

ler and the desiredconstant heating rate was maintained

throughout each TSDC scan. The crystals were polarized by 2. Reproducibility of the MT band

using a Keithley 700-A dc power supply. The depolarization

current was measured via a Carry 401 electrometer. The si _btln' F'g' 3(;’\’8 dep|;:lt ?hserles of sucgessnt/el TS%%. scan:\
nals from the temperature controller and the electromete aineéa under exactly thé same experimental conditions.

were digitized via a®\/D card installed into a personal com- shift of the peak towards higher temperatures and a simulta-

puter. The experimental data were processed by using comeous decrease of thga helght of the peak are observed. The
puter analysis software. same happens when insulating electrodes are used. The total

IV. EXPERIMENTAL RESULTS
0.8

A. As received samples

We performed TSDC measurements on as grown natural
calcite crystals in the temperature range from LNT up to 400
K. The external polarization electric field intensity was usu- 0.6
ally less than 20 kV/cm, while the heating rate was kept
constant and equal to 4 K/min, or less.

A typical thermogram of an as grown crystal is shown in
Fig. 1. Three bands were detected: the lower-temperature
(LT) band at a temperatufg,, (where the current reaches a
maximun) equal to 188 K, the medium-temperatudT)
band with maximum around 230 K and the high-temperature
(HT) band with maximum above room temperatyreear
320 K). We focused on the study of the lower-temperature
bands(MT and LT).

I(pA)

0.2

0-0 IIIIIIIII|IIIIII||| | TTTTVTTTT | LU | TTTTTTTCUT
0 210 220 230 240 250
B. Results from the MT band T(K)

»

1.D d the electrod terial o
ependence on the electrode matenia FIG. 2. TSDC scans of MT band of natural calcite single crystal

Figure 2 shows the MT band when platinupmetal-  with platinum electrodes(solid line and insulating electrodes
sample-metal(MSM) structurd, or insulating electrodes (dashed ling
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FIG. 3. A series of successive TSDC scans of MT band under

. o i FIG. 4. A series of successive TSDC scans of MT band after
exactly the same experimental conditions. 1, first TSDC scan; 2Ifhermal annealing under exactly the same experimental conditions
second TSDC scan; 3, third TSDC scan; 4, fourth TSDC scan. 9 y P ’

1, first TSDC scan; 2, second TSDC scan; 3, third TSDC scan; 4,

. . . fourth TSDC . 5, fifth .
charge released, which is proportional to the area under thé>ur scan Hth scan

peak and is a measure of the concentration of the carriers that . .
contribute to the relaxation process, is also a decreasiné"m.1p|eS were annealed at different temperatures for different
function of the successive scans. eriods of time.

All the results of our samples, indicate that, in the first

TSDC scan, the maximum of the band arises at around 230 4. Activation parameters of the MT band _
K, in the second at around 235 K, in the third at around 241 1 ne shape of the MT peak recorded using either platinum

K and in the fourth at around 248 K. This behavior is ob-©r téflon electrodes, is rather symmetriés¢e Fig. 2, indi-
served when the sample has relaxed for a long time confeating that more than one relaxation mechanism contributes
pared to the time needed to perform the set of the successiy@ the peak. An I versus 1T plot is shown in Fig. 5. A
TSDC scans. Furthermore, in some of the samples, durirl?w.am.relaxatmn peak is observed together with a small con-
the fourth or fifth scan the signal was so weak that it wa ribution of another one at the onv-temperature side. The
hardly detected or it was masked by the intense HT bandEurvature of the Irr versus 1T plot is probably caused by
The variation of the experimental conditiofise., the exter- the overlap of the LT and MT bands, but this assumption
nal electric-field densityE,, the polarization time,, and fails if we try to analyze the other peaks appearing in the

polarization temperaturé&,), did not give any information

due to the irreproducibility of the spectra. 8

3. Thermal treatment of the MT band

In order to gain more information concerning the origin of
the peak, and specially to evaluate the contribution of dipoles
on this one, we thermally perturbed the samples and imme- 6
diately afterwards the samples were frozen. If the peak re-
sults from a dipolar relaxation mechanism, the thermal treat-
ment decomposes the agglomerates and libetatésdipoles
and consequently the size of the resultant TSDC peak is
maximized. Therefore, we annealed the samples at the tem-
perature range from 600 to 800 K for a time interval of 30
min or less and then we quenched the samples to RT. We did
not anneal the samples at higher temperatures in order to
avoid the chemical decomposition of the sample.

