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A study of single phase hexagonal fluorapatite crystals from Durango (Mexico), by means
of the TSDC technique, has demonstrated a variety of dielectric relaxation mechanisms for
different poling orientations, parallel and perpendicular to the crystallographic c-axis. In
the first case, the TSDC spectrum consists of a broad complex current band, featuring a
distribution of the pertinent energy barriers. In the case of perpendicular electric stimulus
(E, L c) the overall intensity of the relaxation spectrum is reduced by at least one order of
magnitude, compared to that with E | ¢ axis, with at least five highly overlapping
dielectric bands. A tentative attribution of the anisotropic polarizability observed in the
two different orientations to specific micromolecular mechanisms takes into account the
creation and selective partitioning of several microstructural defects (e.g. limited C1~ and
REE>* substitution for F~ and Ca®* respectively, ionic vacancies and dislocations). These
types of defects produce several kinds of (re)orientable dipolar units and permit short
range motions of electric charges, which are both directly detectable by dielectric relaxa-
tion spectroscopy methods.
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1. INTRODUCTION

Apatites, Ca;o(POg4)s(F, OH, Cl),, constitute a group of minerals that
comprises members of high technological exploitation [1]. The fluor-
apatitic structure consists of PO, tetrahedra arranged in trees around
hexad axes, forming tubes parallel to c-axis with fluorine ions along
their axis. Six out of the 10 calcium ions in the apatitic unit cell, occupy
the so-called Ca(2) site (Fig. 1). These ions line the tubes internally and
tie in the F anions. Each of Ca(2) ions (co-ordination number VII) is one
of the triad that surrounds a F~ ion at each corner of the unit cell. The
remaining Ca*" ions lying between the tubes simply link neighboring
tubes, and occupy the so-called Ca(1) sites (co-ordination number IX).
The complicated apatitic framework and the multiplicity of atomic
substitutions offer a prominent background for the creation of ion
vacancies, electrical dipoles or extended dipolar complexes, whose
dielectric response is expected to be anisotropic. Insofar, the TSDC

FIGURE 1 Polyhedral model of the fluorapatitic structure projected on the (0001)

plane. Elevations are represented as percentages of ¢. Mirror planes are located at
0.25 and 0.75¢.
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technique has been successfully applied in studies of various apatites in
compressed polycrystalline form, although experiments in mono-
crystals give evidence for the existence of anisotropy in dielectric
polarizability along different crystallographic orientations. In the pre-
sent paper we report results on several temperature dependent dipolar
or dipolar-like ionic motions that contribute to a change in the dielectric
polarizability of fluorapatite along preferred polarization orientations.

2. EXPERIMENTAL

Samples of transparent, light yellow-greenish, fluorapatite of gem
quality from Cerro de Mercado (Durango, Mexico), virtually free from
inclusions and mineral coatings, were cut from a large prismatic crystal
(approx. 3%cm long by l%cm wide) parallel and perpendicular to the
crystallographic c-axis, using the natural faces as a guide. The X-ray
diffraction pattern (20 =20-90°) was recorded employing a Siemens
D5000 powder diffractometer with CuK o radiation and a secondary
monochromator at RT. The corresponding Rietveld analysis (factor
Rywp=11.13, [2]) has showed single phase hexagonal fluorapatite,
a=9.3921(2) A, c=6.8830(2) A, with a space group P63/m. The X-ray
fluorescence (XRF) trace-element analysis, presented in Table I, reveals
the presence of an appreciable amount of rare earth elements (REE).
Several other light substitute ions (like, Mn>*, Si**, Na*, K™ and CI"),

TABLE 1 Trace-element analysis of fluorapatite crystals
(Cerro de Mercado, Durango, Mexico) obtained by X-ray

fluorescence

Substitution for Trace ion Analysis (ppm)

| As*t 2668 + 90

Ca** Srik 497+ 15
Yo 823 +24
La** 2398 +218
Ce’t 2736 + 288
pPri* 319432
Nd** 990 + 100
Sm>* 134+ 13
Gd** 99+10
TR+ 418421

{ B8 153+1.5
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are also expected to enrich fluorapatite. The TSDC experimental setup
has been discussed in a previous publication [2].

3. RESULTS AND DISCUSSION

The thermally stimulated currents spectrum recorded for the E, || c
poling condition is depicted in Fig. 2 (plot a). The spectrum is domi-
nated by an extended current signal (HT band) maximizing around
300 K, which covers the entire temperature range under investigation.
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FIGURE 2 TSDC spectra for fluorapatite polarized with (a) the electric field
parallel to c-axis (E, || c-axis), and (b) perpendicular to c-axis (E, L c-axis). The ther-
mostimulated current discharge curves were measured with the testing materials under
vacuum (=2 107%-107°Torr), in stainless steel electrodes electrolytically covered by
chromium. The experimental conditions were: T, =320K, E,=18kV/cm, #,=5min,
and cooling/heating rates of 5.0 £0.2 degrees/min.
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In order to decompose the band and obtain the activation energy
spectrum of the relaxation mechanisms involved, we applied the partial
discharge method in the temperature range of 110-320K, calculating
activation energy parameters between 0.15 and 0.85 eV. Although there
is no clear evidence for some stepwise changes in the plot of activation
energy E vs. the middle-point of the discharge temperature range of each
cycle Ty (Fig. 3), within the experimental errors, there appears to be an
accumulation of the energy barriers in the temperature range 210 20K
around 0.53+0.03eV.

The thermogram of a sample with E, perpendicular to the crystal-
lographic c-axis (Fig. 2, plot b) demonstrates five overlapping bands
that peak at approximately 172K (denoted as LT; band), 183K (LT>),
206K (HT)), 235K (HT,), and 316 K (HT3). Variations in the electric
field, polarization temperatures T}, and times #, are supportive of a
dipolar interpretation for the three low temperature bands (LT;, LT,
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FIGURE 3 Plot of the activation energies E vs. the middle-point temperature of the
partial TSDC discharge cycles Tryy, for (a) E, || c-axis (O), and (b) E;, L c-axis (@).
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and HT)). The straight line fitting of the Arrhenius plot for the lower
part of the thermostimulated currents spectrum, which coincides with
the rising left wing of LT, peak, results to a (re)orientation activation
energy of £; =0.38 £0.02 eV. In the temperature range of the weak but
highly reproducible LT, signal we observe a sudden sharp increase in
the energy values with a maximum at E,=0.86+0.03eV. The activa-
tion energy spectrum in the region of the HT, and HT, bands, around
200-240K, varies between E3=0.60—0.70€eV. The strong HT; band
(plot b, Fig. 2) is characterized by an energy barrier, E,, around 0.82 eV.

The preconditions for the development of macroscopic dielectric
polarizability and charge storage at low temperatures are fulfilled if one
takes into account in detail the apatite’s crystal structure data. In
fluorapatite, the 63 axis of F~ ions (at z = 1/4, 3/4c in the hexagonal cell)
passes perpendicularly to the planes of the adjacent Ca(2) triangles and
through their centers. In the pure stoichiometric form of the fluorapatite
crystals, the F~ ion occupies exactly the center of the Ca triangle, pre-
cluding the formation of electric dipoles. This is not the case of com-
positionally modified structures (chlorapatite [3], fluorhydroxyapatite
[4], etc.). It is a well established fact that in natural and synthetic
fluorapatites accommodate light lanthanides (La, Ce, Pr, Nd) that favor
the underbonded position Ca(2). In the present case, the XRF analysis
(Table I) also indicates an appreciable amount of strontium and yttrium
(i.e. 497 ppm Sr** and 823 ppm Y>*) in addition to Th®*. A direct
consequence of the above substitutions is the modification of the total
stereochemistry of the Ca(2), and to a lower degree the Ca(1), positions
occupied by REE**. In addition, the fact that for the REE the valence
state is higher than that of the calcium, indicates an increased number of
cation vacancies and/or anion substitution, followed by a moderate
change in bond lengths. The hexagonal crystal structures of the fluor-
apatite samples employed in the present study demonstrate lattice
constants (a=9.3921 A and ¢=6.8830 A, [2]) that are close to former
reports for fluorapatites from Durango (Mexico) (e.g. 9.3923 and
6.8821 A, [5]), and clearly distinguished from the lattice constants for
pure hexagonal Ca,o(PO4)sF, (9.367 and 6.884 A, [1D.

A model involving a halogen-vacancy translational relaxation
mechanism along the tubes on the 65 screw axis can be utilized to
describe the presence of the strong thermocurrent signals appearing
in the TSDC spectra recorded for fluorapatite in the E,| ¢ poling
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condition. The existence of an increasing trend of the (re)orientational
activation energies with scanning temperature can be therefore con-
nected with the presence of a distribution of microdomains in space
along the c-axis with different local environment for the vacancies. The
above mechanism is most likely joined by contributions of other
strongly overlapping relaxations. The enhanced ionic mobility in this
case can also be connected with the presence of pure screw dislocations
that align with the crystallographic c-axis, and mixed dislocations with a
slight deviation from alignment with the c-axis [6]. The corresponding
distortion in the inter-ionic distances provide easy paths for short range
migration of ions, especially by virtue of their relative aligning with the
poling axis.

In relation to the E, | ¢ experiments, the assignment of individual
bands to definite mechanisms in microstructural level is connected with
the creation and spatial distribution of certain structural defects [2]. As
regards the LT relaxation domains, both their dipolar-type compatible
behavior and the range of the energy barriers associated with the cor-
responding microstructural mechanism, advocate a dipolar interpreta-
tion based on two different polarization schemes. In the first, the electric
dipoles are formed by chlorine/fluorine ions, which are vertically or
horizontally displaced from their ideal symmetry position at the col-
umns due to electrostatic forces by the trivalent REE residing on Ca(2)
and nearby cation sites, and the positive charge of the Ca(2)-triangles.
The second scheme involves a local translational mechanism with cation
jumps between two of the nearest neighbor positions of a cation
vacancy. For the latter case in particular, it seems rational to assign a
pair of neighboring relaxations to aliovalent cations substituting for
calcium. In the above context, a low temperature peak could be assigned
to a short range jump relaxation mechanism involving the relatively
small ionic radius, r, Na*t ions (r{Q’;'*‘x’ = r(c\;"’lx) —0.02 A), and a
higher temperature peak to the larger rare earth elements, for which
AL S VI 05 &

In connection with the relative intensities of the relaxation responses
reported here, as well as the results from analogous TSDC studies of
green apatites from Madagascar, it is clear that the apatitic structural
configuration exhibits increased defect ion mobility along the c-axis
direction. This observation is essential for the practical electrical and
biomedical applications of the synthetic products and stresses the
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importance and necessity for single crystal experimental work on
apatite structures.
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