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The relationship between color and chemical composition in
a series of Mn(V)-substituted fluoroapatites 4,,(B,_.Mn O,)/F,
is studied as a function of the nature of 4 = Ca, Sr,Ba; B=P,V,
and the Mn substitution, x. These apatites exhibit deep blue to
green colors. Saturation effects occur for some tetrahedral
Mn(V) absorption bands, which are correlated to the large cross
section of the corresponding transitions. These account for the
blue to green color change with increasing the Mn content, x. The
crystal field experienced by the Mn(V) ion is independent of
x and of the nature of the B ion it replaces. This is because Mn(V)
imposes its own size to the host lattice (mean Mn-O dis-
tance=1.72 A in all cases). The displacement of the Mn(V)
absorption bands for A over the series Ca, Sr, to Ba is mainly due
to an increasing Mn—-O bond covalency. © 1999 Academic Press

1. INTRODUCTION

Oxide matrices doped with tetrahedral d? transition-
metal ions, such as Cr(IV), Mn(V), and Fe(VI), exhibit bright
colors due to the large absorption cross sections (1, 2). The
luminescence properties of these ions are also remarkable.
While Mn(V) and Fe(VI) show a sharp line luminescence in
the near IR (3-7), the Cr (IV) doped compounds give rise to
a broadband luminescence, allowing applications as tunable
laser in the near IR region (8, 9).

The (MnO,)*~ ions substitute isovalent tetrahedral an-
ions such as (PO,)*~ or (VO,)*~ without any problems of
charge compensation, leading to phosphates and vanadates,
which exhibit saturated colors ranging from blue to green.
This could lead to their application as inorganic pigments
(1, 10, 19). The optical properties of several Mn(V)-doped
phosphates or vanadates, such as Sr;((PO,)sCl, (5, 11, 12),
Ba;o(POL)sCl, (1, 2, 4, 13), Ca,y(VOL)CI (1, 4, 13, 14),
Li;PO, (4, 15) ..., have already been studied, for the most
part using fluorescence spectroscopy and will serve here as
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references for the assignment of the Mn(V) optical
transitions.

The aim of the present work is to study the influence of
the chemical composition of a series of Mn(V)-substituted
apatites A;9(BOy4)sF, (4 = Ca, Sr, Ba and B=YV, P) on
their color. Particular emphasis will be laid on the influence
of the substitution x, as well as the effect of the nature of the
A (Ca, Sr, Ba) and B (P, V) cations.

2. SYNTHESIS AND CHARACTERIZATION OF
Mn (V) DOPED FLUOROAPATITES

The fluoroapatite powders A y(B; - Mn,O,4)¢F, (4 = Ca,
Sr, Ba and B =V, P) were prepared (16, 17) by heating
a mixture of alkaline-earth carbonate ACOj;, manganese
(ITI) oxide Mn,03, ammonium fluoride, and ammonium
dihydrogenophosphate or vanadium oxide V,Os, in appro-
priate amounts. The precursors were intimately mixed by
grinding them together, then pressed into pellets and repeat-
edly heated for 12 h until a pure phase was obtained under
the following conditions:

— The low manganese-substituted phosphates (x < 0.3)
were tempered in air at 1250°C.

— The remaining manganese-substituted phosphates
(x > 0.3) and substituted vanadates were heated at 1000°C
in an oxygen stream.

Compounds corresponding to the following nominal
compositions were synthesized:

— Bao(P{-.Mn,O,4)sF,: x =0; 0.001; 0.01; 0.02; 0.033;
0.05; 0.1; 0.2; 0.3; 0.5; 0.6; 0.8; and 1,

— Bao(V; - . Mn,Oy)eF,: x =0; 0.02; 0.2; 0.6; 1

— Sry0(P; - :Mn,O,)sF,: x =0.01; 0.1; 0.2; 0.3

— Cayo(Po.ooMng 0104)6F>

— A10(V0.08M0.0204)6F> (4 = Sr, Ca).

