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Abstract The crystallinity of natural and synthetic apatite
samples is often determined from the broadening of v, PO,
infrared absorption bands. However, various physical
mechanisms contribute to the observed linewidth. In the
present study, the factors determining the linewidth in the
powder spectrum of synthetic fluorapatite and hydroxyap-
atite samples are investigated. The temperature dependence
of the infrared spectrum (10-270 K) is used to assess the
respective contributions of homogeneous broadening,
related to the decay of phonons through anharmonic cou-
pling, and heterogeneous broadening related to elastic strain
and macroscopic electrostatic effects. This latter contribu-
tion is dominant in the investigated samples and depends on
the shape of powder particles. It is discussed under the light
of the theoretical modeling of the low-frequency dielectric
properties of apatite based on first-principles density func-
tional theory calculations. The linewidth of the weak v; PO,
absorption band provides a reliable information on micro-
scopic sources of broadening, i.e., apatite crystallinity. In
comparison, the other more intense PO, bands are more
sensitive to long-range electrostatic effects.

E. Balan (D<) - S. Delattre - G. Morin - M. Guillaumet -
M. Blanchard - M. Lazzeri - C. Brouder

Institut de Minéralogie et Physique des Milieux Condensés
(IMPMC), UMR CNRS 7590, UMR IRD 206,

Université Paris VI, Université Paris VII, IPGP,

140 rue de Lourmel, 75015 Paris, France

e-mail: Etienne.Balan@impmc.upmc.fr

D. Roche - L. Segalen
UPMC Univ Paris 06, UMR 7193 ISTEP, Biominéralisations
et Environnements Sédimentaires, 75005 Paris, France

E. K. H. Salje
Department of Earth Sciences, University of Cambridge,
Downing Street, Cambridge CB2 3EQ, UK

Keywords Apatite - Infrared spectroscopy -
First-principles calculations - Anharmonicity

Introduction

Apatite (Cas(PO4)3X; X = OH, F, Cl) is the most common
phosphate mineral. Its hexagonal structure enables a large
variety of substitutions, at the calcium (e.g., Sr2+, Mn”),
phosphorus (e.g., Si4+, CO32_), or channel sites (e.g.,
CO5*) (Hughes and Rakovan 2002; Pan and Fleet 2002).
It occurs in natural settings as diverse as igneous rocks,
sedimentary deposits, or living organisms. Importantly, a
carbonate-substituted hydroxyapatite (dahllite) is the major
inorganic component of bones and dental enamel of ver-
tebrates (Elliott 2002). Apatite is therefore a material of
considerable biomedical importance (Gross and Berndt
2002). The preservation of the skeleton of fossil animals
also provides important geochemical information about
past environments and fauna paleoecology (e.g., Picard
et al. 1998; Reynard et al. 1999; Sponheimer and Lee-
Thorp 1999; Roche et al. 2010). Fluorapatite plays an
important role in magmatic systems because it can host a
number of elements that do not fit well in major rock-
forming minerals (Piccoli and Candela 2002), whereas
sedimentary deposits of carbonate-substituted fluorapatite
(francolite) correspond to the principal natural resources in
phosphorus (Knudsen and Gunter 2002). Finally, natural
apatite is widely used for dating, using isotopic or physical
methods (e.g., fission-tracks, electron paramagnetic reso-
nance) (e.g., Ikeya 1993).

