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The crystal structure of a new apatite CagSm,Na,(PO,)sF,
has been determined using 842 independent reflections (R =
0.059, R, = 0.076). The unit cell constants are a = 9.3895(3) A,
¢ =6.8950(4) A with P65/m space group. The structure contains
disordered cations in both the Ca(1) and the Ca(2) sites. The
formula assigned to the compound is [Ca,s;Smy4;Na,](1)
[Ca 3Sm,;57](2)(PO,)sF,. The Raman spectra have been
studied and they are consistent with the proposed structure.
A comparison with fluorapatite shows that most of the Raman
lines of the new compound are significantly broad, which is
attributed to the random distribution of three kinds of atoms on
the cation sites. © 2000 Academic Press

Key Words: apatite; X-ray determination of structure; Raman
scattering.

INTRODUCTION

Compounds of the apatite type have been widely studied
since they can be used for various applications such as
catalysts (1), ionic exchangers (2), and luminescent materials
(3-5). The reference crystal is the calcium fluorapatite (FAp)
Ca;o(PO,)sF, that crystallizes in the hexagonal system
with the P65 /m space group (6). This structure is character-
ized by a unit cell containing six PO, tetrahedra on mirror
planes at z = 1/4 and z = 3/4, both bonded to Ca*" ions.
These cations occupy two different crystallographic sites.
Ca(1) is found, approximately midway between the mirror
planes, in columns at x = 1/3, y = 2/3. Ca(2) is arranged in
the mirror planes in triangles centered on the screw axis at
x =y =0. The two F~ ions sit on this screw axis.

The incorporation of foreign cations in the apatite struc-
ture is expected to give materials with different bulk proper-
ties. Unfortunately, it is usually not possible to a priori
predict the distribution of rare-earth elements (REE) over
the two nonequivalent crystallographic sites of apatite. In
Nd-doped Sr;((VO,)sF», neodymium substitutes into both
Sr(1) and Sr(2) (7), but in Sty (PO,)sF , it substitutes only in
the Sr(2) site. For Nd-doped FAp, the REE site preference
also appears to depend on the substitution mechanism (8). If

doping is performed with NdF;, neodymium substitutes
equally into both Ca(1) and Ca(2), but when Nd,O3 is used,
it substitutes only in Ca(2). In CagNd(PO,)s(SiOy)F; 5
Oy.»5, the neodymium is distributed over both calcium sites,
17% in Ca(1l) and 83% in Ca(2) (9). In BagLa,Na,(PO,)s
F,, (P6 space group), La and Na occupy in a disordered way
the column positions (Ca(1)), as well as the triangle posi-
tions (Ca(2)) (10). For BayNd3Na;(PO,)sF,, P3 space
group, Nd and Na are ordered in the column sites (Ca(1)),
but there is a disorder of the rest of these ions in the triangle
position (Ca(2)). In Na,Eu,Cag(PO,)F, (11), the Eu**
ions are mainly located in the Ca(1) site (about 75%), and
the Na™ ions can only be located in the Ca(2) site.

In order to get a better understanding of these puzzling
effects, we undertook a systematic study of the apatites
containing REE. This paper is devoted to the case of a
crystal based on samarium.

EXPERIMENTAL PROCEDURES
A. Preparation

Single crystals of CagSm,Na,(PO,)sF, (hereafter refer-
red as CSNP) were obtained by solid-state reaction of
CaCOs;, (NH,),HPO,, Sm,0;, and NaF in molar propor-
tions (6:6:1:10). After grinding, the mixture was heated at
400°C for 4 h, then at 1200°C for 1 h, and finally gradually
cooled (10°C/h) to room temperature. Small needle-shape
crystals were separated from the flux by repeated washing in
hot water.

B. Raman Spectrometry

The Raman spectra were recorded with a DILOR Z24
single-channel spectrometer. An argon laser (Coherent
Innova 90.3) was used for the excitation: the 514.5 nm
wavelength radiation was chosen since the possible lumines-
cence lines from samarium are weak and out of the spec-
tral range where the Raman signals appear. The spectral
width (full width at half maximum) is less than 6 cm ™!, and
the error on the line positions is less than 1 cm™!. The
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measurements were done at room temperature under
a microscope (in the back-scattering geometry) on microm-
etric samples fixed on a goniometric head and orientated in
order to do polarization analysis; a X50 objective with
a long working distance was chosen in order to ensure fairly
good polarization conditions.

