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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 temperature~LT! one located at 188 K and the medium temperature~MT! one located
at 230 K. Extensive thermally stimulated depolarization current~TSDC! experiments proved that the LT band
is related to the rotation of defect dipoles, while the MT one to the interfacial polarization. A theoretical
quantitative model, which involves the SiO2 inclusions in the matrix, is developed and successfully interprets
the appearance and the behavior of the MT band.@S0163-1829~98!02940-3#
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I. INTRODUCTION

The relaxation mechanisms that may exist in a dielec
are ~i! the dipolar, ~ii ! the space charge, and~iii ! the
Maxwell-Wagner or interfacial polarization. The dipolar r
laxation mechanisms,1–8 result from dipoles created by th
attraction of positive and negative charges existing in a
electric. These charges can be created by doping the ma
with aliovalent impurities~i.e., in an alkali halide crysta
A1B2, M21 impurities may substitute theA1 cations!. Due
to the neutralization of the crystal, cation vacancies are
ated with negative effective charge. The impurity and
cation vacancies form a dipole known asI -V dipole. Differ-
ent kind of dipoles are created due to the distance betw
the impurity and the cation vacancy. When the impurity co
centration is high, then dipole clusters may be formed, s
as dimers, trimers, and so on.

Space charge relaxation,9–11 is caused by both intrinsic
and extrinsic free carriers~i.e., ions or electrons!. The polar-
ization of these charges is attributed to~i! the macroscopic
movement of the charge carriers towards the electrodes
~ii ! their accumulation at interfaces within the material. Du
ing the movement of the carriers, several processes may
ceed simultaneously. Their parameters vary not only w
time and space but they depend also on many varia
atypical of the material.

Finally, the interfacial or Maxwell-Wagner~MW! relax-
ation mechanism,9–11usually appears in heterogeneous str
tures. It is the result of~i! the formation of charge layers a
the interfaces, due to the different conductivity curre
within the various phases, or~ii ! the migration of the carriers
over microscopic distances and the subsequent trapping.
materials that contain conductive inclusions are the m
challenging materials for investigation.

In this paper the dielectric behavior of natural single c
cite crystals is investigated, by applying the thermally stim
lated depolarization currents~TSDC! method, in the tem-
perature range from 77 to 400 K. We study the behavior
the peaks appearing in the spectrum by varying the in
experimental conditions, using different types of electrod
PRB 580163-1829/98/58~16!/10319~7!/$15.00
c

i-
rial

e-
e

en
-
h

nd
-
ro-
h
es

-

s

he
st

-
-

f
l
s

~conducting or insulating! and applying the partial heatin
technique. Finally we suggest an explanation for a part of
experimental results via a model that is more general t
the well-known Maxwell-Wagner model.

II. THEORY

A. The method

The TSDC or ionic thermocurrents~ITC! method12,13 is a
high-resolution technique for electrical characterization
dielectrics. This method is as follows: The sample is pol
ized by an external applied electric fieldEp , at a temperature
Tp , for a duration timetp much longer than the relaxatio
time at the polarizing temperature, in order to orient the v
majority of the polarizing specimens existing in the samp
This polarization is subsequently frozen in by cooling~under
the existence of the applied electric field! the sample to a
temperatureT0 such that the frozen-in polarization remain
unchanged even if the external electric field is switched o
This happens because at such a low temperature the r
ation time of the polarization processes is very big compa
to that at room temperature. By heating up the sample b
constant heating rateb, the depolarization current, as the p
larizing specimens relaxes, is detected by an electromete
the case of a single relaxation process obeying the u
Arrhenius relation,

t~T!5t0exp~E/kT!, ~1!

wheret(T) is the relaxation time at the temperatureT, t0 is
the preexponential factor,E is the activation energy, andk is
the Boltzmann’s constant, the depolarization current is giv
by the relation

i ~T!5
AP0

t0
expS 2

E

kTDexpH 1

bt0
E

T0

T

e2~E/kT8!dT8J , ~2!
10 319 © 1998 The American Physical Society
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whereA is the surface area of the sample andP0 is the initial
polarization. It is proven that the depolarization current
maximized at a temperatureTm whenever the genera
condition14

Fdt

dt G
T5Tm

521 ~3!

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

Tm
2 5

bEt0

k
expS E

kTD . ~4!

For a single curve, the relaxation timet(T) calculated ac-
cording to the so-called area method is given by
formula12,15

t~T!5
*Ti

Tf i ~T!dT

bi~T!
, ~5!

whereTi is the temperature that the current appears andTf is
the temperature that the current vanishes. An Arrhenius
(ln t versusT21) permits the evaluation ofE andt0 .