Important information about the structure of apatite
samples can be obtained using vibrational spectroscopy.
Infrared spectroscopy is routinely used to quantify the
presence of carbonate ions in the structure and to assess the
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“crystallinity” of present or fossil biogenic apatite. Several
“crystallinity” indices have been defined from the spectral
features of the v, PO, absorption bands occurring between
500 and 700 cm ™! (Rey et al. 1990; Shemesh 1990; Weiner
and Bar-Yosef 1990; Surovell and Stiner 2001). They are
widely used to assess diagenetic and fossilization effects in
apatite (e.g., Michel et al. 1995, 1996; Pucéat et al. 2004;
Lebon et al. 2010; Roche et al. 2010). In fact, these indices
can be viewed as resolution factors and mostly depend on
the width of the v, PO, absorption bands. However, line
profiles of vibrational absorption bands usually depend on
various physical phenomena. Beside instrumental profile,
the shape of infrared absorption bands results from the
convolution of an intrinsic line profile (due to lifetime of
the associated phonon) with a distribution function of
phonon frequencies related to the system heterogeneity
(Salje et al. 2000). In addition, long-range electrostatic
effects may shift and modify the intensity of strong
absorption bands in powder spectra, depending on the
shape of the particles (e.g., Fuchs 1975; Ruppin 1977,
1978; Balan et al. 2001, 2008; Fourdrin et al. 2009). The
comparison between various crystallinity indices obtained
using various techniques, including infrared (IR) and
Raman spectroscopy and X-ray diffraction, may lead to
discordant results (Pucéat et al. 2004).

In the present study, we focus on the origin of line
broadening in the powder infrared spectrum of fluorapatite
and hydroxyapatite. Low-temperature infrared spectro-
scopic measurements make it possible to assess the
respective contributions of homogeneous and inhomoge-
neous broadening, whereas a theoretical modeling is used
to explore the relations between the particle shape and the
powder absorption spectrum.

Experimental

Two synthetic fluorapatite and hydroxyapatite samples
(Nounah and Lacout 1993) have been investigated. These
samples contain trace amounts of cadmium (Cdg gpsCag 995
(POy4)6(F,OH),) and their mineralogical purity was checked
by X-ray diffraction (Morin et al. 2002). Scanning electron
microscope (SEM) observations (Fig. 1) show that the
hydroxyapatite sample consists of lath-shaped particles
with a length of ~200 nm and a thickness of ~40 nm. In
contrast, the fluorapatite sample displays coalesced parti-
cles with a less well-defined shape. Pellets for infrared
transmission measurements were obtained by pressing a
mixture of about 1 mg of gently ground sample diluted in
300 mg of dried KBr. To improve the signal-to-noise ratio
on the weak v; PO, band, an additional series of low-
temperature measurements was performed on more con-
centrated pellets with a sample/KBr ratio of 1 wt.%.
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Transmission IR spectra were recorded between 500 and
4,000 cm™" with a resolution of 1 cm™" using a Nicolet
7600 FT-IR spectrometer. Low-temperature measurements
between 10 and 270 K were performed using an ARS
CS-204 SI cryocooler fitted with KRS-5 windows.
Temperature was controlled using a Si diode fixed on the
sample holder.

First-principles calculations

The vibrational properties of fluorapatite (Cas(PO,4)sF) and
hydroxyapatite (Cas(PO4);0H) were computed within
the density functional theory (DFT) framework, using
the generalized gradient approximation (GGA) to the
exchange—correlation functional as proposed by Perdew,
Burke and Ernzerhof (PBE; Perdew et al. 1996). The ionic
cores were described by ultrasoft pseudo-potentials from the
Quantum Espresso library (http://www.quantum-espresso.
org). The electronic wave functions were expanded in

Fig. 1 SEM micrographs of synthetic hydroxyapatite (fop) and
fluorapatite (bottom) samples
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plane waves using a 40 Ry cutoff. A 380 Ry cutoff was
used for the charge density. The electronic integration was
performed by restricting the sampling of the Brillouin zone
to a single k-point (—0.5, —0.87, —0.68) because of the
relatively large unit cell of apatite (containing 42 and 44
atoms for fluorapatite and hydroxyapatite, respectively).
The harmonic low-frequency dielectric tensor (Baroni et al.
2001) of the theoretical equilibrium structure was calcu-
lated using the PWscf and PHonon codes of the Quantum
Espresso package (Giannozzi et al. 2009), following the
procedure described in previous studies (e.g., Balan et al.
2001, 2005, 2008).