The X-ray diffraction powder pattern confirms that, to
the sensitivity of the technique, a single phase with apatite
structure is obtained. Only the strontium phosphate apa-
tites with x = 0.2 and 0.3 Mn exhibited some additional
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peaks in their X-ray diffraction diagram.
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Chemical analysis was performed at the “laboratoire cen-
tral d’analyses du CNRS de Vernaison” (France) on the
manganese-doped apatites after dissolution in perchloric
acid. The fluorine content was determined using a F ™~ speci-
ficelectrode and cation content through inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). No sig-
nificant differences between the experimental and theoret-
ical Mn-substituted apatites formula are observed, except
for the fluorine content, which is as low as 50% of the
expected value for the less Mn(V)-substituted compounds.
This fluorine loss is compensated by oxygen ions
(2F ~«>0?"). Therefore, the studied compounds are in fact
oxo-fluoroapatites instead of fluoroapatite. However, since
the shortest P(Mn)-F distance of around 4 A (18) is much
longer than ~ 1.7 A for the Mn-O distances in (MnO,)*~
tetrahedra (19), this partial F~«>O?2~ substitution will not
significantly effect the Mn(V) optical properties reported
below. Theoretical formulas are used below to identify the
various compounds.

3. X-RAY DIFFRACTION STUDY

Fluoroapatite crystallizes with an hexagonal structure,
space group P6;/m, with one formula unit per unit cell (18).
In A;0(BO4)6F,, the 10 A% ions are distributed over two
different crystallographic sites: four of them lie in a nine-
coordinated oxygen polyhedra, and the six remaining ions
are sevenfold coordinated, with six oxygen and one fluoride
ions. There is only one kind of B(V) ion, which lies in
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tetrahedral sites. B shares its oxygen coordination polyhed-
ron with A cations, but not with the other B ions.

The true symmetry of (BO,4)®~ anions (B = P, V, Mn) in
apatites is lower than T, although the four B-O dis-
tances are very similar. For example, P-O distances in
Ba, o(PO,)sF, (18) are 1.548 A, 1.539 A and 2 x 1.536 A. The
actual symmetry is C, (approximately Cs,).

X-ray diffraction patterns are recorded using a SIE-
MENS D5000 Diffractometer (CoKa radiation). The lattice
constants of the various compounds synthesized are given
Table 1 and Table 2. Most constants are computed using
the U-Fit software (20). For the compounds Bao(PO,)sF,
and Ba;y(MnOy,)eF,, whose structures were refined using
the Rietveld method (21), the lattice parameters are deter-
mined using the FULLPROF software (22).

Values of the unit-cell parameters of the compounds with
x = 0 or 1 can be compared with the literature data. There is
a good agreement between our results and those reported
for Ba;o(POy)sF, single crystals by Mathew et al. (18) and
by Lavat et al. for powder data (23). The data given in Table 1
for the strontium fluorophosphate (Sr;o(P;_Mn,O,)sF>)
and barium vanadate (Ba;o(V;-Mn,O,)sF,) apatite are
similar to those obtained by Grisafe et al. (17).

In contrast our unit-cell parameters for Ba;o(PO,4)sF;
and Ba,o(MnOy,)sF, are significantly different from those
reported by Grisafe et al. (a = 10.220 A, ¢ = 7.665 A) (2) and
by Manca et al. (a = 10.380 A, ¢ = 7.730 A) (24), respective-
ly. This may be due to a different stoichiometry of the
compounds studied by these authors than that of our

TABLE 1
Lattice Constants for the Low Mn(V) Substituted Apatites

Lattice constants (A) versus x value
Compounds
0 0.001 0.01 0.02 0.033 0.05 0.10
Carg(P,.Mn,O0F 9.376 9.384 9.377
a xivln, 2
ST 6.885 6.887 6.885
9.716 9.719 9.733 9.731 9722 9.736
Sr1o(P1xMn,0,)F2
7.283 7.287 7.290 7.294 7.289 7.301
10,1521 10.155 10.152 10.150 10.172 10.163 10.176
Bao(P1..Mn,0,)sF>
7.7118 7.720 7712 T.712 71.733 7.720 7.726
Cayo(V,..Mn,0,)F Gk
a Mn,
[y} I 4612 TOO
10.02
Srio(VixMn,0,)F; 7.44
T 10419 10.39
a VAN, U Jalta
i L 7.845 7.81