The initial rise current for temperatures much smaller th
the temperatureTm ~i.e., when i m' i m/10, wherei m is the
maximum current! is given by

i ~T!5
AP0

t0
expS 2

E

kTD . ~6!

From the logarithmic plot lni(T) versusT21 the activation
energyE is directly derived.

The following characteristic features of the TSDC meth
make it especially suitable for investigating natural minera
which are expected to include many defects. The metho
very sensitive since it can measure dipole concentration
to 0.1 ppm. The existence of a single peak in most case
rather unrealistic even in ionic single crystals. Usually, ma
overlapping peaks may appear making the distinction and
calculation of the parameters very difficult. The TSD
method offers alternative experimental techniques in orde
dissociate the different kinds of polarization mechanisms
to distinguish relaxation processes arising from polarizat
mechanisms with slightly different relaxation times. Fina
the TSDC thermogram comprises several distinct mec
nisms which in the conventional ac method would cor
spond to a frequency range from several GHz to a few m
at room temperature.

B. Maxwell-Wagner or interfacial depolarization

Several models of heterogeneous structures16–18~stratified
structure, spherical or spheroid inclusions in the host ma
etc.! have been adopted in order to explain the MW mec
nism. The dielectric loss tangent and the relaxation time
the MW relaxation mechanism in a medium containi
spheroid inclusions, as a function of~i! the electric permit-
tivity, ~ii ! the conductivity of the inclusions and the ho
matrix, respectively, and~iii ! the shape factor of the inclu
sions, are obtained. Provided that~i! all the inclusions are
identical in shape and size, noninteracting and have t
s
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main axis parallel to the electric field and~ii ! their conduc-
tivity is much higher than this of the host matrix, the rela
ation timet ~for small volume fraction of the inclusions!, is
given by the relation16–18

t5«0

~na21!«11«2

s2
, ~7!

where«0 is the electric permittivity of free space,«1 and«2
are the permittivities of the host matrix and the inclusion
respectively;s2 the conductivity of the inclusions andna the
shape factor of the inclusions in a specific directiona ~usu-
ally that of the applied electric field!. When a5a, b, or c
~wherea, b, and c are the axes of the spheroid inclusion
respectively! the shape factor is given by18

na5
2

abcLa
~8!

with

La5E
0

` dl

~a1l!2A~a21l!~b21l!~c21l!
.

The small volume fraction approximation is generally fu
filled in materials that are studied using the TSDC meth
The conditions1!s2 ~in some cases it is assumeds150)
is also important since with the TSDC method we can stu
only insulating materials. When the conductivity inside t
inclusion particles is thermally activated, i.e.,

s25s0exp~E/kT!, ~9!

wheres0 is a preexponential factor,E is the activation en-
ergy, andk is the Boltzmann’s constant, then the relaxati
time is found to be an exponential function of the tempe
ture as in an Arrhenius-type relation:

t~T!5t0exp~E/kT!

with

t05«0

~na21!«11«2

s0
. ~10!

For a first-order kinetic process, the equations of the TS
method are the same as in the previous section.

C. Calcite structure

The unit cell in calcite’s structure19 is an exact rombohe
dron, which contains two molecules of CaCO3. The hexago-
nal cell ~when using an hexagonal axis system! is of the
same height of the exact rombohedron but contains six m
ecules of CaCO3. By looking at the crystalline structure o
natural calcite along thec axis, it is observed that groups o
calcite basis CO3

22 that belong to the same layer are of th
same orientation, while those that belong to adjacent lay
are of different orientation.

III. EXPERIMENTAL DETAILS

Natural calcite single crystals were used for TSDC expe
ments. Atomic absorption spectroscopy~AAS! indicates the
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PRB 58 10 321DIPOLE AND INTERFACIAL POLARIZATION . . .
presence of impurities with concentrations presented
Table I. Note that Si41 has the greatest concentration of
the impurities. This impurity is found in inclusions of SiO2 in
calcite crystals.26 This coincides with the fact that in othe
samples of polycrystal calcite20 inclusions of SiO2 were ob-
served.