Results
Temperature dependence of apatite IR spectrum

The powder IR absorption spectrum of the investigated
samples (Figs. 2, 3) displays the usual absorption bands of
apatite (Farmer 1974). The bands observed above 500 cm™!
are related to internal vibration of the PO, tetrahedra. They
are referred to as v; (symmetric stretch), v, (bending mode),
v; (anti-symmetric stretch), and v, (bending mode) modes.
Strong absorption bands associated with the v; PO, vibra-
tions are observed between 1,000 and 1,150 cm~!. The
much weaker v; PO, band is observed on the low-frequency
side of the strong v; PO, band. Intense bands associated
with the v, PO, vibration are observed between 540 and

wavenumber (cm’')

620 cm ™. Significant differences are observed between the
hydroxyapatite and fluorapatite spectrum. As expected, two
bands related to the stretching and bending of OH groups
are observed in the IR spectrum of the hydroxyapatite
sample at ca. 3,573 and 630 cm™', respectively. More
surprising, the spectrum of the hydroxyapatite sample dis-
plays a systematic splitting of the v; and v, PO, bands,
which is not observed in the fluorapatite spectrum.

The lowering of temperature from 270 to 10 K leads to
an overall narrowing of absorption bands and significant
shifts are observed (Fig. 4). The shift of well-defined v,
and v3 PO, absorption bands is determined from the dis-
placement of their maximum. Their frequency varies
almost linearly with temperature above ~ 100 K but
becomes temperature-independent at low temperature
(<~ 100 K). The low-temperature quantum saturation of
mode frequency is a general phenomenon in crystals and
this behavior can be fitted using a function of the form
(Salje et al. 1991a):

o(T) = A + B coth(Os/T) (1)

where T is the temperature. The A, B, and ®g parameters
fitting the measurements are reported in Table 1. The
“temperature-independent” domain extends from 0 to Tg
with TS = @S/Z

An overall increase in linewidth is observed as a func-
tion of temperature (Figs. 2, 3). The linewidth is extracted
using an autocorrelation approach initially developed to
investigate phase transitions in minerals using hard mode
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spectroscopy (Salje et al. 2000). Compared to a fitting
procedure, it does not require any assumption on the
number of components or on the line shape. The self-
convolution of the IR spectrum with an offset ' in the
frequency leads to the autocorrelation function:

corr(o, ') = 7>C a(w+ o )o(w)do

—0Q

(2)

where a(w) is the spectrum after baseline subtraction in
absorbance units. The linewidth parameter (A.,,) is then
obtained from the shape of the autocorrelation function in
the limit ' —0 (Salje et al. 2000). It relates to the average
linewidth and mode splitting in the relevant spectral region
and proves to be rather more robust with respect to changes
of baseline and instrumental noise than the usual line fitting
procedure. For a Lorentzian profile, the extracted linewidth
is close to the full-width at half-maximum. Practically, the
method implies to choose some segments of the IR spectra
and subtract a linear baseline in such a way that the
intensity falls to zero at the limits of the segments, i.e.,
a(w) = 0 beyond these limits (Table 1). Note that for
overlapping lines such as the v; PO, bands, only an aver-
age parameter is obtained for the selected segment
(975-1,175 cm™" for the v3 PO, bands). At low tempera-
ture, the linewidth becomes also temperature-independent
and the saturation behavior can be fitted using Eq. 1, as for
the frequency shift (Table 1; Fig. 4).

The hydroxyapatite and fluorapatite spectrum displays
similar shifts of the maximum of the v; and v3 PO,4 bands as

@ Springer
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a function of temperature. The slope of the curve in the
linear domain, i.e., far from saturation, is given by the ratio
B/@®g. Slopes of —1.5 x 107 and —1.3 x 1072 cm™'/K
are observed for the v; band in fluorapatite and hydroxy-
apatite, respectively, whereas a slope of —0.93 x
1072 cm~Y/K is observed for the v; band in both
spectra.

Although both spectra display a low-temperature satu-
ration of the linewidth, different slopes are observed in the
high-temperature domain corresponding to linear variation
of the linewidth. The width of the v; PO, band in the flu-
orapatite spectrum is larger, but its change as a function of
temperature is weaker than its counterpart in the hydroxy-
apatite spectrum. Note that the broadening of v; PO, bands
as a function of temperature is difficult to assess from visual
inspection (Figs. 2, 3) but clearly appears as a result of the
autocorrelation analysis. For the v; band, the broadening is
visually clear (Figs. 2, 3). The slopes characterizing the
changes in linewidth at high temperature (Fig. 4) are similar
for both samples but the width at saturation is larger for the
hydroxyapatite. Finally, the width of the v, band displays a
similar behavior as a function of temperature, with a smaller
width at saturation for the fluorapatite.

The frequency of the OH stretching absorption band in
hydroxyapatite (Fig. 5) behaves similarly, with a saturation
frequency of 3,574.5 cm™' and a slope of 1.35 x 1072
cm ™ '/K in the high-temperature linear domain. In contrast,
the width of the band, which displays a Lorentzian line
shape, is almost constant with a slight increase above
200 K. This suggests that the corresponding saturation
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obtained by autocorrelation using the following domains 540-618
(v4 POy, hydroxyapatite); 540-630 (v4 POy, fluorapatite); 940-975
(v; POy) and 975-1,175 cm ! (v3 POy) (see text)
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Table 1 Low-temperature

Zz;;ué?etion of the IR spectrum of 0, (K A (em™) B (em™ 1(!31/(()%2 em™/K) ::]lgtlga
Frequency
Hydroxyapatite OH stretch 104 3,575.8 —14 —1.35 -
vz POy 106 1,037 —-14 —1.32 -
vy POy 91 965.8 —0.85 —0.935 -
Fluorapatite v3 PO, 66 1,042 —-1.0 —1.51 -
vy POy 93 968.7 —-0.87 —0.935 -
Linewidth
Hydroxyapatite v3 POy 179 15.7 6.0 33 18.5
v; POy 211 1.8 1.62 7.7 2.6
Parameters referring to Eq. 1 v4 PO, 73 15 0.79 L1 171
(see text) Fluorapatite v3 POy 153 23.7 1.88 1.2 244
* The width at 0 K is obtained v; POy 152 1.4 1.34 8.8 1.9
from a linear extrapolation of Vs PO, 85 9.4 0.78 0.9 95

the high-temperature behavior

temperature ®g is probably above 400 K, significantly
differing from that of phosphate bands.

Theoretical structural and vibrational properties
of apatite

A number of studies have already investigated the
theoretical structural and vibrational properties of apatite
using empirical potentials or first-principles methods (e.g.,

Fig. 5 Powder transmission
infrared spectra of OH l ] ] 1

Devarajan and Klee 1981; Lee et al. 2000; Haverty et al.
2005; Corno et al. 2006; Pedone et al. 2007). The agree-
ment between theory and experiment is usually good, and
calculated vibrational modes (Devarajan and Klee 1981;
Corno et al. 2006; Pedone et al. 2007) confirm the inter-
pretation of the vibrational modes observed above
400 cm ™! in terms of internal vibrations of the PO, tetra-
hedra. Some of these studies (Haverty et al. 2005; Corno
et al. 2006; Pedone et al. 2007) suggest that a monoclinic

stretching mode in
hydroxyapatite from 270 (top)
to 10 K (bottom) by steps of
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Table 2 Theoretical cell parameters, electronic dielectric tensor, and
reduced atomic coordinates (below) of fluorapatite (S.G. P65/m) and
hydroxyapatite (S.G. P63)

Fluorapatite Exp.* Hydroxyapatite Exp.*

aA) 9.48 9.397 9.55 9.417
c (A) 6.90 6.878 6.87 6.875
c/a 0.73 0.73 0.72 0.73
e (x,y) 285 2667 291
£ (2) 2.79 2657  2.82
Fluorapatite x y z Hydroxyapatite x y z
Ca(l) 0.67 033 0.00 Ca(l) 0.67 033 0.50
Ca(2) 0.25 0.00 0.25 Ca(l) 0.33 0.67 0.50
P 0.37 040 025 Ca(2) 025 025 0.75
0 049 033 025 P 0.04 0.63 025
0 047 059 025 O 0.09 0.74 0.06
0 026 034 0.07 O 041 0.88 025
F 0.00 0.00 025 O 0.66 0.92 0.43
0 0.84 051 025
OH) 0.00 0.00 0.1
H 0.00 0.00 0.07

* Hughes et al. (1989)

structure of hydroxyapatite with space group P2,/b, cor-
responding to an inverted orientation of OH groups in
neighboring columns, would be slightly more stable than
the ordered hexagonal structure with space group P6;.
Except for the orientation of OH groups, other properties,
including vibrational frequencies are weakly affected by
the change in the space group (Corno et al. 2006). In the
present work, the modeling of hydroxyapatite was thus
performed using the P63 space group, corresponding to a
smaller unit-cell volume.

The theoretical, structural (Table 2) and vibrational
(Table 3) properties of apatite obtained at the DFT-GGA
level, in the present study, are mostly consistent with
previous theoretical studies of apatite vibrational properties
(e.g., Corno et al. 2006; Pedone et al. 2007) and will not be
discussed in detail here. The relaxation of the fluorapatite
and hydroxyapatite structures overestimates the a parame-
ter by ~ 1% and reproduces the ¢ parameter within 0.3%.
Compared with experimental frequencies obtained from
specular reflectance measurements on a single crystal of
fluorapatite (Adams and Gardner 1974), the theoretical
frequencies are softer by ~6%. Because of the smaller cell
volume, the frequencies of the PO, stretching modes of
fluorapatite are slightly higher (by a few cm™") than that of
their counterparts in hydroxyapatite, consistent with the
experimental observations. The OH bending and stretching
frequencies in hydroxyapatite are calculated at 625 and
3,613 cm ™', respectively.

Table 3 Transverse frequencies of IR-active zone-center vibrational
modes of the equilibrium theoretical structures of apatite

a

Theory (cm™ b} IR intensity Exp.

Fluorapatite
Ay 90 m 96 Lattice mode
142 vw -
173 m 184 -
238 Vs 277 -
268 s 304 -
436 w 470 v, POy
523 s 582 vq POy
991 Vs 1,030 v3 POy
E. 19 w Lattice mode
89 s 100 -
166 vs 193 -
203 Vs 224 -
227 VW 243 -
250 s 273 -
286 s 327 -
437 w 460 v, POy
537 m 580 vy POy
564 s 604 v4 POy
914 w 962 v POy
989 VS 1,034 vz POy
1,047 m 1,094 v3 POy
Theory (em™h IR intensity
Hydroxyapatite
A 113 m Lattice mode
139 vw -
178 m -
203 vw -
215 VW -
243 ' -
254 m -
277 s -
445 w vy POy
527 S v4 POy
991 'S v3 POy,
E, 44 w Lattice mode
98 s -
128 w -
160 Vs -
204 Vs -
220 m -
228 m -
253 s -
276 VW -
321 s -
401 VW -
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Table 3 continued

Theory (em™Y) IR intensity
439 w v, POy
534 m vq POy
564 S v4 POy
625 s OH bending
913 w vy PO,
985 Vs v3 PO,
1,045 m v3 POy
3,613 w OH stretching

vs Very strong; s strong; m medium; w weak; vw very weak
* Adams and Gardner (1974), Devarajan and Klee (1981)

The theoretical low-frequency dielectric tensor (Gonze
and Lee 1997; Baroni et al. 2001; Balan et al. 2001) of
fluorapatite and hydroxyapatite has been calculated using
the vibrational modes, Born effective charge tensors and
electronic dielectric tensor, as is usually done for polar
solids (Tables 2, 3, Electronic Annexes). Infrared-active
vibrational modes of apatite lead to the resonances
observed in the dielectric tensor at the transverse optical
frequencies (Fig. 6). These modes belong either to A or E
irreducible representations (A, or E;, for fluorapatite),
corresponding to mode-polarization parallel or perpendic-
ular to the c axis, respectively. In the case of perpendicular
polarization (E; representation), two degenerate vibrational

PSR RS NS ST RS S SRS |
lattice modes

P
A F-apatite

OH
bending

Im(€(w))