Note. Parameter a is above, parameter ¢ below. Gray boxes correspond to compounds that do not exist or were
not synthesized. Errors are at much 1 unit of the significant digit given. The Ba;o(PO,)¢F, unit cell parameters
were determined with greater acuracy through a Rietveld structural refinement (32).
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TABLE 2
Lattice Constants for the High Mn(V)-Substituted Apatites

Lattice constants (.5.) versus X value
Compounds

0.20 0.30 0.50 0.60 0.80 1

9.747 9.746
Sr10(P1.xMnyO4)sF2

7.307 7.308

10.194 10.211 10.247 10.250 10.300
Bao(P1-xMnyO4)eF2

7.738 7.740 7.784 7.802 7.825 10.3437

10.396 10.368 7.8639
Bajo(VxMnyO4)sF>

7.844 7.851

Note. Parameter a is above, parameter ¢ below. The values in italics correspond to compounds having
additional lines in their X-ray diffraction pattern. Gray boxes correspond to compounds that do not exist or were
not synthesized. Errors are at much 1 unit of the significant digit given. The Ba; o((MnO,)sF, unit cell parameters
were determined with greater accuracy through a Rietveld structural refinement (32).

samples, whose compositions were checked through chem-
ical analysis.

The upper Mn(V)-substitution limit depends on the na-
ture of the alkaline-earth. For barium apatite, a solid solu-
tion exists for the entire range of compositions between
Ba;((BO,)¢F, and Ba;o(MnOy)sF,; for strontium or cal-
cium phosphate apatite the range is much smaller. The limit
of substitution was determined by the appearance of addi-
tional lines in the X-ray diffraction patterns and by the
invariance of the lattice constants. In the case of phosphate
apatite, substitution of up to 3% for 4 = Ca and 50% for
A = Sr are reported (1). Our results show substitution limits
significantly smaller: ~ 2% for Ca and ~ 20% for Sr.

Figures 1 and 2 depict lattice constants of the barium
apatite phases as a function of manganese content. In the

10,50
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s 10,30 (;
o z
10,20
10,10 : : - -
0 20 40 60 80 100
Mn content (%)
FIG. 1. Variation of lattice constants a (empty circles) and c (filled
circles) with the percent manganese introduced in the apatite

Ba;o(P; - Mn,Oy)6F,.

case of barium phosphate apatite, the lattice constants in-
crease with increasing manganese content. This is expected
since the Mn(V) radius (0.33 on) is larger than that of phos-
phorus (0.17 10\) (25) (Fig. 1). This confirms that Mn(V) enters
the apatite lattice instead of forming a second phase, which
may be undetectable on the X-ray diffraction patterns, espe-
cially at low manganese levels. The variation is slightly more
complicated for the vanadate apatite (Fig. 2), since the
lattice parameter a decreases while ¢ increases when the
manganese content increases. The small unit-cell variation
(—1.2%) between barium vanadate and manganate apa-
tites reflects the similarity between the V(V) (0.35 A) and
Mn(V) (0.33 A) radii (25).

In both case, it must be pointed out that the lattice
parameters obey the Vegard’s law (linear dependence upon
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FIG. 2. Variation of lattice constants a (empty circles) and c (filled
circles) with the percent manganese introduced in the apatite
Ba;o(Vi--Mn,Oy)sF>.
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the manganese content). Usually, departure from the
Vegard’s law in solid solutions indicates clustering of the
dopant (26). This is not the case here and therefore Mn(V)
ions are probably randomly distributed over the phos-
phorus or vanadium sublattice.

4. DIFFUSE REFLECTANCE SPECTROSCOPY

These measurements were carried out to characterize com-
pounds coloration. The absorption spectrum of Mn(V) in
barium fluoroapatite has not been reported in the literature.
However spectra for related compounds such as barium chlo-
roapatite (19) are known, which can be used as a reference.