The specimens were cut along the cleavage planes of
cite. Their thickness was 1.0–1.5 mm and care was take
avoid contamination with moisture. The samples were pla
onto platinum electrodes in a cryostat operated from liq
nitrogen temperature~LNT! up to 450 K. A vacuum of 1024

Torr was created. The temperature was measured via a
mocouple connected to an Air Products temperature con
ler. The temperature variation was monitored by the cont
ler and the desired~constant! heating rate was maintaine
throughout each TSDC scan. The crystals were polarized
using a Keithley 700-A dc power supply. The depolarizati
current was measured via a Carry 401 electrometer. The
nals from the temperature controller and the electrom
were digitized via anA/D card installed into a personal com
puter. The experimental data were processed by using c
puter analysis software.

IV. EXPERIMENTAL RESULTS

A. As received samples

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

A typical thermogram of an as grown crystal is shown
Fig. 1. Three bands were detected: the lower-tempera
~LT! band at a temperatureTm ~where the current reaches
maximum! equal to 188 K, the medium-temperature~MT!
band with maximum around 230 K and the high-temperat
~HT! band with maximum above room temperature~near
320 K!. We focused on the study of the lower-temperatu
bands~MT and LT!.

B. Results from the MT band

1. Dependence on the electrode material

Figure 2 shows the MT band when platinum@metal-
sample-metal~MSM! structure#, or insulating electrodes

TABLE I. Impurity concentrations existing in natural calcit
single crystals.

Impurity Concentration~ppm!

Na1 579
K1 125
Mn21 211
Mg21 745
Sr21 229
Fe 125
Al31 ,200
Si41 4995
Ti41 586
in
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@metal-insulator-sample-insulator-metal~MISIM !#, are used.
The other experimental conditions were kept constant.
inspection of Fig. 2 results in the fact that the MT band
practically insensitive to the electrode material indicating
existence of a bulk phenomenon.

2. Reproducibility of the MT band

In Fig. 3 we depict a series of successive TSDC sc
obtained under exactly the same experimental conditions
shift of the peak towards higher temperatures and a simu
neous decrease of the height of the peak are observed.
same happens when insulating electrodes are used. The

FIG. 1. TSDC scan of as grown natural calcite single crys
The external polarization electric field isEp519.6 kV/cm, the po-
larizing temperatureTp5288 K, the polarizing duration timetp

55 min and the heating rateb53.8 K/min.

FIG. 2. TSDC scans of MT band of natural calcite single crys
with platinum electrodes~solid line! and insulating electrodes
~dashed line!.
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10 322 PRB 58N. BOGRIS, J. GRAMMATIKAKIS, AND A. N. PAPATHANASSIOU
charge released, which is proportional to the area under
peak and is a measure of the concentration of the carriers
contribute to the relaxation process, is also a decrea
function of the successive scans.

All the results of our samples, indicate that, in the fi
TSDC scan, the maximum of the band arises at around
K, in the second at around 235 K, in the third at around 2
K and in the fourth at around 248 K. This behavior is o
served when the sample has relaxed for a long time c
pared to the time needed to perform the set of the succes
TSDC scans. Furthermore, in some of the samples, du
the fourth or fifth scan the signal was so weak that it w
hardly detected or it was masked by the intense HT ba
The variation of the experimental conditions~i.e., the exter-
nal electric-field densityEp , the polarization timetp , and
polarization temperatureTp), did not give any information
due to the irreproducibility of the spectra.

3. Thermal treatment of the MT band

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

Figure 4 depicts a series of successive TSDC scans
after the thermal treatment of the sample. The annealing t
perature was 700 K and the annealing time 30 min. No s
nificant difference was observed in comparison to the
treated samples; neither the position nor the amplitude of
peak was changed. The same results were obtained whe

FIG. 3. A series of successive TSDC scans of MT band un
exactly the same experimental conditions. 1, first TSDC scan
second TSDC scan; 3, third TSDC scan; 4, fourth TSDC scan.
he
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samples were annealed at different temperatures for diffe
periods of time.

4. Activation parameters of the MT band
The shape of the MT peak recorded using either platin

or teflon electrodes, is rather symmetrical~see Fig. 2!, indi-
cating that more than one relaxation mechanism contribu
to the peak. An lnt versus 1/T plot is shown in Fig. 5. A
main relaxation peak is observed together with a small c
tribution of another one at the low-temperature side. T
curvature of the lnt versus 1/T plot is probably caused by
the overlap of the LT and MT bands, but this assumpt
fails if we try to analyze the other peaks appearing in

r
2,

FIG. 4. A series of successive TSDC scans of MT band a
thermal annealing under exactly the same experimental conditi
1, first TSDC scan; 2, second TSDC scan; 3, third TSDC scan
fourth TSDC scan; 5, fifth scan.