LA A B L L A R AL B
0 200 400 600 800 1000

wavenumber (cm”)

Fig. 6 Imaginary part of the theoretical low-frequency dielectric
tensor of apatite. For hydroxyapatite, the contributions of A (z) and E;
(x, y) modes are shown
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modes occur with orthogonal polarizations. In the case of
fluorapatite, the strong resonances related to the vy POy
stretching modes and belonging to the E;, and A, irre-
ducible representations occur at almost the same frequency,
whereas a splitting can be observed for hydroxyapatite.
There is a clear agreement between the resonances of the
dielectric tensors and the observed absorption bands of the
IR spectrum of apatite samples (Figs. 1, 2, 6).

Theoretical powder infrared spectrum of apatite

The determination of the low-frequency dielectric tensor
makes it possible to investigate the role of a number of
macroscopic parameters in the infrared spectrum of apatite.
The low-frequency dielectric tensors of fluorapatite and
hydroxyapatite are very similar, except for the additional
bands related to OH vibrations in hydroxyapatite. There-
fore, only hydroxyapatite will be considered in this part but
the theoretical results will also hold for the internal
vibrational modes of PO, tetrahedra in fluorapatite.

As usually observed for polar materials, the powder
infrared spectrum of hydroxyapatite depends on the shape
of the powder particles because of the long-range nature of
electrostatic interactions. In this case, certain atomic
vibrational modes can be coupled with a macroscopic
electric field (i.e., constant over the unit cell), determined
by the shape of the particles and by their low-frequency
dielectric tensor (Balan et al. 2005). To investigate the
relevance of these effects, the powder infrared spectrum of
hydroxyapatite has been calculated for various particle
shapes including spherical particles and needles elongated
along the ¢ axis (Fig. 7). Two different platy particles,
perpendicular to the a axis or to the ¢ axis, have also been
considered. The powder spectrum is calculated by assum-
ing that the particles are much smaller than the infrared
wavelength and inserted in a homogeneous medium with
the dielectric constant of KBr (taken equal to 2.25). The
ingredients are therefore the ab initio dielectric tensor of
apatite, the dielectric constant of the surrounding medium
and the depolarization factors characterizing the particle
shape (Balan et al. 2008). The absorbance spectrum is then
proportional to the average power dissipated in the particle
by the internal macroscopic electric field. This approach is
equivalent to the modeling of the infrared absorption of a
composite medium, made of mineral particles and diluting
matrix, using the effective medium theory in the high-
dilution limit (e.g., Yagil et al. 1995; Salje and Bismayer
1997; Balan et al. 2010).

Focusing on the frequency range of internal vibrations
of phosphate and hydroxyl groups, the absorption bands
calculated for a given particle shape can be significantly
shifted with respect to the transverse optical frequencies of
the corresponding vibrational modes. For a spherical
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particle, all bands are affected and larger shifts are
observed for the most intense bands, which correspond to a
stronger depolarization field in the particles. The relative
intensity of the bands is also affected and some intensity
transfer is observed from the lower to higher frequency
bands with the same polarization. This is particularly evi-
dent on the two bands related to the v3 PO, modes, whose
relative intensity (Fig. 7) is significantly modified with
respect to that of the corresponding resonances of the
imaginary dielectric tensor (Fig. 6). For needles infinitely
elongated along the ¢ axis, the bands related to A modes,
polarized along the ¢ axis, occur at their transverse optical
frequency. Only the bands related to £ modes, displaying
a perpendicular polarization, occur at higher frequency.
Because of the cylindrical geometry, no splitting occurs
between the two degenerate E; modes. In contrast, platy
particles infinitely extending along the » and ¢ directions
and infinitely thin along the a direction display a systematic
splitting of the E; modes. The bands related to E; modes
with a polarization along the b axis, together with those
related to A modes, occur at their transverse optical fre-
quency; whereas those related to £, modes but polarized

sphere |

needle

absorbance (a.u.)

plate

plate

T T T T
500 700 900 1100

wavenumber (cm’)

Fig. 7 Theoretical powder infrared absorption spectrum of hydroxy-
apatite calculated by considering various particle shapes (see fext).
The dotted lines correspond to the TO frequencies of E; modes.
Arrows point the shape-related splitting of the E; bands for platelets
perpendicular to the a axis

along the a axis occur at a higher frequency, coinciding
with the longitudinal optical frequency (Balan et al. 2005).
Finally, for platelets perpendicular to the ¢ axis, the
A modes are observed at the longitudinal frequency,
whereas E; modes occur at their transverse frequency.

Discussion

In spectroscopy, the distinction between homogeneous and
inhomogeneous broadening is often done on the basis of
the shape of the line (Lorentzian or Gaussian, respectively).
In the present case, this distinction cannot be used because
the Lorentzian line shape in IR spectroscopy only corre-
sponds to a significant simplification of the theoretical
homogeneous profile (Salje et al. 2000). In addition, long-
range electrostatic effects can strongly modify the profiles
in powder spectra. In the following, we will assume that the
homogeneous broadening is due to the anharmonic prop-
erties of the system and that the inhomogeneous one is due
to sample imperfections and/or to the distribution of the
particle shape in the composite sample. The temperature
dependence of line profiles is thus used to make a dis-
tinction between homogeneous and inhomogeneous
broadening contributions.

Homogeneous broadening and temperature dependence
of the powder infrared spectrum of apatite

The shift and broadening of the infrared absorption bands
as a function of temperature can be related to the anhar-
monic interactions (collision and scattering) between pho-
nons, leading to frequency shifts and damping of
vibrational excitations (e.g. Cowley 1968). While a
detailed description of all the relevant processes requires
quite demanding calculations (e.g., Menéndez and Cardona
1984; Lazzeri et al. 2003), the main characteristics of the
shift and damping temperature behavior of a weakly
anharmonic system can be described with a very simple
model (Scott 1974). Using a complex damping constant o,
the motion of a damped harmonic oscillator driven by an
oscillating electric field of pulsation w can be described by
the equation:

mxX +uX +kX = Z*Eyexp(ior) (3)

where o/m = T 4+ iA and m, k and Z* are effective mass,
force constant and charge. Both I" and A are proportional to
the density of final states into which the phonon is
decaying. Thus, they follow the Bose—FEinstein occupation
n; of the phonon states produced in the decay (Scott 1974):

_ 1
= exp(hw; /kgT) — 1 “)
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where ; is the phonon pulsation and kz the Boltzmann
constant. This dependence leads to the quantum saturation
behavior observed at low temperature, which is conve-
niently fitted using Eq. 1. Leading terms in the frequency
shifts are related to the third and fourth derivatives of the
total energy with respect to atomic displacements
(describing direct phonon collision events), and to the
thermal expansion of the lattice, described by the mode
Gruneisen parameter (e.g., Lazzeri et al. 2003). These
various contributions may be of similar magnitude. In the
present case, it is not straightforward to identify the dom-
inant term. This would require, e.g., additional isothermal
compression experiments (Samara and Morosin 1973). In
contrast, the temperature dependence of the broadening is
mostly related to the decay of the phonon into two other
phonons. It thus depends on the anharmonic coupling of
phonons in three-phonon interaction (scattering) processes,
involving the third derivative of the total energy with
respect to atomic displacements (e.g., Menéndez and
Cardona 1984). The low saturation temperatures indicate
that the internal vibrations of phosphate groups probe the
average thermal bath of the crystal, without coupling to a
specific decay channel (Salje et al. 1991b). When both the
frequency shift and linewidth are considered for a given
vibrational mode, the saturation temperature is usually
higher for the linewidth, as previously observed in kao-
linite-group minerals (Balan et al. 2010).

Interestingly, the stretching vibrations of OH groups in
hydroxyapatite behave differently. Although the stretching
frequency displays a saturation temperature similar to that
observed for the phosphate modes, the linewidth display
very weak variations. This observation suggests that cou-
pling terms between the OH stretching vibrations and other
vibrational modes of the crystal are very weak. This
weakness might be related to the peculiar crystallographic
location of OH groups at the center of structural channels,
forming a linear chain of oscillators along the ¢ axis.