Diffuse reflectance spectra were recorded on a VARIAN
CARY 5 spectrometer equipped with an integrating sphere.
The specular component of the reflectance has been rejected
in order to scale the spectrum ordinate with the
Kubelka-Munk function F(R) = (1 — R)?>/2R = K/S (27),in
which R is the diffuse reflectivity of the sample normalized
to the PTFE reference at each wavelength, S the diffusion
coefficient, and K the absorption coefficient. When condi-
tions of complete specular component rejection, small pow-
der grain size, and random orientation are fulfilled, the F(R)
function is closely related to the optical density of the
sample (27), and the F(R) = f(4) spectrum has the appear-
ance of an absorption spectrum.

Some absorption spectra were recorded at low temper-
ature (30 K) on KBr pellets containing about 3% weight of
apatites. Although the signal-to-noise ratio of these spectra
was not very good, they had a resolution superior to the
diffuse reflectance spectra. The low-temperature absorption
spectra are very useful in determining the position of the
shoulders on the absorption bands.

We will describe an example of these spectra in details
and compare the observed transitions with the expected
transitions, then we will discuss the effects of the manganese
ratio, nature of the alkaline-earth ion, and size of the B site
on the coloration.

4.1. Absorption Spectra and Selection Rules

The energy states for a Mn(V) (d? electronic configura-
tion) in a tetrahedral crystal field discussed in several papers
(12, 28-31) are presented Fig. 3. Assuming a regular tet-
rahedral environment (T,), five d—d transitions are expected
in the 250 to 1300-nm wavelength range. There are three
spin-allowed transitions from the ground state *4, to 3T,
3T,(F), and 3T,(°P) states. The 34, — °T, transition is
symmetry forbidden and the 34, — 3T,(*P) corresponds to
a two-electron jump (28). They are both expected to be
weak. Therefore, only one strong absorption band in the
visible range corresponding to the >4, — T, (°F) transition
will be observed.
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FIG. 3. Energy diagram for Mn(V) in a tetrahedral crystal field and
effects of lowering the symmetry. The order of the states arising from the
splitting of the T,, E, and T states is arbitrary.

The lowering of symmetry to Cs, and C, (Fig. 3) leads to
a change of selection rules since the transition to the former
3T, state becomes symmetry allowed and to a splitting of
states which were degenerated in regular tetrahedral sym-
metry. These modifications influence the color of the
Mn(V)-doped apatites. It modifies the range of absorbed
wavelength by either broadening of the 34, — *T;(*F) band
and/or shifting some 3T, and *T,(*P) energy substates into
the red and blue part of the visible spectrum, respectively,
both leading to a modification of the coloration.

An example of a Mn(V)-substituted apatite diffuse reflec-
tance spectrum is given in Fig. 4. This spectrum is trans-
formed according to the Kubelka—-Munk function, which
should give an intensity scale proportional to the manga-
nese content, assuming that the conditions given above are
fulfilled. This figure exhibits the different bands associated
with the 34, — 3T transitions. They are assigned according
to literature results on similar Mn(V)-doped compounds
such as Srio(PO4)sCl, (12), Srio(VO4)sF, (28), and
Ca,(PO,)CI(29). As expected, the spectrum is dominated by
the 34, — 3T, (°F) transition localized in the visible range.
This band has three components, confirming the C, sym-
metry of the site occupied by Mn(V) in the apatite structure.

A very intense absorption band, corresponding to an
oxygen ions to manganese orbitals charge transfer transi-
tion, is observed in the UV range around 315 nm. We will
confirm its attribution later in this paper.
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FIG. 4. Diffuse relectance spectrum of Ba;o(Py.sMng ,04)6F, trans-
formed according to the Kubelka-Munk function (CT: charge transfer
transition).