RESULTS AND DISCUSSION
A. Structure

1. Refinement of the structure. The X-ray diffraction in-
tensities from a single crystal (0.057 x 0.049 x 0.171 mm?)
were collected using a Siemens AED?2 four-circle diffracto-
meter with graphite monochromated MoKo radiation
(A =0.7107 A). The unit cell parameters were determined by
a least-squares fit of 36 randomly located reflections. The
total sphere of reflection with 1° < 20 < 70° was measured,
and three standard reflections were monitored every hour.
No absorption correction was applied (Ru < 2).

The crystallographic characteristics and conditions for
data collection are given in Table 1a. The structure refine-
ments were performed with SHELXL-93 (12) programs. An
equal distribution of Na and Sm into both Ca(1) and Ca(2)
sites was assumed as a starting model. After refinement, one
obtains 10.75% Sm, 39.25% Ca, and 50% Na in the Ca(1)
site and 26.16% Sm and 73.84% Ca in the Ca(2) site. Hence,
the structure of CagSm,Na,(PO,)sF, contains disordered
cations in both the Ca(1) and the Ca(2) sites, so the formula
assigned to the compound must be

[Ca; 57Smg 43Na,](1)[Cay 43Sm; 57](2)(PO4)6F .

TABLE 1la
Crystallographic Characteristics and Measuring and Refinement
Conditions of CagSm,Na,(PO,)sF,

Crystal data

TABLE 1b

309

Tonic Coordinates and Isotropic Thermal Parameters
of CagSm,Na,(PO,)¢F, Refined in the P6;/m Space Group

Site X y z Ueq
M(1)! 4f 1/3 2/3 0.0005(1) 0.0110(2)
M(2)* 6h  0.24726(5)  0.01079(6) 1/4 0.0097(1)
F 2 0 0 1/4 0.0179(9)
P 6h  0.3688(1) 0.3966(1) 1/4 0.0041(1)
O(1) 6h  0.4680(3) 0.5855(3) 1/4 0.0119(5)
0(2) 6h  0.4803(3) 0.3217(3) 1/4 0.0097(4)
0(3) 12i  0.2554(2) 0.3393(2) 0.0721(3) 0.0137(4)

Chemical formula CagSm,Na,(PO,)sF,
Crystal system hexagonal
Space group P63/m

Lattice constants (A)

Data collection
Diffractometer
Radiation
Scan mode
Theta range (°)
Collected reflections
Independent reflections
Observed reflections

Refinement
Parameters

R =3 |IFo| — IFll/2 |Fol

Ry =Y. lIFo| — [Fcl?/ Y wIFol*)1'?

S =1.03

a =9.3895(3); ¢ = 6.8950(4)

AED2
A(MoKa) = 0.7107 A
w-20

1-70

842

826

573 [Fo > 40(Fo)]

45
0.0597 [0.026 for Fo > 40(Fo)]
0.0763

“The occupancy at the Ca(1) site is 0.5 Na, 0.393(1) Ca, and 0.107(1) Sm;
at the Ca(2) site it is 0.738(1) Ca and 0.262(1) Sm.

The final Fourier-difference map ranges from +0.91e.A™3
to —0.75e.A73.

The atomic positions, selected bond lengths, and angles
are reported in Tables 1b and 1c, respectively.

2. Discussion. Our refined results indicate that the
Sm** ions are mainly located in the Ca(2) site (about
78.5%), while the Na™ ions sit only in the Ca(1) site. The
total substitution of Na* in the Ca(1) site and the preference
of Sm** for the Ca(2) can be explained by the following
qualitative considerations:

— The electrostatic repulsion energy can be lowered by
setting in the Ca(1) site (column), where the cation- cation
distance is short (3.447 A), the Na* ions with low charge,
leaving the triangle sites (Ca(2)) with longer interionic dis-
tances (3.936 A) for the highly charged Sm?3*.

