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A thermally stimulated depolarization currents~TSDC! study in natural fluorapatite single crystals
has established different relaxation mechanisms for two polarization orientations (Ep parallel and
perpendicular to the crystallographicc axis!, which are discussed in relation to the defect chemistry
and the specific columnar structure in apatite. The intensities of the thermostimulated current signals
between the two poling field orientations demonstrate a difference of at least one order of
magnitude, with the higher one recorded for the electric field parallel to thec axis. The TSDC
thermogram appearing with the electric field parallel toc axis, in the 10–320 K range, consists of
a broad and complex band~HT!, with a maximum around 300 K. The relative intensity of associated
current signals is indicative of extensive dipole-like ionic motions alongc axis with a distribution
in their activation energies ranging between 0.14 and 0.85 eV. The microdomain structure of
fluorapatite alongc axis permits the formation of charge layers at the interfaces. After annealing, the
induced changes of size and/or shape of the interfaces could explain the observed changes of band
intensity and location. With the electric field perpendicular toc axis, the spectrum consists of at least
five well-defined relaxation bands, the high temperature ones (HT1, HT2, HT3) decreasing after
heating at 673–873 K. The most dramatic change was recorded for an intermediate LT2

single-relaxation band located around 185 K, with a high activation energy of 1.06 eV, which
manifested a significant growth after annealing. Rietvelt analysis of the x-ray diffraction patterns of
the original and annealed apatite powders, indicates change in the unit cell parameters of the
hexagonal structure~i.e.,a increases from 9.3921 to 9.3940 Å after annealing!, which can be related
to the establishment of a new equilibrium distribution of the abundant trivalent rare-earth~Ce, La,
Nd, Pr,...! impurity ions. The origin of the TSDC bands is discussed and tentative correlations are
suggested, in terms of substitute aliovalent ions-vacancy dipoles. The thermal response of the high
temperature relaxation bands in the case ofEp'c axis, is characteristic of dipole clustering
phenomena—although an explanation based on localized changes in the structural environment of
the pertinent dipoles/ions cannot be disregarded. ©1999 American Institute of Physics.
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I. INTRODUCTION

The apatite group inherited its name~from the Greek
‘‘ apatáv ’ ’ 5I delude! prior to the end of the 18th cen
tury, through Werner’s recognition that its members we
frequently confused with other mineral species. Apatite w
the general chemical formula Ca10~PO4!6~F, OH, Cl!2 is a
material found in nature and also synthetically prepared, w
a high technological interest in material science.1–5 The
group members usually belong to theP63 /m space group
and their extremely stable structure allows many chem
modifications, as well as the incorporation of a wide num
of impurities.6–9

a!Corresponding author; electronic mail: avasilik@atlas.uoa.ariadne-t.gr
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The apatitic structure can be described briefly as follo
~Fig. 1, Ref. 10!. PO4 tetrahedra are arranged in trees arou
hexad axes~screw axes 63! forming columns parallel to the
crystallographicc axis, with halogen and hydroxyl ions ar
ranged along the column axis. The two distinguishing
structural locations have dissimilar stereochemistries. 6/1
the Ca21 ions per unit cell, occupying the so-called Ca~2!
site, line the columns internally and tie in th
X5~F2, OH2, Cl2! ions in addition to holding the assem
blage together. Each of them is one of the triad that s
rounds and is coplanar with an X2 ion at each corner of the
unit cell. Their coordination polyhedron is very irregular an
approximates to coordination number VII, consisting of s
O and one X anions (CaO6X). The remaining four Ca21

ions, occupying the so-called Ca~1! sites, link neighboring
© 1999 American Institute of Physics
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columns. Ca~1! sites have a coordination number IX (CaO9

polyhedron with average Ca–O52.554 Å in fluorapatite! in
a regular trigonal antiprism with 6¯symmetry and are copla
nar with three widely spaced O22 ions that form a mirror
plane bisecting a trigonal prism. The above atomic arran
ment forms a hexagonal network. It should be pointed
that for fluorapatite, at least, the ‘‘tunnels’’ or ‘‘channels,
referred to by some authors11 for describing the neighboring
columns, are not a realistic model inasmuch as the Ca
bond of the triangular configuration FCa3 on the 63 axis
appears to involve distances that are slightly less than
sum of the radii for FIII and CaVII .