The spin forbidden zero-phonon transitions between the
ground state and the 'E and 14, singlet is observed in Fig. 4.
Vibronic satellites accompaning the 34, — 'E transition
which arise from the coupling between the electronic states
and three of the four vibration modes (v,, v3 and v,) of the
(MnO,)*~ group (32), are seen in Fig. 4 insert.

Careful inspection of the Mn(V)-substituted apatite ab-
sorption spectrum obtained at liquid helium temperature on
KBr pellets reveals that there are three additional shoulders
on the 34, — 3T,(°F) transition band. This is twice that
expected, even for C, site symmetry (Fig. 3). These addi-
tional features may arise from a second type of Mn(V) site
belonging to a manganese-rich parasitic phase, which may
occur in sufficienty small amounts to be undetected by
X-ray diffraction. However, it seems more likely that the
additional bands are vibronic satellites of the 'A; zero-
phonon line, similar to those observed for the 'E transition.
The positions and assignments of the different absorption
bands (12, 28, 29) are given in Table 3.

Minor amounts of manganese ions in other oxidation
states, mainly II and VI should possibly occur in the Mn-
doped apatites. The luminescence of Mn(II) in A sites of
apatites is well documented (33). However, because of the
spin-forbidden character of the Mn(II) absorption transi-
tions, this ion will not significantly contribute to the diffuse
reflection spectra investigated here. Mn(VI) ions were
studied in several compounds in which it substitutes hexa-
valent ions like S, Se, Cr (34). Here, since it should replace
B(V) ions, charge compensation will be needed. Mn(VI)
presents only one d—d band (d* ion) located around 800 nm
and several charge transfer transitions in the visible and UV
range (34). It exhibits strong fluorescence with well-resolved
vibronic fine structure (34). This was not observed in the
compounds studied (32). However, further studies using for

DARDENNE, VIVIEN, AND HUGUENIN

TABLE 3
Position and Assignment of Absorption Bands for
Ba,(PysMn,,04)F, Apatite

Wavelength (nm) Excited state involved

1174.2 'E

~ 873 3T,

762.3 4,

728

701 3T,(F)

680

644 (+ A4, vibronic satellites?)
614

587

~ 405 ST,CP)

~ 315 Charge transfer

Note. Values corresponding to the diffuse reflectance spectra are given in
bold numbers, remaining values are additional components observed on
the absorption spectra at liquid He temperature.

instance EPR (35), should be performed in order to rule out
the presence of Mn(VI).

4.2. Influence of the Manganese Content on the Coloration
of Mn(V)-Doped Apatites

We have studied the effect of the manganese content on
the coloration of the Mn(V)-substituted apatites in the solid
solution series Ba;((BOy)sF, (B = P, V)-Ba;o(MnO,)sF,.

These compounds show a very deep color which goes
from turquoise-blue to dark green when the Mn(V) content
increases. This color variation is depicted in Fig. 5 on
a L*a*b* chromaticity diagram in which a is the green to
red component and b the blue to yellow one (according to
the sign of these coordinates). The L component describes

White Yellow
70
] 110
65
Green —a—
BPF10% Red
601 -40 -30 -20 -10 D, 10
T T T T T \
T 55 BPF20% W BN T
L g W BPF:Mn(V) 60% Ja0 b
l » BPF30% l
45
B BPE:Mn(V) 30%
404 BPF60% 1720
N BPE:Mn(V) 20%
[ ] ) 0,
354 BMF BPE:Mn(V) 10%
] 4-30
30-
Blue
Black

FIG.5. L*a*b* chromaticity diagram showing the color coordinates of
various compounds of Ba;o(P;-Mn,O,)sF, (BPF: Mn x%) and of
Ba;o(MnO,)sF, (BMF).
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Ba, (P, MnO,)F,
10 %
20 %

15 T

------ 30 %
] 60 %

101y — 100%

6 A

=

T * T i
800 1200

A (nm)

400 600

FIG. 6. Diffuse reflectance spectra of Ba;o(P;- . Mn,Oy)sF, trans-
formed according to the Kubelka-Munk function for various manganese
contents.