— The Ca(2) sites are surrounded by four PO, groups,
and the Ca(l) sites are surrounded by six. So, the
Sm**-P>" repulsion energy is minimized by placing the
fewest Sm** ions in the Ca(1) sites.

These considerations presumably drive the strong prefer-
ence of Sm>™ for the Ca(2) site, but this influence is limited
by the bond valence requirements of the F~ anion. This is
why the substitution of Sm*®™ in the Ca(1) site is not total.

TABLE 1c¢
Bond Lengths (A) and Selected Angles (°)
of CagSm,Na,(PO,)sF,

M(1)-0Q)x3  2422(2) P-0Q2) 1.525(3)
_0()x3  247002) P-O(3)x2 1.535(2)
~0(3)x3  2.824(2) P-O(1) 1.53703)

MQ)-03)x2  2358(2)

-0(1) 2.410(3) O(2)-P-0O(3) x 2 110.7(1)
_0B3)x2  2.504(2) O(1)-P-0(3)x2  108.5(1)
~0(2) 2.632(03) O(1)-P-0(2) 111.8(1)
F 2273(1) 0(3)-P-0(3) 106.1(1)
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Concerning the tetrahedra, the average P-O distance
(1.533 A) is similar to the value observed in FAp (1.535 A)
(13). On the other hand, the distortions are significantly
larger: this can be quantitatively characterized by the vari-
ance o defined by

6> =1/6 ¥ (0; — 109.47),

where 0; represents each of the O-P-O bond angles and
109.47° is the O-P-0 bond angle in the ideal PO, tetrahed-
ron. So, one obtains ¢? = 3.69 in the CSNP instead of 2.89
in the FAp.

Concerning the cations, like in Na,Eu,Cag(PO,)sF, (11),
the average (Nal,Cal,Sm1)-O distance (2.572(2) A) and
(Ca2,Sm2)-O distance (2.461(2)A) are slightly larger
than the average values observed in FAp (2.56(20) A and
2.44(13)A (13)). The (Sm2,Ca2)-F distance, 2.273 A, is
larger than the (Eu2,Ca2)-F distance, 2.265 A, in Na,Eu,
Cag(POy)sF, (11). The variation could be explained by
considering the size (14) of cations (Sm**/Eu®*).

The larger distortion of the PO, tetrahedra and the
distribution of the interionic M-O distances are obviously
due to the distortion of the coordination polyhedra result-
ing from the disorder on the calcium sites. As a matter of
fact, the local coordination of the ions occupying the col-
umn position differs significantly; Na™ usually requires six-
coordination while Ca?* and Sm** are more commonly
found with nine.

B. Vibrational Spectra Analysis

1. Group theory and polarization. Factor group analysis
(15) of the hexagonal fluorapatite structure (P65/m, Z = 2)
shows that the normal modes of vibration can be classified
among the irreducible representations of Cg, as

I'v = 12A, 4 8E,, + 13E,, + 9A, + 12B, + 9B,

+ 13E,, + 8E,,,
where the internal mode contribution of the PO, groups is

I'po, = 6A, + 3E,, + 6E,, + 3A, + 6B, + 3B,
+ 6E4, + 3E,,.

The optical modes are obtained after taking off the acoustic
modes with symmetries

1—‘acoustic = Au + Elu'

The A,, E,,, and E,, symmetry modes are Raman active,
and the corresponding polarization tensors are given in
Table 2. So, 33 lines are expected in the Raman spectra.
The contributions of the different ions and the [PO.]

TOUMI, SMIRI-DOGGUY, AND BULOU

TABLE 2
Polarizability Tensors Corresponding to the Raman-Active
Modes of Ca,Sm,Na,(PO,)sF,

Ey, E,,

tetrahedron to the Raman-active vibrations are distributed
as follows:

FF = EZg
F[CaNaSm](l) = Ag + Elg + Ezg
F[CaSm](Z) = 2Ag + Elg + 2E2g

I'po, = 6A, + 3E, + 6E,, (internal modes)
3A, + 3E,, + 3E,, (external modes).