Apatite in various forms has been the subject for num
ous studies involving the application of spectroscopic a
electrical methods.8,12–14 Its complicated structure and th
multiplicity of substitutions offer a prominent backgroun
for the creation of vacancies, electrical dipoles or dipo
complexes, whose behavior is expected to be anisotro
The thermally stimulated depolarization currents~TSDC!
technique has been proved to be very sensitive for the c
acterization of fundamental temperature-dependent dip
or dipolar-like motions,15 which contribute to a change in th
dielectric polarizability of the material along preselected o
entations~e.g., direction of the polarizing field!. Such char-
acterization provides information about the atomic scale
entationally dependent relaxation mechanisms. The TS
technique has been successfully applied in studies of flu
patite~Fap, Ref. 16!, chlorapatite~Cl-ap, Ref. 12!, hydroxya-
patite ~OH-ap, Ref. 14!, A-type carbonated apatit
$Sr10~AsO4!6CO3, Ref. 13%, and mixed apatitic structures.17

Nevertheless, all direct current dielectric investigations,
the best of our knowledge, were performed with natural
synthetic apatitic material in compressed powder form,

FIG. 1. Structure of fluorapatite projected on~0001! plane. Elevations are
represented as percentages ofc. Mirror planes are located at 0.25 and 0.75c.
Ca21 ions on 0, 50c occupy the Ca~1! lattice sites, while those at elevation
25, 75c correspond to the Ca~2! sites.
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e-
t

F

e

r-
d

r
ic.

r-
ar

-

i-
C
a-

o
r
l-

though single crystal experiments could give valuable inf
mation based on the different behavior along different ori
tations. Earlier TSDC investigations have reveal
compensation temperatures for the Cl-ap and OH-ap st
tures in agreement with the reported monoclinic-
hexagonal phase transition temperatures.18 At the other ex-
treme lay the results collected for polycrystalline synthe
fluorapatites for which the analysis of the observed therm
activated processes in TSDC thermograms has not indic
any compensation phenomena below 1200 °C, that is
agreement with reports stating that fluorapatite is structur
stabilized in this temperature range.17 The present work re-
ports on the results of the investigation of the effect of poli
field orientation on the dielectric response of a natural flu
rapatite single crystal from Cerro de Mercado, Duran
Mexico. Studies involving the magnetic properties of th
mineral indicate that the magnetic susceptibility of the D
rango fluorapatite is very low,19 as would be expected be
cause of the very low iron and manganese content. In
other cases,7,19 the mineralogy and geochemistry, as well
the elastic properties, of fluorapatites from this locality ha
been extensively studied.

II. EXPERIMENT

A. The method

The TSDC method which was introduced by Bucci a
Fieschi20 has been widely established as a high resolut
technique for the electrical characterization of dielectrics21

by virtue of its low detection limit of;1027 mole fraction
of dipoles. The fundamental features of the typical expe
mental procedure can be summarized as follows:

~a! An external dc electric field is applied to the samp
at a constant temperatureTp for a time periodtp , adequately
chosen so that a saturation dipolar polarization can
reached@ tp@t(Tp)#. The buildup of polarizationP0 is de-
scribed by the Langevin function and the relaxation tim
t(T) for dipole relaxation is usually defined according to t
Arrhenius equation as

t~T!5t0 expS E

kTD . ~1!

~b! Keeping the field on, the sample is cooled down to
low temperatureT0 , at which the relaxation timet(T0) is
very large compared to the time required for the experime
resulting in a ‘‘frozen-in’’ polarization state. The field is re
moved and the sample remains short circuited atT0 for a
time long enough so that the fast electronic and atomic
larization components can decay isothermally.

~c! The final step consists of a heating cycle at a pre
lected constant rateb5dT/dt. Each dipolar relaxation
mechanism is activated within a certain temperature rang
which the dipoles return to a random orientation. The rate
decrease of the corresponding dielectric polarization res
to a transient current densityJD(T), which reaches a maxi
mum at a characteristic temperatureTm , fulfilling the
condition
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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dt

dtU
T5Tm

521. ~2!

Under the description of the temperature-depend
properties of the Debye model, the resulting asymmetric c
rent peak is described by the equation

JD~T!5
P0

t0
expS 2

E

kTD
3expF2

1

bt0
E

T0

T

expS 2
E

kT8DdT8G . ~3!

The initial part of a single depolarization current pe
~for current signals up to;15% of the maximum curren
intensityJm! is approximated by

JD~T!5
P0

t0
expS 2

E

kTD ~4!

and thus the activation energyE can be calculated from th
logarithmic plot of lnJD(T) vs T21. The relaxation time
t(T) is calculated directly from the whole-curve graphic
integration method.20

In systems with axial or lower symmetry, different r
laxation mechanisms may appear along different axes
although the TSDC method provides no information ab
the symmetry of the dipolar system, comparison of the d
ferentiation’s encountered between the spectra with diffe
polarization orientations can be valuable, as far as
dipolar-type defect chemistry is concerned. Moreover,
temperature-range overlap of more than one mechanis
not uncommon, and hidden relaxations of low intensity c
arise after a suitable application of the external elec
stimulus. In addition, cleaning procedures like the therm
sampling and partial discharge or depolarization techniqu
as well as appropriate manipulation of the poling conditio
(Ep ,Tp ,tp), can also lead to unraveling of complex rela
ation spectra.22