Figure 4 depicts a series of successive TSDC scans just
after the thermal treatment Of the Sample The anneallng tem' 2 T T o T v i T T LLELRIRRERENRL]

. . . . 0.0040 0.0042 0.0044 0,0046 0.0048 0.0050

perature was 700 K and the annealing time 30 min. No sig- 1/T(K")
nificant difference was observed in comparison to the un-
treated samples; neither the position nor the amplitude of the FIG. 5. An Inr vs 1T Arrhenius plot for the MT band with
peak was changed. The same results were obtained when th@aximum atT,,=230 K.

InT
P T N WO TN T S W T NN WO M NN W TN N N N 1

a
[l

3
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FIG. 7. The dependence of activation energy on the temperature
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eters(i.e., the activation energf and the preexponential
FIG. 6. The fit(solid line) to the experimental dat@quaresof  factor 75) are presented in Table IlI.
MT band.

V. DISCUSSION
successive TSDC scans, when there is no overlap(seg
Fig. 3. On the other hand the Inversus 1T plots indicate ] .
that there does remain a small contribution of another We summarize the features of the MT band as follos.
mechanism(see also Fig. 6 where a fit to the experimentalltS position and its height does not change even if we use
data is shown Due to these facts, we calculated only thedifferent electrode configurationeMSM or MISIM). (i)
activation parameterhe activation energf and the preex- Successive TSDC scans result in a shift to higher tempera-
ponential factor timery), for the high-temperature mecha- tures and simultaneously in a progressive decrease of the
nism (see Table ). The dependence of the activation energyneight of the observed peakéii) The thermal treatment
upon the temperaturd,,, where the current reaches its does not affect the above proce€s) The activation energy

maximum, is shown in Fig. 7. An increase of the activationincreases as the temperature increases. _

not the result of surface polarizatioigpace-charge relax-
C. Results from the LT band ation) but it is a bulk phenomenon. The rest of the features
We proceeded to the study of the LT band in a manneindicate that this band is not the result of the contribution of
similar to that followed for the MT band. The use of differ- a simple dipolar relaxation mechanism, since the shift of the
ent types of electrodesee Fig. 8 revealed that there is no

A. Attribution of the MT band: A step beyond the MW model

significant change in the amplitude and the position of the ]
peak, thus indicating bulk polarization. Successive TSDC ]
scans under exactly the same experimental conditions, depict 5]
a decrease of the intensity of the peak wHhilg remains 1
almost the samdsee Fig. 9. After the annealing of the
samplegperformed in the same way as for the MT banb .
significant change was observed. Only a small shiffTjn 0]
towards higher temperaturéd—5 K) is observed. The Im I
versus 1T plot indicates that two relaxation mechanisms & ]
contribute to the LT banésee Fig. 1§ the activation param- =]
TABLE |I. Activation parameters of the MT band calculated 0.5 7
from a series of successive TSDC scans. ]
T (K) E (eV) 7o (seq ]
230 0.58-0.02 9.63 102 ""’,_;,'""";;;,"'"";1,;,"""';55"""'2'5.;""";,0
235 0.73:0.03 2.54¢107 T(K)
240 0.69-0.03 2.9%10° B
242 0.7%0.03 2.7x10°13 FIG. 8. TSDC scans of LT band of natural calcite single crystal
249 0.810.03 41810715 with platinum electrodegqsolid line and insulating electrodes

(dashed ling
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TABLE IIl. Activation parameters of the low- and high-

temperature relaxation mechanism in the LT band.
2.0

T (K) E (eV) 7o (s€9

180-185 0.3%0.02 3.9 10°8
187-193 0.6%0.02 1.3% 107

1(p4)

The SiQ found in our specimens can be in the form of
inclusions in the host matrix or can be distributed between
the cleavage planes of calcfttAccording to the MW model
(see Sec. Il B for the small volume fraction and for the case
where the conductivity of the inclusions is much higher than
that of the host matrix, the relaxation timds given by the
relation

[/ e o e B s e B e e e e e e e
T(K) (Ng=1)eitey
T=gg——
FIG. 9. A series of successive TSDC scans of LT band under 72
exac_tly the same experimental c_onditigns. Solid line, first scan; dOt\'Nhereso is the permittivity of free spaces; ande, are the
ted line, second scan; dashed line, third scan. permittivity of the calcite and the SiQ respectively:o, is
the conductivity of the SiQ andn, the shape factor. By
peak in a set of successive scans is not a characteristic gfjpstituting to the above relation the paraméfers =38,
dipole peaks. Indeedi) by assuming the probable formation .,~4.5 ando,=3x 10" (Qm)~! [notice that the conduc-
of clusters, which leads to the decrease of the single dipolegyity of calcite is o;=2x 1013 (Om)~1] and takingn,,
population, the continuous shift of the peak to higher tem-—1 it is derived that the relaxation time at room temperature
peratures cannot be explained &figl by accepting the pres- s approximately 0.6 sec. Even using the exact relation where
ence of a complicated dipolar relaxation mechanism witht js not assumed that the conductivity of the inclusions is
distribution in relaxation time, the shift of the peak to higher yych more higher than that of the host matrix, the difference
temperatures and the simultaneous decrease of its height arf the above calculation is negligible. By substituting the
not justified, as the polarization temperature is always abovgctivation parameters of the MT band that were derived from
the region that the 'Z\QT band is appeared. our experimental analysi@ee Table Il into the Arrhenius
It is suggestetf~2° that the irreproducibility of the MT  (gjation, it is deduced that the relaxation time of the MT
band may be caused by the intense HT band, which is prollang at room temperature varies from 0.1 up to 0.01 sec. The
ably related to space-charge polarization. In this paper Weomparison between the theoretical and experimental relax-