FIG. 5. An lnt vs 1/T Arrhenius plot for the MT band with
maximum atTm5230 K.



he
ta
he

-
gy
ts
on

ne
r-
o
th
DC
p

s

l

use

era-
the

t

is
-
res
of

the

d

ture

tal

PRB 58 10 323DIPOLE AND INTERFACIAL POLARIZATION . . .
successive TSDC scans, when there is no overlapping~see
Fig. 3!. On the other hand the lnt versus 1/T plots indicate
that there does remain a small contribution of anot
mechanism~see also Fig. 6 where a fit to the experimen
data is shown!. Due to these facts, we calculated only t
activation parameters~the activation energyE and the preex-
ponential factor timet0), for the high-temperature mecha
nism ~see Table II!. The dependence of the activation ener
upon the temperatureTm , where the current reaches i
maximum, is shown in Fig. 7. An increase of the activati
energy as the temperature increases is observed.

C. Results from the LT band

We proceeded to the study of the LT band in a man
similar to that followed for the MT band. The use of diffe
ent types of electrodes~see Fig. 8! revealed that there is n
significant change in the amplitude and the position of
peak, thus indicating bulk polarization. Successive TS
scans under exactly the same experimental conditions, de
a decrease of the intensity of the peak whileTm remains
almost the same~see Fig. 9!. After the annealing of the
samples~performed in the same way as for the MT band!, no
significant change was observed. Only a small shift inTm
towards higher temperatures~4–5 K! is observed. The lnt
versus 1/T plot indicates that two relaxation mechanism
contribute to the LT band~see Fig. 10!; the activation param-

FIG. 6. The fit~solid line! to the experimental data~squares! of
MT band.

TABLE II. Activation parameters of the MT band calculate
from a series of successive TSDC scans.

Tm ~K! E ~eV! t0 ~sec!

230 0.5960.02 9.63310212

235 0.7360.03 2.54310214

240 0.6960.03 2.93310213

242 0.7160.03 2.72310213

249 0.8160.03 4.18310215
r
l

r

e

ict

eters ~i.e., the activation energyE and the preexponentia
factor t0) are presented in Table III.

V. DISCUSSION

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

We summarize the features of the MT band as follows.~i!
Its position and its height does not change even if we
different electrode configurations~MSM or MISIM!. ~ii !
Successive TSDC scans result in a shift to higher temp
tures and simultaneously in a progressive decrease of
height of the observed peaks.~iii ! The thermal treatmen
does not affect the above process.~iv! The activation energy
increases as the temperature increases.

Due to the first feature it is concluded that the MT band
not the result of surface polarization~space-charge relax
ation! but it is a bulk phenomenon. The rest of the featu
indicate that this band is not the result of the contribution
a simple dipolar relaxation mechanism, since the shift of

FIG. 7. The dependence of activation energy on the tempera
Tm for the MT band.

FIG. 8. TSDC scans of LT band of natural calcite single crys
with platinum electrodes~solid line! and insulating electrodes
~dashed line!.
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10 324 PRB 58N. BOGRIS, J. GRAMMATIKAKIS, AND A. N. PAPATHANASSIOU
peak in a set of successive scans is not a characterist
dipole peaks. Indeed,~i! by assuming the probable formatio
of clusters, which leads to the decrease of the single dip
population, the continuous shift of the peak to higher te
peratures cannot be explained and~ii ! by accepting the pres
ence of a complicated dipolar relaxation mechanism w
distribution in relaxation time, the shift of the peak to high
temperatures and the simultaneous decrease of its heigh
not justified, as the polarization temperature is always ab
the region that the MT band is appeared.

It is suggested22–25 that the irreproducibility of the MT
band may be caused by the intense HT band, which is p
ably related to space-charge polarization. In this paper
show that the MT band should be attributed to interfac
polarization and we present a quantitative model~based on
the interfacial polarization!, which fits very well to the ex-
perimental data.

FIG. 10. An lnt vs 1/T Arrhenius plot for the LT band.

FIG. 9. A series of successive TSDC scans of LT band un
exactly the same experimental conditions. Solid line, first scan;
ted line, second scan; dashed line, third scan.
of

es
-

h
r
are
e

b-
e
l

The SiO2 found in our specimens can be in the form
inclusions in the host matrix or can be distributed betwe
the cleavage planes of calcite.26 According to the MW model
~see Sec. II B!, for the small volume fraction and for the cas
where the conductivity of the inclusions is much higher th
that of the host matrix, the relaxation timet is given by the
relation

t5«0

~na21!«11«2

s2
,

where«0 is the permittivity of free space;«1 and«2 are the
permittivity of the calcite and the SiO2, respectively;s2 is
the conductivity of the SiO2; and na the shape factor. By
substituting to the above relation the parameters21 «1>8,
«2>4.5, ands253310211 ~Vm!21 @notice that the conduc
tivity of calcite is s152310213 ~Vm!21# and takingna
51, it is derived that the relaxation time at room temperat
is approximately 0.6 sec. Even using the exact relation wh
it is not assumed that the conductivity of the inclusions
much more higher than that of the host matrix, the differen
in the above calculation is negligible. By substituting t
activation parameters of the MT band that were derived fr
our experimental analysis~see Table II! into the Arrhenius
relation, it is deduced that the relaxation time of the M
band at room temperature varies from 0.1 up to 0.01 sec.
comparison between the theoretical and experimental re
ation times, indicates that the MT band is probably attribu
to MW polarization.

Furthermore, we shall prove that when the populationN
of the carriers~trapped in the interfaces between the inc
sions and the host matrix and contributing to MW polariz
tion! varies, we theoretically expect a shift of the TSDC pe
to higher temperatures with simultaneous variation of
height.

The MW model~presented in Sec. II B! assumes the idea
case of conductive inclusions (s→`) in a perfect insulator
(s50) and thus the full trapping of the carriers in the inte
faces is expected; but when this condition is not gener
fulfilled, the full trapping of the carriers in the interface
does not happen. When the conductivity of the inclusions
described by an exponential behavior, then the relaxa
time has the form of the Arrhenius relation,

t~T!5t0exp~E/kT!,

where

t05«0

~na21!«11«2

s0
.

The quantitys0 is proportional to the populationN of the
carriers. The decrease of the population leads also to
decrease of the height of the peak and to the increase o

TABLE III. Activation parameters of the low- and high
temperature relaxation mechanism in the LT band.

T ~K! E ~eV! t0 ~sec!

180–185 0.3560.02 3.9031028

187–193 0.6560.02 1.33310216

r
t-
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preexponential factort0 ~sinces0 also decreases!. The in-
crease oft0 results in the shift of the peak to higher tem
peratures@according to Eq.~4!#. It is also easily shown tha
this shift results when the activation energy increases.

By summarizing, we conclude to the following~assuming
that the carriers are not fully trapped!: ~i! even if the carriers
are of the same type~i.e., they do not interact! and even if the
inclusions have exactly the same geometry, a shift of
peak with simultaneous variation of its height is expect
when the population of the carriers varies and~ii ! the shift of
the peak also takes place when a variation in the activa
energy occurs.

From Table II, where the calculated values of the acti
tion energyE and the preexponential factort0 of MT band
are given, the increase of the activation energy is experim
tally confirmed, thus indicating the shift of the peak to high
temperatures. Furthermore, as the difference between
conductivity of the host~calcite! and the inclusions (SiO2) is
not so big, the carriers in the inclusions may not be fu
trapped, resulting in the decrease of the MT band under
cessive scans. The expected~within the model! theoretical
increase of the preexponential factor~when the height of the
peak decreases! is not clear, because of the usually lar
errors appearing in the calculation of that factor.

Finally, a basic difference between a single dipolar and
interfacial polarization relaxation mechanism can be
serted: The decrease of the population of dipoles for sev
reasons~i.e., clustering! does not lead to the shift of the pea
but only to the decrease of its height; on the other ha
variation of the populationN in the interfacial polarization
leads to the variation of the position and height of the pe
J
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B. Attribution of the LT band

We summarize the features of the LT band as follows.~i!
The LT peak does not depend on the different electrode c
figuration.~ii ! Under successive scans, the height of the p
decreases, butTm remains practically unchanged.~ii ! The
thermal anneal does not drastically affect the features of
peak. The above characteristics support a dipolar relaxa
mechanism. The small variations in the height and in
position of the peak after the thermal treatment possi
originate from the variation of the population of the dipol
that contribute to the peak.

VI. CONCLUSIONS

By using the TSDC method we studied the relaxati
mechanisms existing in single crystal-calcite samples. T
analysis of the MT band indicates that a MW relaxati
mechanism contributes to that peak. This mechanism is th
retically predicted, and seems to be experimentally c
firmed. By extending the well-known MW model, the cha
acteristics of that peak are explained. The activation ene
of that peak was found to vary from 0.59 eV to 0.83 eV. T
analysis of the LT band indicates that two dipolar relaxat
mechanisms contribute to that peak with activation energ
0.35 eV and 0.65 eV, respectively.
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