This shows that all the ions are potentially involved in the
E,, modes and that the fluorine ions do not participate in
the vibrations with A, and E,, symmetries. Concerning the
internal modes of the PO,, they derive from the modes of
the free tetrahedron with symmetries A (referred to as v,),
E (v,), and F, (v3 and v,) of the corresponding T4 point
group. In the P63 /m space group they lead to the symmet-
ries given in Table 3 (limited to the Raman-active modes). It
appears that 2, 3, and 5 lines are expected for each of these
symmetries, respectively.

2. Results and discussion. Polarized Raman spectra
were recorded for different orientations of the crystal (the
crystals looking like needles parallel to the [001] axis and
exhibiting clear growth faces). The A, E,,, and E,, modes
were obtained in the X(ZZ)X, X(ZY)X, and Z(XY)Z geo-
metries, respectively (Table 2); the X(YY)X geometry gives
both the A, and the E,, modes; the spectra are shown in
Fig. 1. Several high-resolution spectra were also recorded in
the vicinity of 960 cm ™! to look for the possible existence of

TABLE 3
Raman Line Symmetries in the P6;/m Space Group
Corresponding to the Modes of the Free PO, Tetrahedron

Free ion (T4 point group) FAp, CSNP (P65/m space group)

A, A, +E,,
E A, +Ey, + Ey,
F, 2A, + Ey, + 2E,,
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FIG. 1.

Raman spectra of CagSm,Na,(PO,)¢F, (a-d) and Ca,o(POy)s

Raman shift (cm™1)

F, (¢, d') collected in various geometries. The geometries and the

corresponding mode symmetries are given in each diagram. It can be noted that the intensities of the spectra of Fig. d’ have been expanded by 10. The lines

mainly involving PO, internal vibrations are indicated on the diagrams.

several components. Moreover, to elucidate the main char-
acteristics of the spectra, it is useful to do a comparison with
the isomorphic fluorapatite Ca;o(PO4)sF,. So, Raman
spectra of this compound were collected under the same
experimental conditions, and some of them are drawn in
Fig. 1.

It appears that the spectra of CSNP and FAp are very
close, mainly dominated by the internal modes of the PO,.
They show a very intense line corresponding to the
v, stretching mode (located at 938 cm ™ * for the free ion (16))
and weak intensity bands corresponding to the v, mode (at
420 cm ! for the free ion (16)) and to the v; and v, modes (at
1017 and 567 cm ™ !, respectively, for the free ion (16)). They

are in the same frequency range in both compounds. On the
other hand, while the lines are narrow and well defined in
FAp, in CSNP one observes much broader signals (Fig. 1):
for example, the A, signal corresponding to the nondegene-
rate v; mode is less than 1 cm~ ' FWHM in the former but
about 10cm ™! in the latter (note, however, that no fine
structure was observed in the high-resolution spectra, as
predicted from Table 3, which supports the high symmetry
P65 /m space group); the modes arising from v; are even
almost unresolved. These features can be attributed to the
fact that the cationic sites (M (1) and M(2)) are randomly
occupied by different ions (Ca**, Na™, Sm**), so the differ-
ent PO, experience different electric fields. The average
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frequency remains, however, close to the usual value since
the average charge remains the same in both compounds.
The wavenumbers of the various lines associated with PO,
vibrations are given in Table 4a. The attribution is done
with respect to the FAp attribution taken from (17) since
this work results from an analysis performed on a large
single crystal (the present measurements, being realized un-
der a microscope, cannot ensure such strict polarization
conditions due to the large numerical aperture; it must be
pointed out, however, that our results on FAp disagree with
those of Ref. (17) for two A, modes since we unambiguously
found 1006 and 430 cm ™! instead of 1053 and 454 cm ™). In
CSNP it also appears that the selection rules are not strictly
observed: in particular, a significant signal is seen in the
X(ZY)X geometry in the frequency range of the stretching
mode of PO, while, as indicated in Table 3, it should not be
active; a similar remark applies to the v, mode in the XY
geometry, where a single line is expected, which indeed is
clear in FAp (compare Figs. 1d and 1d’). These relaxations
of the selection rules can be imputed to the lost of the
translational periodicity resulting from the chemical dis-
order on the M(1) and M(2) sites. Before concluding, it is
worth noting too that the E, line deriving from v, reported
in Ref. (17), was not observed in our investigation of FAp
but is clearly seen in CSNP (Table 4a). Such a feature could
be explained by the fact that this mode, presumably giving
a weak Raman signal, belongs to a quasi-flat phonon
branch (which is physically realistic for internal modes):
the significant intensity observed in CSNP can again be a

TABLE 4a
Experimental Wavenumbers (in cm™") of the PO;~ Tetra-
hedra Vibrations in CasSm,Na,(PO4)sF, (CSNP) and Fluora-
patite (FAp)

After (17) Our results
Mode FAp FAp CSNP Attribution
A, 1081 1078 ~ 1086 V3
E, 1059 1057 ~ 1052
A, 1053 1006 ~ 1005
E,, 1043
Es, 1033 1031
A, 965 963 965 vy
E,, 947 955
E,, 616 615 617 vy
A, 605 606 607
Ei, 593 590
A, 590 591 593
Es, 580 580 580
A, 454 430 426 V)
E,, 444 446 449
E,, 430

TOUMI, SMIRI-DOGGUY, AND BULOU

TABLE 4b
The Translational-Orientational Vibration Wavenumbers
(in cm™") of the Crystal Lattice of CagSm,Na,(PO,):F, (CSNP)
and Fluorapatite (FAp)

After (17) Our results
Symmetry FAp FAp CSNP
E,, 100 61
E,, 104 98 53
E,, 138 138 136
Ei, 140
A, 160 161
E,, 166
Ei, 182
A, 210 207
A, 232 234 232
Ei, 234 204
E,, 236
E,, 273
A, 278 266
Ei, 290 288
A, 297 291
Es, 311 310 311

consequence of the breaking of the selection rules induced
by disorder.

The external modes are found at lower frequencies, and
again the bands are also usually broader than in FAp. The
wavenumbers of the main identified bands are reported in
Table 4b. The most interesting feature is the existence of
a few lines with much weaker frequencies than in FAp. This
can be attributed to the presence of much heavier ions.
Actually, with regard to the huge mass of samarium with
respect to the other components, several vibrations are
presumably weakly coupled and some modes can involve
this ion alone. This is probably the case for the two modes in
the vicinity of 60 cm ™! since, with regard to the mass effect,
they would correspond a vibration in the vicinity of
100 cm ™! in FAp, where lines are indeed observed. The fact
that these modes appear with significant intensities (Fig. 1b)
corroborates such an assumption with regard to the polariz-
ability of the rare earth.

Finally, a broad signal is observed in the vicinity of
800 cm ™" in the E,, and mostly E,, geometries (Fig. 1d).
This feature is actually also observed in the FAp (Fig. 1d’).

Before we conclude, it must be pointed out that the total
number of experimentally observed lines remains smaller
than the expected one, so the results of the spectroscopic
study support the conclusions of the structural study.

CONCLUSION

In conclusion, the structure of the new compound
CagSm,Na,(PO,)sF, has been determined, and it appears
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that Ca, Sm, and Na are distributed over two sites (like in
fluorapatite) but in different amounts. So, the substitution of
4 Ca by (2 Na + 2 Sm) does not cause significant changes in
the structure. However, the tetrahedra are much more dis-
torted. The numbers of internal modes of PO}~ and ex-
ternal modes observed in the Raman spectra are consistent
with those predicted according to the proposed space group.
The most striking difference from the fluorapatite is the
significant broadenings of the lines, which can be explained
as a consequence of the random distribution, over the cation
sites, of three atoms (Ca, Na, Sm) very different in their
charges and in their masses. Moreover, with respect to the
fluorapatite, two modes undergo a large shift toward low
frequency, which suggests vibrations mainly involving sa-
marium displacements. So, the present work also contrib-
utes to the general analysis of the vibrational spectra of
apatites.
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