show that the MT band should be attributed to interfacialation times, indicates that the MT band is probably attributed
polarization and we present a quantitative modeised on 5 Mw polarization.

the interfacial polarization which fits very well to the ex- Furthermore, we shall prove that when the populatibn
perimental data. of the carriers(trapped in the interfaces between the inclu-
sions and the host matrix and contributing to MW polariza-
7 tion) varies, we theoretically expect a shift of the TSDC peak
to higher temperatures with simultaneous variation of its

height.

The MW model(presented in Sec. Il Bassumes the ideal
case of conductive inclusionsr(~«) in a perfect insulator
(0=0) and thus the full trapping of the carriers in the inter-
faces is expected; but when this condition is not generally
fulfilled, the full trapping of the carriers in the interfaces
does not happen. When the conductivity of the inclusions is
described by an exponential behavior, then the relaxation
time has the form of the Arrhenius relation,

7(T)= 19exp(E/KT),

nT
e leeseaa syl bes ool snte

3 where
(Ng—=1)e;+ey
To=€p——— .
oobes T 0.0084 | o.abes, | 0.0086 | 0.0057 °
- ) 1/7?(1(') ) ) The quantityo, is proportional to the populatioN of the

carriers. The decrease of the population leads also to the
FIG. 10. An In7vs 1/T Arrhenius plot for the LT band. decrease of the height of the peak and to the increase of the
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preexponential factot, (since oy also decreasgsThe in- B. Attribution of the LT band

crease ofry results in the shift of the peak to higher tem-  \y/e summarize the features of the LT band as follofis.

peraturegaccording to Eq(4)]. It is also easily shown that The | T peak does not depend on the different electrode con-

this shift results when the activation energy increases. figuration. (i) Under successive scans, the height of the peak
By summarizing, we conclude to the followitigssuming  gecreases, buf,, remains practically unchangedi) The

that the carriers are not fully trappedi) even if the carriers  ,orma| anneal does not drastically affect the features of the

are of the same typ@.e., they do not interagind even ifthe  neak The above characteristics support a dipolar relaxation

inclusions have exactly the same geometry, a shift of theechanism. The small variations in the height and in the

peak with simultaneous variation of its height is expectedysition of the peak after the thermal treatment possibly
when the population of the carriers varies dnlthe shift of  iginate from the variation of the population of the dipoles
the peak also takes place when a variation in the activatiof 4t contribute to the peak.

energy occurs.
From Table II, where the calculated values of the activa-
tion energyE and the preexponential factep of MT band

are given, the increase of the activation energy is experimen- By using the TSDC method we studied the relaxation
tally confirmed, thus indicating the shift of the peak to highermechanisms existing in single crystal-calcite samples. The
temperatures. Furthermore, as the difference between thgalysis of the MT band indicates that a MW relaxation
conductivity of the hosfcalcite) and the inclusions (SiQis  mechanism contributes to that peak. This mechanism is theo-
not so big, the carriers in the inclusions may not be fullyretically predicted, and seems to be experimentally con-
trapped, resulting in the decrease of the MT band under sugirmed. By extending the well-known MW model, the char-
cessive scans. The expectedithin the mode) theoretical  acteristics of that peak are explained. The activation energy
increase of the preexponential factarhen the height of the  of that peak was found to vary from 0.59 eV to 0.83 eV. The
peak decreasgss not clear, because of the usually large analysis of the LT band indicates that two dipolar relaxation
errors appearing in the calculation of that factor. mechanisms contribute to that peak with activation energies
Finally, a basic difference between a single dipolar and am.35 eV and 0.65 eV, respectively.

interfacial polarization relaxation mechanism can be as-
serted: The decrease of the population of dipoles for several
reasongi.e., clusteringdoes not lead to the shift of the peak,
but only to the decrease of its height; on the other hand, The authors would like to thank Professor P. Pissis from
variation of the populatioN in the interfacial polarization the National Technical University of Athens for fruitful dis-
leads to the variation of the position and height of the peakcussions.

VI. CONCLUSIONS
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