B. Experimental details

The subject matter in the present investigation w
transparent, light yellow-greenish, fluorapatite crystals
gem quality from Cerro de Mercado, near Duran
~Mexico!, virtually free from inclusions and mineral coa
ings. The measuring samples were discs with thickne
ranging between 1.0 and 1.4 mm, cut from a large prism
crystal ~approximately 3 1/4 cm long by 1 1/2 cm wide! in
two perpendicular orientations, parallel and perpendicula
the crystallographicc axis, using the natural faces as a guid
A structural study of our sample was performed by meas
ing the x-ray diffraction~XRD! pattern (2u520° – 90°), em-
ploying a Siemens D5000 powder diffractometer w
Cu Ka radiation and a secondary monochromator at ro
temperature. A very good fit of the XRD powder patter
(RBragg factor 4.50%! was obtained via Rietveld analys
~program RIET23!, based on a single phase hexagonal flu
rapatite, a59.3921(2) Å, c56.8830(2) Å, with a space
group P63 /m. Table I contains the quantitative spectr
graphic analysis results, obtained by x-ray fluoresce
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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~XRF!, for Fap crystals. Several other light substitute io
~like, Si41, Na1, K1, and Cl2!, are also expected to enric
the fluorapatitic structure. However, their concentration c
not be determined by XRF analysis. In a particular case,
presence of paramagnetic Mn21 ions (S55/2, I 55/2!, of
unknown concentration~possibly,10 ppm!, has been veri-
fied by a complementary electron paramagnetic resona
~EPR! study.

The TSDC scans were carried out in a Leybold–Hera
ROC 10–300 refrigerator-cooled cryostat, accordingly mo
fied for electrical measurements. The R210 two-stage ref
erator used to operate the cryostat is a cryogenerator op
ing the Gifford-McMahon principle, utilizing the provided
closed helium-gas cycle by a suitable compressor u
~model RW2!. The experiment was performed under vacuu
conditions (>1024– 1025 Torr) with the use of a Drytel
pump. The dc electric field was applied along the two orie
tations (Epic andEp'c!, between stainless-steal electrod
electrolytically covered by chromium. The computer co
trolled measurements were carried out in the tempera
range of 10–320 K with the typical experimental conditio
of Tp5320 K, Ep518 kV/cm, andtp55 min, for which a
saturation polarization is reached. The typical cooling a
heating rates were (5.060.2) deg/min and temperature reg
lation was achieved using a digital LTC 60 microproces
controlled unit ~Leybold–Heraus!. Thermocurrent signals
were monitored by a Keithley 617 programmable electro
eter. Annealing in all samples was performed in air for o
hour at three different temperatures~673, 773, and 873 K!,
followed by quenching at RT at a rate exceeding 100°/m

III. RESULTS

We shall classify our thermally stimulated depolarizati
currents results in two groups, in connection with the relat
orientations of the applied electric field vector (Ep) and the
crystallographicc axis.

TABLE I. X-ray fluorescence~XRF! trace-element analysis of fluorapatit
from Cerro de Mercado, Durango, Mexico.

Analysis
Trace ions in parts per million~ppm!

Substitution for P51 As51 2668690
Substitution for Ca21 Mn21 Nd.a

Sr21 497615
Y31 823624
La31 23986218
Ce31 27366288
Pr31 319632
Nd31 9906100
Sm31 134613
Gd31 99610
Th31 418621
U31 15.361.5

aNd.—not determined by XRF analysis, but detected through the Mn21 (S
55/2, I 53/2! sextets appearing in the EPR spectra of the Durango fluo
patite.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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A. TSDC study with E p parallel to c axis

Typical TSDC spectra recorded for the as-received~A1!
and thermally treated~B1! samples are depicted in Fig.
~curves a–d!. The spectra are dominated by an intense br
band~denoted HT! which reaches a maximum around 300
and extends almost throughout the entire temperature ra
under investigation.

The application of the polarization fieldEp at different
polarization temperaturesTp , within the 210–320 K tem-
perature window, in both the A1~presented in Fig. 3! and the
B1 samples, manifested a strong dependence betweenTp and
the maximization temperatureTm (Tp lagging behindTm by
;5°–15°, with reversed behavior forTp>290 K!. This shift
of Tm was also accompanied by an increase of the maxim
current intensityJm with increasing temperature of polariza
tion. The HT thermocurrents’ region of the A1 samples
apparently a complex relaxation band as two barely disc
ible knees appear in the TSDC spectrum at about 200
270 K, respectively.