the darkness of the color: L = 0 for black and 100 for white.
The chromatic coordinates are calculated from the diffuse
reflectance spectra of several members of the Ba, o(PO,)cF,
- Ba;((MnOy,)sF, solid solution using the COLOR soft-
ware from VARIAN. Figure 5 indicates that the color
change from blue to green comes mainly from a reduction of
the blue coordinate when the manganese content increases.
Since the lattice constants increase linearly with the Mn(V)
content (see Section 3), this color change could arise from
a shift of the reflection bands toward longer wavelengths.
This means a decrease of the crystal field strength. This is,
however, incorrect, as shown in Fig. 6, which presents sev-
eral diffuse reflectance spectra transformed according to the
Kubelka-Munk function. Notice that there is no displace-
ment of the absorption bands, indicating that there is no
variation of the crystal field strength with the manganese
content. Nevertheless, the contribution of the absorption
bands corresponding to the 34, — 3T;(®°P) and 34, - 3T,
transitions to the reflectance spectra increases compared to
the contribution of the 34, — 3T(*F) transition when the
Mn(V) content increases. This induces a modification of the
shape of the diffuse reflectance spectra. The change of the
relative absorption intensities near 450 nm is responsible for
the color shift from blue to green.

We have studied the evolution of F(R) versus the Mn(V)
concentration for some particular wavelengths, representa-
tive of the different transitions involved in the spectra. The
curves F(R) = f(x) are plotted in Fig. 7. Two kinds of behav-
ior are observed:

— A linear variation of F(R) versus the manganese con-
tent, x, predicted by the Beer—-Lambert Law. This confirms
that F(R) is proportional to the absorption coefficient. Such
a behavior occurs for the absorption bands associated with
the transition to the 3T;(3P), 3T,, and 'E states. These
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transitions have weak absorption cross sections, o, since the
former corresponds to a two-electron jump (in strong crys-
tal-field approximation), while the two other are symmetry
and spin forbidden, respectively.

— A saturation of F(R) for x values greater than ~ 0.30.
This is observed for the transition to the 3T;(°F) state and
for the charge transfer transitions, all having large absorp-
tion cross sections.

These two kinds of behavior demonstrate that the color
change is due to a selective saturation phenomenon. To
account for this saturation effect and determine the factors
which could influence it, we used a simple three-energy state
model depicted in Fig. 8.

The number / is the 34, Mn(V) ground state. The 'E
emitting state is labeled 3 and the states marked 2 are those
responsible for the absorption (ie., *T,, *T;(F), and
3T, (3P)). We consider that the energy of the incident photon
flux corresponds to the / to 2 transitions and that non-
radiative relaxations from 2 to 3 are very efficient so that
only 3 is populated and gives rise to spontaneous emission.

One can describe the absorption from / and spontaneous
emission from 3 with the Einstein equations [1] and [2],
respectively

dNR
~E— — Neog (1]
dNe = Ng _ (Nt — N
dt T T ’ 2]

20

Manganese content (%)

< 680 nm
* 660 nm

—%—1175 nm 'E ' CE)
1

A 347 nm CT

970 nm
—{T—900 nm 2 ‘ —®-450 nm 3

3
-0~ 400 nm 1P

FIG. 7. Variation of F(R) with the manganese content, x, for several
selected wavelengths associated with different optical transitions in
Ba;o(P; - .Mn,O,)sF, (CT = charge transfer transition).
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3A,

FIG. 8. Three-level energy scheme to explain the saturation of some
Mn(V) absorption transitions.

where Ny is the population of the ground state, Ny is the
total number of Mn(V), o the /-2 absorption cross section,
7 the radiative lifetime of 3 and ¢ the photon flux
(photons/cm?s).

Considering the attenuation of the light beam in a me-
dium of length x with an absorption coefficient o,,,, = 6N,
we have ¢ = ¢yexp(— oNrx). Using these relations and
combining Eqs. [1] and [2] gives the expression

dNg

Nr — Ng
dt '

T

N N
- GCmaxqsO — exp< — ®Xmax — x) + [3]
Nr

Ny

Considering that the absorption occurs mainly at the
grain surface, one can take x = 0. When the system is at
equilibrium, dNz /Nt = 0 and expression [ 3] takes the form

T + (f)oO"C
Saturation occurs when Ng/Nrp is significantly smaller
than 1; this implies then that ¢qo7 is large.

Therefore, for a given photon flux, saturation is favored
for large absorption cross section ¢ and a long 'E radiative
lifetime 7. This theory, although oversimplified to describe
in detail the behavior of such a complex system, confirms
what could easily be expected: saturation occurs when the
lifetime of the 'E storage state is long, and when the cross
section of the absorption transition is large. We have mea-
sured the 'E radiative lifetime 7 for Ba;o(PO,)¢F,:Mn 0.1%
to be T = 742 ps at 77 K. This lifetime is rather long because
of the spin forbidden character of the 'E — 34, transition,
thereby favoring saturation effects.

We have seen that saturation occurs only for the
34, — T (*F) and charge transfer bands which are spin and
symmetry allowed. This is consistent with theory and con-
firms the assignments of the 315- and 405-nm absorption
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bands to a charge transfer transition (large ¢ value) and to
the 34, — 3T (*P) forbidden transition (low ¢ value), respec-
tively. The relative intensity change of the 405 nm and
visible absorption bands due to saturation effects is respon-
sible for the color modification of the Mn-doped apatites
when x increases. Charge transfer transitions are not in-
volved in this phenomenon.

4.3. Influence of the B(V) Cation Site Size on the Coloration
of Mn(V)-Doped Apatites

In order to study the influence of B(V) cation site size on
the Mn(V)-doped apatites coloration, the barium phosphate
apatite has been compared with the barium vanadate apa-
tite. As the V-O mean bond length is 1.71 A (36), while the
P-O bond length is 1.54 A (18), a variation of the crystal
field strength experienced by the Mn(V) from one matrix to
the other could be expected.

Figure 9 presents the diffuse reflectance spectra of Mn(V)
in the two matrices. Notice that the spectra of Mn(V) in the
phosphate and vanadate compounds are identical, excepted
for the UV range beyond 315 nm, where charge transfer
transitions associated with the vanadate group occur. This
unexpected invariability of the crystal field experienced by
Mn(V) can be understood considering the results of struc-
tural investigation of the Mn(V) local environment. This
study was performed using X-ray diffraction (32), EXAFS,
and vibrational spectroscopy (37, 38). The main result ob-
tained is that in all Mn(V)-substituted barium vanadate or
phosphate apatites, the Mn-O bond length is equal to
1.72 £ 0.02 A independent of the Mn(V) content, x. It is
concluded that the (MnQO,)*~ ion imposes its own size to
the host lattice and not the reverse. This explains why the
crystal field strength remains constant.

Ba (P 4sMn, ,0,)F,
Mn, O, F

0.98 0027476 2

100 -

...... Ba]O(V

DR

800 1000 1200

A (nm)

400 600

FIG. 9. Diffuse reflectance spectra of Ba;o(Pg.9sMng ¢,04)6F, (solid
line) and Ba;o(V.0sMny.¢,04)6F, (dotted line).
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It has already been mentioned in the literature that the
(MnO,)*~ anion does not necessarily adopt the host site
geometry in other Mn(V)-doped compounds with apatite
and spodiosite structure (1, 10, 15, 19). The present work
gives further examples of this absence of any matrix effect.
However, in several cases, very sensitive methods such as
EPR (1, 10, 15, 19) have revealed that (MnO,)*~ ions do
experience some distortions, which varies from one host to
another, even within the same structural family.

4.4. Influence of the A Cation on the Color
of Mn(V)-Doped Apatites

We have investigated the effect of the nature of the alka-
line-earth ion on the Mn(V) diffuse reflectance spectra for
the phosphates and vanadates fluoroapatites. It has been
shown previously that the diffuse reflectance spectra of
manganese substituted barium phosphate and vanadate
apatites are identical. The behavior of the vanadate or
phosphate apatite as a function of the nature of the A cation
are similar. Thus, we will discuss only the case of the
phosphate apatites A4,yo(PO,)sF, (4 = Ca, Sr, Ba) with
a manganese content of 1%.