Inhomogeneous broadening of the powder infrared
spectrum of apatite

The linewidth obtained by extrapolating the high-temper-
ature linear behavior to 0 K, i.e., by neglecting the quan-
tum saturation, provides a direct assessment of the
inhomogeneous broadening of the line, provided that the
instrumental linewidth is small enough (Balan et al. 2010).
Various factors can contribute to the inhomogeneous
broadening of vibrational spectra. At a microscopic level,
elastic strain related to the presence of defects or surface
relaxation can lead to a distribution of vibrational fre-
quencies. Macroscopic electrostatic effects can also play a
significant role in the case of powder spectra. In that case,
the vibrational frequencies are affected by the macroscopic

@ Springer

depolarization field, which occurs in the polarized parti-
cles. This field depends on the particle shape and will lead
to an inhomogeneous broadening for distributed particle
shape and/or non-ellipsoidal particles. For ordinary powder
samples, the absorption bands are usually centered on a
frequency close to that calculated for a spherical particle
and the line broadening is of same order of magnitude as
the splitting between the corresponding longitudinal and
transverse optical frequencies. This interpretation is con-
sistent with the larger average linewidth observed for the
bands related to v; PO, modes (>22 cmfl) than for those
related to v4 PO4 modes (~ 10 crnfl). The vz PO, modes
indeed display LO-TO splitting ranging between 40 and
80 cm™'; whereas for the v4 PO, modes they range from 10
to 30 cm™!. This explains that the much weaker v; POy
bands with a very small LO-TO splitting (<1 cm™") also
display the smaller linewidth (~3 cm™'). Importantly,
these macroscopic electrostatic effects explain the splitting
affecting specific absorption bands of the hydroxyapatite
sample. Assuming that the elongation axis of lath-shaped
particles is along the ¢ axis, the anisotropic section leads to
a stronger depolarization field when the mode-polarization
is perpendicular to the lath plane than when it is parallel.
This leads to two different vibrational frequencies, the
higher being observed for the perpendicular orientation,
instead of a simple line broadening centered on the
spherical particle frequency. Note that the splitting cannot
be ascribed to a lowering of the apatite crystal symmetry,
which would affect both v; and v3 POy stretching bands. In
comparison, electrostatic effects strongly modify the shape
of the intense v; PO, bands; whereas the weak v; POy,
stretching band is almost unaffected.

Infrared spectroscopic assessment of apatite
crystallinity

The structural variations among apatite samples are often
characterized by a modification of their crystallinity index,
determined by the linewidth of the v, PO, bands (e.g., Rey
et al. 1990; Shemesh 1990; Weiner and Bar-Yosef 1990;
Michel et al. 1995, 1996; Surovell and Stiner 2001; Pucéat
et al. 2004; Roche et al. 2010). As discussed above, the
width of these bands is mostly related to inhomogeneous
broadening effects, potentially involving both microscopic
distortions of the crystal structure and macroscopic elec-
trostatic effects, which are far from negligible for these
bands. In contrast, the width of the weaker v; PO, band is
weakly affected by electrostatic effects. It is dominated by
microscopic parameters leading to homogeneous (through
anharmonic coupling of phonons) and inhomogeneous
broadening (when elastic strain related to defects or inter-
faces occurs). Therefore, the width of the v; PO, band
should provide more accurate information on the
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crystalline quality of apatite, than that of other stronger
absorption bands. Noteworthy, the autocorrelation method
is well suited to reliably extract the linewidth of the v; PO,
absorption band, which may display an asymmetric line
shape hardly fitted using Lorentzian or Gaussian functions.
Finally, the vibrational bands observed in the Raman
spectrum of apatite (e.g., Pucéat et al. 2004) are associated
with a zero polarization and are therefore not affected by
long-range electrostatic effects. It is thus possible to
anticipate that the crystallinity parameters obtained from
the width of v; PO, bands observed using IR or Raman
spectroscopy should lead to a better consistency than those
obtained using different vibrational modes.
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