Successive annealing of the B1 sample~at T5673, 773,
and 873 K, respectively! resulted in a 10°–20° shift of the
main HT peak maximum to a higher temperature region
companied by a moderate increase ofJm . Moreover, the
rising part of the band~previously featuring a knee at 200 K!
was progressively smoothed out without further change
the appearance of the HT relaxation band~Fig. 2, curves
b–d!. The above observations, in connection with cert
characteristics of the TSDC high temperature peak~e.g., not

FIG. 2. Thermally stimulated depolarization current spectra for~a! ther-
mally untreated and annealed samples at~b! 673 K, ~c! 773 K, and~d! 873
K, polarized withEpic axis.
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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exponential rise, coverage of an extended temperature ra!
are a first indication of highly overlapped dielectric polariz
tion mechanisms, presenting a spectrum of relaxation tim
t(T). In order to decompose the band and obtain the ene
spectrum of the relaxation mechanisms involved, we app
the partial discharge method~otherwise referred to as partia
heating or partial depolarization method! in both specimens
~A1 and B1! and at intervals of approximately 10° to cov
the entire temperature range of interest~110–320 K!. The
analysis of the intensity current recordings by means of
~4! yielded activation energy values ranging between 0
and 0.85 eV. Although there is no clear evidence for so
stepwise changes in the plot of activation energyE vs the
middle point of the discharge temperature range of e
cycle Tmp ~Fig. 4!, within the experimental errors, there a
pears to be an accumulation of the energy parameters in
narrow spectral range (210620) K at the values of (0.53
60.03) eV, for the original specimen, and (0.6
60.02) eV for the annealed sample, respectively.

B. TSDC study with E p perpendicular to c axis

The TSDC spectrum of a thermally untreated~A2!
sample with the electric field vector perpendicular to t
crystallographicc axis is dominated by four overlappin
bands that peak at approximately 172 K~denoted as LT1!,
206 K (HT1), 235 K (HT2), and 316 K (HT3) ~Fig. 5, curve
a!. We should note at this point the presence in the rising p
of the HT1 band of a fifth, much narrower and extreme

FIG. 3. Demonstrating the changes observed in the maximum of the TS
curves of the untreated sample for variable polarization temperaturesTp)
and Epic axis. Crosses~1! indicate the position ofTp at each TSDC ex-
perimental run.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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weak, current signal, peaking at aboutTm5183 K @LT2, Fig.
5~a!# which in independent TSDC experiments showed h
reproducibility.

The TSDC thermogram recorded after annealing
fluorapatite sample at 673 K~Fig. 5, curve b! for one hour,
with subsequent quenching at room temperature, dem
strate a considerable reduction of the high tempera
(HT1–3) peaks which progressively tend to disappear
higher annealing temperatures~773, 873 K!. Especially in
the case of the HT1 relaxation band, in the course of th
consecutive annealing procedures there was no substa
shift of its intensity maxima~Fig. 6, curves a–c!. However,
the most striking result after annealing is the manifestation
an intense and extremely sharp peak in the thermally tre
~B2! sample, in the position where the weak LT2 spike ap-
peared in the spectrum of the as received sample@Fig. 5~a!#.
The intensity maximum of this sharp peak appears to h
reached its highest value after annealing at 773 K for
hour ~Fig. 6, curve b!, with a moderate reduction at the top
most annealing temperature~Fig. 6, curve c!. By repeating
the TSDC measurement with identical poling conditions o
year following annealing, the entire spectrum and especi
peak LT2 does not show any considerable changes. Appl
tion of the electric field at different polarization temperatur
Tp and timestp leaves the peak characteristics (Tm and/or
Jm! unaffected for the three low temperature bands (L1,
LT2, and HT1!, while the maximization temperature for HT3

always lags behindTp . Moreover, the current intensit

FIG. 4. Plot of the activation energiesE vs the middle-point temperature o
the partial discharge cyclesTmp for Epic axis ~d thermally untreated
sample;s: annealed at 773 K!. Dashed lines are to guide the eye.
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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maxima of the low temperature bands (LT1 and LT2! show a
linear dependence uponEp .

For comparison purposes, we present in Fig. 7 a detailed
scan of the TSDC spectrum of the as-received and anne
fluorapatite specimen, polarized withEp parallel to the crys-
tallographicc axis, in the temperature range of the LT1 and
LT2 relaxations. From a direct comparison there appear
be no evidence about any similar relaxation signal, althou
we cannot firmly say the same for bands HT1 and HT2 which
could be hidden below the left wing of the broad and inten
HT relaxation band depicted in Fig. 2.

Analysis of the consecutive current rises collected
means of the partial heating method, applied in intervals
approximately 10° between 110 and 320 K for the A2 a
B2 samples, gave results which are presented in Fig. 8.
straight line fitting of the points of the Arrhenius plot for th
lower part of the complex spectrum, which coincides w
the rising left wing of LT1 peak, presents a~re!orientation
activation energy ofE15(0.3860.02) eV. A little higher, in
the temperature range where LT2 peak appears, there is
sudden sharp increase in the calculated activation energy
ues which reach a maximum atE2

A5(0.8660.03) eV in the
as-received sample andE2

B5(1.0660.01) eV in the ther-
mally treated sample. In the region of the HT1 and HT2

bands, around 200–240 K, the evaluation of the data for b
samples gave activation energies betweenE35(0.60
– 0.70) eV. The dominating HT3 band in the latter part of the

FIG. 5. Thermally stimulated depolarization current spectra for~a! ther-
mally untreated and~b! annealed samples at 673 K, polarized withEp'c
axis, representative of the dramatic changes occurring in the low and
temperature spectral regions. Five clearly discernible relaxation bands
indicated.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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A2 thermogram demonstrates energy valuesE4 around 0.82
eV.