The diffuse reflectance spectra are given in Fig. 10. It can
be seen that the diffuse reflectance bands shift toward longer
wavelengths across the series A = Ca, Sr to Ba. This phe-
nomenon has already been observed by Grisafe et al. for
similar compounds (10% Mn doped mixed (Sr, Ba) phos-
phates or vanadates chloroapatites) (2). However, these
authors did not interpret the shift of absorption bands.

Both the bands corresponding to the spin allowed
transition to the 3T, and 3T, states and the zero-phonon
lines associated with the transitions between the ground
state and the 'E and A4, states are shifted. A variation of the
crystal field parameter Dq is expected to shift the spin
allowed transition bands, but not the zero-phonon lines.
Indeed, the 'E and 4, energy state curves are parallel to the
34, (Dq/B axis) in the Tanabe-Sugano diagram (39) of
tetrahedral d? ions, which means that the 34, - 'E and
34, — 14, transitions energies are independent of the crys-
tal field strength. This arises from the fact that the 34,, 'E,
and 'A, states belong to the same e? electron configuration
(Fig. 3). The displacement of the bands must result, at least
partially, from a Racah B and C parameters variation,
reflecting a change in the Mn-O bond covalency. This can
be confirmed by considering the relative displacement of the
'E and '4, (A'E and A'4,) lines observed. For instance,
A'E=117cm™ !, A'4; =285cm™! for shifts in barium
and strontium apatites spectra. The ratio of these displace-
ments, A'E/A'4, = 0.41, is in good agreement with the
theoretical value to first order of 0.5 (39).

The shift of the spectra depicted Fig. 10 indicates that
B and C Racah parameters decrease in the series
Ca > Sr > Ba. Since a reduction of these electronic repul-
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FIG. 10. Diffuse reflectance spectra of 1% manganese subtituted apa-
tites A;9(POy4)sF, A4 = Ca, Sr, Ba.

sion parameters implies an increase of the bond covalenced
(39), the Mn-O bond covalency must increase in the series
Ca < Sr < Ba. This corresponds to a decrease in the elec-
tronegativity of the alkaline-earth cations as well as their
polarizing ability from Ca to Ba. Therefore, the electron
density around the oxygen ions of the 4 coordination poly-
hedra must increase from Ca to Ba. Since, as already
pointed out in the X-Ray diffraction study section, these
oxygen ions are only linked to B (Mn) cations, the Mn-O
bond covalency increases in the same order.

5. CONCLUSION

The substitution of manganese (V) at B sites in fluoroapa-
tites A{o(BO4)F, (A = Ca, Sr, Ba and B =V, P) gives rise
to bright turquoise blue to green coloration. The study of
Mn(V) optical absorption changes in a substitution series
using diffuse reflectance spectroscopy reveals two origins for
this color change.

— The first, arising from the increase of the manganese
content, is related to a selective saturation of the optical
transitions with high absorption cross sections. Indeed the
modification of the relative intensities of the absorption
bands in the visible range generated by this saturation
phenomenon explains the color change.

— The second cause is Mn—O bond covalency variation
induced by the changing of the 4-O bond ionicity. The
increasing covalency of the Mn-O bond from Ca to Ba
apatite leads to a reduction of the B and C Racah parameter
and consequently to a shift of the absorption bands to
longer wavelength.

In contrast, the diffuse reflectance spectra of homologous
phosphate or vanadate apatites having the same Mn(V)
content are identical. For all the compounds studied, the
color changes are not apparently associated with crystal
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field effects. Indeed, the crystal field strength experienced by
the tetrahedral Mn(V) ions remains constant. This is con-
firmed by structural investigations (32, 37, 38), which com-

bi

ned with the present results, show that the Mn(V)-

substituting ion retains its own size in the host Iattice,

n

stead of adopting the environment of the ion it replaces in

the host lattice, as is often assumed.

NS
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