IV. DISCUSSION

The dielectric relaxation of an insulator is due to t
rotation of impurity-vacancy (I –V) dipoles or molecules
with intrinsic polarity, as well as to a migration process o
limited number of free electric charge carriers~e.g., electrons
and ions!. When aliovalent impurities are incorporated into
solid matrix, for charge compensation reasons an appreci
number of vacancies are formed. Such cation vacanc
when bound to a substitution impurity ion, form differe
kinds of I –V dipoles, with dependence on the relative cha
distance, and under certain conditions, they can const
larger polar complexes.24,25 Moreover, the existence of fre
vacancies as free charge carriers in not uncommon in io
crystals, and their drift in-between structural openings c
tomarily dominates the high temperature~in the TSDC mea-
surements! or low frequency~normally below 1 Hz in the ac
dielectric spectroscopy! relaxation domains.

It is a well-established fact that the close packing a
nonpolymerized nature of the@PO4# groups in the unper-
turbed apatitic lattice inhibits the concentration of select
polarizability along axial or preferred directions. Howeve
the preconditions for the development of macroscopic die
tric polarizability and charge storage at low temperatures
fulfilled if one takes into account in detail the apatite’s cry
tal structure data. The large dielectric effects previously

FIG. 6. Comparative TSDC spectra for thermally treated samples at~a! 673
K, ~b! 773 K, and~c! 873 K, polarized withEp'c axis. The most interesting
effect is the gradual decrease of the high temperature relaxation band
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
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served in monoclinic~space groupP21 /b! synthetic chlora-
patites @Ca10~PO4!6Cl2# studied by ac dielectric relaxatio
spectroscopy methods,12 despite their x-ray characterizatio
as nonpolar crystal structures, are accounted for by
Cl2-vacancy driven relaxation mechanism.26 The creation of
Cl2 vacancies provides space in the apatitic columns ne
sary to allow the chlorine ions~at heightsz>0, 1/2c in the
monoclinic cell! to move individually. Chlorapatites with 5%
Cl2 vacancies were reported to exhibit dielectric permitti
ties (e8) exceeding 104 when the vector of the electric stimu
lus was parallel to the crystallographicc axis.26 The presence
of vacancies in the contacting Cl2–Cl2 ions along the col-
umns is somewhat dictated by the fact that the ordinary C2

ionic radii ~1.81 Å! exceed by 0.24 Å the Cl2–Cl2 distance
~;3.38 Å!, and as a result individual Cl ions tend to b
displaced towards the adjacent chlorine anion-vacancies.
intrinsic electric dipole in the chlorapatitic structure aris
from the displacement of chlorine from the ideal symme
position ~at z50, 1/2c in the monoclinic cell!, as the Cl2

ions occur atz positions distantd from the midpoints be-
tween the Ca~2!-triangles~perpendicular to the columns a
z51/4, 3/4c!. The resulting Cl2–Ca~2!22 configuration con-
stitutes a dipolar structure in which the electric dipole dire
tion can be reversed by the mere movement of the Cl2 ion
from z51/21d to z51/22d.

In fluorapatite, the 63 axis of F2 ions ~at z51/4, 3/4c in
the hexagonal cell! passes perpendicularly to the planes
the adjacent Ca~2! triangles and through their centers. In i

FIG. 7. Detailed scan of the low temperature range for~a! thermally un-
treated and~b! annealed samples at 673 K, polarized withEpic axis. The LT
range clearly lacks of thermocurrent signals that can be related to
mechanisms observed in the annealed spectrum forEp'c axis ~inset!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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pure stoichiometric form, the F2 ion exists exactly at the
center of the calcium triangle and experiences no elec
static forces tending to move it away@Ca–~O, F! distance of
approximately 2.463 Å#. Such a configuration of the minera
structure does not allow the formation of dipole units a
would normally render inapplicable dielectric methods
pure Fap crystals. This is not the case in fluorapatites tha
compositionally modified. In fluorhydroxyapatit
@Ca10~PO4!6~F, OH!2# for instance, the F2 may have OH2

neighbors, and hydrogen bonding~F...H–O! could cause
fluorine to move slightly out of the plane of the calciu
triangle.27 Even in the absence of OH2 ions, both Ca sites in
Fap are able to accommodate a variety of aliovalent~univa-
lent, divalent and/or trivalent! cations. Among the transition
metal ions we site manganese which can partially repl
calcium8 in a not uncommon Mn21/Ca21 maximum ratio of
approximately 1:10.1 Nevertheless, the most common gro
of substitutes constitute the rare-earth elements La to
~REE!. These transition metals, with a progressive filling
the 4f electron shell, are common minor or trace constitue
in Ca structural positions of rock-forming minerals of a
geological environments.28–30 The progressive decrease
ionic radius through the lanthanides series~with increasing
atomic number! arises from imperfect shielding of one 4f
electron by another 4f electron, and their crystal chemistry
dominated by simple space fitting requirements. Althou
the bond valence requirement is probably the most impor
factor controlling REE site occupancy in apatite, the sel

FIG. 8. Plot of the activation energiesE vs the middle-point temperature o
the partial discharge cyclesTmp for Ep'c axis ~j: thermally untreated
sample;h: annealed at 773 K!.
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tivity of apatite in individual REE appears to be dominat
by spatial accommodation alone. In the case of the Dura
fluorapatites, high concentrations in light REE~LREE, pre-
dominantly La and Ce!, as well as in Sr41, have been veri-
fied by independent investigators6,7,31 and the present XRF
trace-elements analysis.

In the present study, the TSDC spectra of Fap sin
crystals and the quantitative analysis of the data give in
mation about the relaxation parameters of the dielectric
active relaxation modes in the apatite structure. The eva
tion of the corresponding thermodynamic parameters, g
evidence that the ordering/disordering information is pro
gated differently along two perpendicular directions~parallel
and perpendicular to the crystallographicc-axis!, following
different relaxation mechanisms. A difference of 25% b
tween the values of the radiofrequencies dielectric permit
ity of apatite from Asio ~Japan! for the two orientations
(e8510.0 for Epic and 7.6 whenEp'c! supports this
statement.32 An F2 ~or Cl2!-vacancy translational relaxatio
mechanism along the columns on the 63 screw axis can be
used to describe the presence of the strong thermocu
signals appearing in the TSDC spectra recorded for fluo
patite when the electric vector was parallel to the crysta
graphicc axis ~HT band in the as-received A1 and B1 fluo
rapatite samples!. Therefore, the main mechanism alongc
direction seems to be governed by dipolar reorientation
duced by the jumps of the F2 ~and/or Cl2! ions located in the
apatite columns. The existence of an increasing trend of
~re!orientational activation energies with scanning tempe
ture can be therefore connected with the presence of a
tribution of microdomains in space along thec axis where
the environment of a halogen-vacancy passes through m
or less dramatic changes. The above distribution patter
most likely joined by contributions of strongly overlappin
secondary relaxation mechanisms. Earlier studies by Pha
and Leonard attribute the long prismatic habit of natural a
tites to ‘‘pure screw dislocations which align with thec axis,
and mixed dislocations which deviate slightly from alig
ment with thec axis.’’ 33 The distortion in the interionic
distances at microdomains induced by the various dislo
tions provide easy paths for short range cation/anion mig
tion ~limited within a few interatomic distances!, especially
by virtue of their relative aligning with the crystallographicc
axis. Such structural imperfections are perfect alterna
candidates for the appearance of the enhanced ionic
space charge mobility in the TSDC experiments of this p
ing configuration. The resulting difference between the el
trical conductivity and dielectric permittivity of imperfec
tions and matrix, forms the basis for the creation of a MW
interfacial polarization. In the fluorapatites case, the dislo
tion lines surrounded by impurities play the role of inhom
geneities, with the formation of charge layers at the interfa
between imperfections and the ‘‘good’’ lattice. Thus, esp
cially in the high temperature part of the HT band, it
expected to record a MWS polarization contribution. Aft
annealing the observed changes of band intensity and l
tion can be related with changing of size and/or shape
existing imperfections or the creation of a new one.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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In relation to the second category of experime
(Ep'c) great attention has to be paid in polarization mod
associated with the creation and selective partitioning of s
eral structural defects. In an extended study in natural
synthetic fluorapatites by Fleet and Pan6 and the large body
of references cited therein, the predictions of REE site p
erence and selectivity of the host mineral are conclusive
the proposal that light lanthanides~La, Ce, Pr, Nd! preferen-
tially partition into fluorapatite and in particular favor th
underbonded position Ca~2!. The above hypothesis is sup
ported by our XRF trace-element analysis of the Cerro
Mercado fluorapatite samples~Table I!, which also indicates
an appreciable amount of Sr21, Y31 in addition to the ac-
tinides series elements of thorium and uranium~i.e., 418
ppm Th31 and 15.3 ppm U31!. The LREE substitution for
calcium in the Ca~2! positions, with the lower coordination
number, accordingly increases the bond valences of th
positions. Moreover, the total stereochemistry of the Ca~2!,
and to a lower degree Ca~1!, positions occupied by REE31 is
clearly modified. The substitution of REE31 into apatite may
be charge balanced in various ways~e.g., see Ref. 34! al-
though a common way appears to be

REE311Si415Ca211P51

or

REE311Na152Ca21.

The fact that for the rare-earth elements, the vale
state is higher than that of the host ion, implies the neces
of a higher~than the thermodynamically induced! number of
cation vacancies3 and/or anion substitution. As an altern
tive, many authors assume that the excess of positive ch
in the apatitic lattice can also be compensated by the su
tution of oxygen for fluorine35

REE311O225Ca211F2.

Limited Cl2→F2 substitution in the natural hexagon
skeleton of Durango Fap~e.g., Younget al. report a fluorine/
chlorine weight percent ration of 3.54:0.41, Ref. 19! leads to
a chlorine shift readily explained by the much larger rad
of Cl2 compared with F2, and followed by a moderate
change in bond lengths. The fluorapatite crystals emplo
in the present investigation demonstrate lattice constana
59.3921 Å andc56.8830 Å, which are similar to forme
reports for apatites from the same locality~9.3923 Å, 6.8821
Å, Ref. 19! and clearly distinguished from the lattice co
stants for pure Fap crystals~9.367, 6.884 Å!. The main
source of the observed variation in the unit cell parame
are the REE31→Ca21, As51→P51 (r As

~IX !>r P
~IX !10.11 Å)

and F2↔Cl2/OH2 substitutions. As a result, the PO4 tetra-
hedra are significantly distorted, being elongated along
P–O~2! direction, to a degree very similar to the Cl-ap a
OH-ap structures.9,36

A theoretical interpretation of the experimental data
the sense of making attribution of the relaxation spectra
response to the electric poling field in the crystallograp
c-axis direction, to definite microstructural mechanisms
difficult to be done. However, in the light of the foregoin
discussion the following assignment could be put forward
Downloaded 24 Sep 2009 to 195.134.94.40. Redistribution subject to AIP
s
s
v-
d

f-
to

e

se

e
ity

ge
ti-

s

d

rs

e

in
c
s

curve fitting method analysis of the low temperature curr
signals in both the A2 and B2 spectra~e.g., Fig. 9 for the B2
sample! has revealed that the LT1 band is due to the coales
cence of two highly overlapped relaxations~denoted LT1a,
LT1b!. Both, the dipolar-type compatible response record
between different TSDC experiments, and the range of
activation energies associated with the corresponding
lecular mechanism responsible for the complex LT1 band
~Table II!, advocate a dipolar interpretation of either one
the following polarizability modes:~a! electric dipoles
formed by chlorine/fluorine ions which are vertically or hor
zontally displaced from their ideal symmetry position at t
columns, due to electrostatic forces by the trivalent rare e
ions residing on Ca~2! and nearby cation sites, and the po
tive charge of the Ca~2! triangles, and~b! cation jumping
forth and back, on the~ab! plane, between two of the neare
neighbor~nn! positions of a cation vacancy. As regards t
second relaxation mode, it seems rational to hypothesize
the neighboring relaxations could arise from aliovalent s
stitute cations. In that case the low temperature peak (LT1a;
Fig. 9! is assigned to the Na1 substitute ions, characterize
by the smaller ionic radius comparable to calcium~for VII
and IX coordinationr Na5r Ca20.02 Å!, and the higher tem-
perature peak (LT1b; Fig. 9! to the larger LEE31 ions ~ionic
radii typically r REE

~VII,IX !>r Ca
~VII,IX !10.05 Å!.

By virtue of the present results, the changes observe
the entire temperature range of the thermocurrents spec

FIG. 9. Elementary peaks (LT1a , LT1b! composing the lowest temperatur
relaxation band (LT1) of the Ep'c axis TSDC spectra, shown here fo
annealing temperature 773 K. The LT1a,b and LT2 monoenergetic peaks
resolved by the fitting procedure show an envelope~thick line! accurate
reproduction of the experimental points~open cycles!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE II. Thermodynamic and spectral parameters for the fluorapatite sample polarized perpendiculc

axis (EW p'c). A2 denotes the as-received sample and B2 the sample annealed at 773 K for one hour.

Band

Tm ~K! Jm
r (31024 s21)a E ~eV!

A2 B2 A2 B2 A2 B2

LT1a ~160!b ~166! 0.3860.02 0.6260.02
~0.60! ~0.44!

LT1b ~172! ~176! ~0.66! ~0.50!
LT2 183 186 ;1.9 14.43 0.8660.03 1.0660.01c

HT1 206 205 5.67 1.5 0.7060.10 ¯

HT2 235 uncertain 3.55 ;1.5 0.6260.02 0.6660.03
HT3 314 uncertain 9.86 ;2.9 0.8260.02 ¯

aJm
r represents the current density value at the position of the maximum, corrected for the sample dime

~surface areaS and thicknessd! and the polarizing field strength, through the relationJm
r 5Jm /e0SEp , where

e058.85419310212 Cb/m V.
bThe values given in brackets were obtained from the curve fitting of the spectral LT1 complex band. All other
Tm andJm

r values are spectral parameters.
cBoth the fitting value and the energy value inferred by means of the partial heating method coincid
pre-exponential factor of the Arrhenius Eq.~1! for the single LT2 band is calculated to bet056.04
310228 s.
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after heating are associated with localized changes in
equilibrium ionic distribution, initiated by the temperatu
enhanced amplitude of the lattice vibrations as a whole,
the thermal energy of the ions which is sufficient for surpa
ing high potential wells after annealing at elevated tempe
ture ranges. The XRD data analysis supports the above
pothesis, since there appear strong differentiation in lat
constants and to a lower degree in several bond dista
~Table III!. The most pronounced change has been calcul
for the ~a,b! dimension, while small differences in excess
the calculation error, appear for the Ca~2!–O~2! and P–O~2!
bond distances. The LT2 peak, in particular, barely appea
in the A2 orientation spectrum, implying a very low conce
tration (ND) of related dipole units~peak’s area is propor
tional to NDm2, wherem is the effective dipole moment!.
After annealing the LT2 peak becomes the predominant s
nal with a high single activation energy~1.06 eV! and ex-
tremely low pre-exponential factort0 (;10228 s), unusual
for thermostimulated current dielectric studies. Under
new energetic/ionic conditions which develop in the s
p 2009 to 195.134.94.40. Redistribution subject to AIP
he
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rounding area of some ionic positions, in the ‘‘quenche
apatite structure after annealing, pre-existing mechani
may become energetically unfavorable or simply frozen
due to simple steric hindrance. On the other hand, new
jumping relaxation bands may appear, by simply consider
the presence of new types of vacant structural sites.
appearance of the LT2 relaxation peak even one year aft
the heating procedures and with the sample stored at
conditions, indicates that the microstructural configurat
developed after annealing is, at least, partially retained.
above observations favor an explanation based on a pol
ability mode, involving ions jumping between vacant nex
nearest-neighbor~nnn! positions that are located outside th
columnar regions. We should also take into account that
heating procedure has been performed in oxygen at
sphere, which is a known element for its reactive propert
although by performing standard differential thermal ana
sis ~DTA! of a Fap sample we did not find any evidence
weight change in the temperature ranges of interest.

In ionic crystals and minerals, the phenomenon of a s
Cerro de
TABLE III. Lattice parameters and bond distances obtained by Rietvelt analysis of the x-ray diffraction powder patterns of fluoarapatite from
Mercado~Mexico!, before and after annealing~at 773 K for one hour!.

As-received sample Annealed sample

Cell parameters~Å! a 9.3921 ~2! 9.3940 ~2!
c 6.8830 ~2! 6.8822 ~2!

Site Ca~1! Ca~2! P Ca~1! Ca~2! P
Fractional coordinates x 1/3 0.2418~2! 0.3997 ~3! 1/3 0.2420~3! 0.3993 ~4!

y 2/3 0.9920~3! 0.3705 ~3! 2/3 0.9914~3! 0.3691 ~4!
z 0.0029 ~5! 1/4 1/4 0.0037~6! 1/4 1/4
B 0.801 0.846 0.632 0.801 0.846 0.632

Bond distances~Å! O(1) 2.365 ~5! 2.688 ~6! 1.571 ~8! 2.361 ~4! 2.682 ~7! 1.583 ~9!
O(2) 2.470 ~6! 2.335 ~6! 1.570 ~5! 2.475 ~7! 2.356 ~7! 1.547 ~6!
O(3) 2.818 ~3! 2.348 ~4! 1.536 ~4! 2.819 ~6! 2.336 ~4! 1.535 ~4!

2.508 ~5! 2.525 ~3!
F ¯ 2.310 ~2! ¯ ¯ 2.315 ~5! ¯

Rwp 11.13 10.44
Rexp 7.46 7.58
RBragg 4.50 4.29
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stantial decrease in a TSDC relaxation band after annea
when not apparently related to intercrystalline water adso
tion or protonic conductivity effects, is usually attributed
clustering phenomena.24 A process referring to dipole cluste
formations whose concentration diminishes after annea
could explain the changes occurring at the HT relaxati
appearing in the spectra where theEp'c configuration was
used. Nonetheless, a simple clustering scheme is not
ported by the observation that even one year after annea
the high temperature bands have not restored much of
magnitude, as would be normally expected by the kinetics
clustering processes.

V. CONCLUSIONS

The TSDC technique has been applied to study the
electric properties of fluorapatite single crystals for two p
ing field orientations, namely, parallel and perpendicular
the crystallographicc axis. The main depolarization curren
mechanisms alongc axis are governed by dipolar reorient
tions in the apatite columns, through F and Cl jumps, a
ionic motions at regions of long range structural defe
~screw dislocations parallel toc axis!. The almost linear de-
pendence of the~re!orientation energies with scanning tem
perature can be attributed to a distribution of microdoma
along thec axis, which differentiate the ionic surrounding
The five distinct TSDC relaxations characterizing the spe
when the poling field was perpendicular toc axis are tenta-
tively discussed, in order of appearing temperature range
terms of ~a! relaxation of REE31/Na1 and cation
(Ca21)-vacancy dipoles,~b! a strong and persistent ion-jum
relaxation effect which dominates in the annealed samp
and ~c! dipole-clustering phenomena.
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~No Spécial! ~1968!, p. 1760.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp


