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ABSTRACT

Simple substitutions of divalent cobalt and nickel and charge coupled substitutions of
the alkali:RE3*, RE3*:Si* and RE*:02~ (RE=La, Pr and Nd) types and defect varieties
in the apatite structure have been explored. X-ray diffraction showed that the solubility
limits of cobalt in the calcium fluor- and chlorapatite were 15 and 25 mole percent re-
spectively but were less than 10 mole percent in the strontium analogues. The charge
coupled substitutions produced apatites of a variety of stoichiometries. Lattice parameters
were obtained for the defect silicate apatites [ ]2Prg(SiOg)s s, []StsPre(SiOs)s[ 2, and
[IPbsPrg(SiOs) e[ .

Cobalt, nickel, praseodymium and neodymium substitutions produce violet, pale
yellow-green, light green and blue to blue-violet colored apatites respectively. Reflectance
spectra for these apatites show that the positions of the absorption bands are not strongly
affected by composition changes in the apatite. The cobalt and nickel spectra showed
similarities to the spectra given by these ions in octahedral coordination.

INTRODUCTION

Virtually no information has been reported about the colors resulting
from or modified by various ions which can be substituted into the apa-
tite structure. In the present work, simple and charge coupled substitu-
tions including cobalt, nickel, praseodymium and neodymium in the
apatite structure and their resulting colors have been investigated.

LITERATURE

The complete substitution of strontium, barium, lead and cadmium in chlorapatite is
well known. Niaki (1961) studied the phase relationships between the alkaline earth fluor-,
chlor-, and bromapatites and determined their lattice parameters. For a given halide ion,
the calcium-strontium and strontium-barium systems exhibited continuous solid solutions
while the calcium-barium system contained a miscibility gap. Calcium-lead hydroxyapatite
solid solutions were reported by Muller (1947). Lattice parameters of lead apatites were
determined by Wondratschek (1963). Cadmium chlorapatite was reported by Ropp (1963)
and Klement and Haselbeck (1965).

Limited substitutions of small divalent ions in calcium apatite have also been reported
and are summarized in Table 1. It should be noted from Table 1 that the chlorapatite ac-
cepts more of a given transition metal ion than the fluorapatite. By contrast, Foertsch and
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1132 D. A. GRISAFE AND F. A. HUMMEL

TasiE 1. SorusrLiry LiMits oF DivALENT METAL 1oNs IN APATITES OF THE
CAr0-xRx(POs)sZs TyPE 1

R Z x Reference

Mg F 1.0 Kreidler (1967)
Mn Cl 10.0 Klement and Haselbeck (1963)
Co Cl 3.0 Klement and Haselbeck (1963)
Ni F 0.8 Kreidler (1967)

1.0 Brasseur and Dallemagne (1949)
Ni Cl 3.0 Klement and Haselbeck (1963)
Cu Cl 4.0 Klement and Haselbeck (1963)
Zn F 1.0 Brasseur and Dallemagne (1949)
Sn F 5.0 Klement and Haselbeck (1963)
Sn Cl 8.0 Klement and Haselbeck (1963)

Wondratschek (1965) reported that copper and zinc did not appear to replace lead in the
chlorphosphate apatite.

The incorporation of rare earth ions into the apatite structure requires a charge coupled
substitution Three logical choices are: (1) RT:RE?** (such as Na*:Latt); (2) RES: X4
(such as La?*:Si*t); and (3) RE#:0%". Lindberg and Ingram (1964) reported a natural
apatite of the approximate stoichiometry Ca;RE;(5i04)3(POs);F2. Tromel and Eitel (1957)
synthesized Na:Ces(SiOs)¢F2 and CasCeq(SiOs)¢F2 types while Sidorenko (1964) found a
continuous solid solution existed between Caio(POs)sF2 and CasLag(SiOg)el2. The hydroxyl
analogue of the latter apatite was reported by Cockbain and Gibbs (1967). Defect oxyapa-
tites Lag 33(S104)602 and Smy 33(Si04)¢02 were reported by Kuzmin and Belov (1965) while
the closely related orthosilicates (halide sites vacant) of europium, samarium and neody-
mium, RE4(SiOy), were synthesized by McCarthy ef al. (1967). The neodymium compound
was also reported by Miller and Rase (1964). Finally, Sr;Lag(SiOs)s, Sr:Las(SiO4)eO2 and
similar apatites were investigated by Schwarz (1967) and Ito (1968). The lattice param-
eters for some of these apatites are listed in Table 6 in the results.

EXPERIMENTAL PROCEDURE

For apatites containing halides, orthophosphate compositions were used as intermediates
in the reaction. Stoichiometric amounts of reagent grade metal carbonates or oxides and
diammonium hydrogen phosphate and/or silicic acid were mortared in acetone. The dried
sample was placed in a platinum or silica crucible, heated to 600°C to 650°C, remixed and
reheated to temperatures which varied from 650°C to 1100°C. A stoichiometric amount of
halide was added, and the mixture was heated from 300°C to 500°C up to the desired tem-
perature. For reasons mentioned later, it was necessary to prepare the apatites containing
cobalt in sealed platinum capsules. For apatites containing no halide, all of the apatite
components were mixed, prefired, remixed and heated at temperatures up to 1350°C.

Reaction products were identified by scanning the powdered sample on an X-ray
diffractometer. For accurate X-ray data, — 200 mesh powder was back-packed into a sample
holder and scanned at one-quarter degree 26 per minute, using a silicon disc as an external
standard. When necessary, the analytical technique described by Cullity (1959) was used
to index the X-ray pattern. Lattice parameters and standard deviations for selected silicate
apatites were obtained from a least squares computer program.
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Diffuse reflectance spectra were obtained from — 200 mesh powder using a Beckman
DXK-2A Ratio Recording Spectrophotometer with a reflectance attachment and a tungsten
Jamp source. The instrument was calibrated with magnesium oxide. Absorption maxima
wavelengths were considered accurate to + 5 nm.

RESULTS AND DISCUSSION

Cobalt. Cobalt possesses a divalent radius that is considerably less than
one angstrom, too small to completely fill the divalent ion positions in the
apatite structure. Partial replacements were attempted since this ion is
well-known for its ability to produce color. Calcium and strontium fluor-
and chlorapatites were prepared in dried air and served as X-ray stan-
dards.

No conclusions can be drawn regarding the solid solution of cobalt from
apatite samples prepared in air. X-ray diffraction showed that samples
fired between 850°C and 1250°C were mixtures of apatite, orthophos-
phate and cobalt oxides. Optical examinations detected an opaque phase
in samples containing as little as two mole percent cobalt.

The stoichiometries of calcium-cobalt and strontium-cobalt fluor- and
chlorphosphate apatites prepared in sealed platinum capsules are listed
in Table 2. The detection of a second phase by X-ray diffraction showed
that for calcium or strontium the cholorapatite accepted more cobalt
than the fluorapatite.

The 410 and 004 lines in each sample were scanned on an X-ray
diffractometer at 0.25 degree 20 per minute, and the resulting 26 values
were used to calculate ¢ and ¢ lattice parameters to an accuracy of
+0.003 A, respectively. The lattice parameters as a function of the cobalt
concentration are tabulated in Table 3 and plotted in Figure 1. The con-
traction of the unit cell with increasing concentration of cobalt is very
large along the ¢ axis in both the fluor- and chlorapatite series. The
fluorapatite structure undergoes a greater contraction relative to the
chlorapatite structure along both axes. No change was observed in the
a parameter of the chlorapatite series. Figure 1 shows that the solubility

TaeLk 2. AraTiTE CoMPOSITIONS USED ¥OR C02* SOLUBILITY DETERMINATIONS
AND FOR Co?*™ aNp N1** SPECTRA

Composition Heat Treatment and Con tainer

Ri10-xC0x(POy)sF2, R=Ca or Sr
x=0.45,0.9, 1.8 and 2.7

R10_xCox(PO4)eCls, R=Caor Sr 975°C/8 hrs., Sealed
%=0.45,0.9,1.8,2.7,3.6 and 4.5 Platinum Capsules
R10_xNix(POy)¢F2, R=Ca, Sr, Ba and Pb 800°C/4 hrs.,

2=0.2, 0.5 and 1.0 Covered Crucibles
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TABLE 3. LATTICE PARAMETERS IN CALCIUM-COBALT APATITES AS A
FuncrioN oF THE CoBALT CONCENTRATION

Caro_xCox(POL)eF: ! Cao_Cox(POL)Cls

x e (A) ¢ (A) ® a (A) ¢ (&)
0.00 9.373 6.870 0.00 9.645 6.758
0.45 9.365 6.862 0.45 9.643 6.755
0.90 9.358 6.849 0.90 9.644 6.754
1.80 9.347 6830 | 1.8 9.643 6.751
2.70 9.347 6.833 2.70 9.643 6.748
3.60 9.643 6.748

4.50 9.644 6.749

limit of cobalt is around 15 and 25 mole percent in the fluor- and chlor-
apatite, respectively, and indicates that divalent cobalt behaves like
nickel and magnesium, both of which have a greater solubility in calcium
chlorphosphate apatite than in the fluorphosphate analogue.

The Sr10-xCox(PO4)sF2 and Srio_zCox(PO4)sCly solid solution series
showed no changes in lattice parameters between 4.5 and 27 mole per-
cent cobalt. Second phases were first detected by X-ray diffraction at 4.5
and 9.0 mole percent cobalt in the fluor- and chlorapatite series respec-
tively. Hence, the solubility of cobalt is greater in calcium apatites than
in strontium apatites.

All of the apatites containing cobalt were violet, a color usually sug-
gesting a mixture of divalent cobalt in tetrahedral (blue) and octahedral
or higher (pink) coordination. In all cases, the samples do not absorb
extreme red and absorb little blue which accounts for their violet color.
The spectra of calcium apatites containing low concentrations of cobalt
(A and B, Figure 2) showed a very broad absorption band with two barely
resolved maxima. By contrast, compositions containing a second phase
by X-ray diffraction (C and D, Figure 2) yielded a somewhat different
and better resolved spectra. The latter spectra are combinations of the
absorption bands of apatite and the second phase. Similar results were
observed for the strontium apatites containing cobalt. Tt is interesting
to note that these spectra are similar to the spectra of divalent cobalt in
certain alkali borate glasses reported by Weyl (1959).

The Cas2Co1.8(POs)eF2 and Caz3Co2.7(PO.)sF: compositions (curves
C and D of Figure 2) contained second phases by X-ray diffraction and
yielded spectra similar to divalent cobalt in octahedral coordination
(McClure, 1959). These spectra are presumably superimposed spectra of
divalent cobalt in at least two phases. Therefore, it would be erroneous to
assume the absorption bands at 490 and 575 millimicrons correspond to
the *T1(F)—*T1(P) and *T1(F)—*4, transitions respectively.
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¥1c. 1. Lattice parameters as a function of the cobalt concentration in the CajoxCox
(POgs)eF2 and Cazo_xCox(P04)Cls series.
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F16. 2. Reflectance spectra of Caig xCox(PO4)sF: apatites and Cag Nig,o(POs)sFa. A
=Cay 5;Coy 45(P04)er, B =Ca,s1Coo 9(P04)6F2, C=Cas:Coy s(P04)aF2, D=Ca;3Cos.z
(POy)sFs, E=Cag 1Nig o(POs)sls.

ABSORBANCE
o

N

Nickel. The nearly identical ionic radii for divalent cobalt and nickel and
the solubility limits for nickel given in Table 1 eliminate the need for a
solubility study. When fired in air at 800°C, 1000°C, and 1250°C, apatite
compositions containing two, five, and ten mole percent nickel were
mixtures of apatite, orthophosphate, and nickel oxide. X-ray pure
fluorapatites were formed by using a large excess of nickel fluoride in a
covered crucible to generate a fluoride-rich atmosphere. A refractory
platform separated the fluoride from the stoichiometric apatite composi-
tions.

The above apatites were pale yellow-green and yielded similar reflec-
tance spectra. Curve E in Figure 2 shows the reflectance spectrum for
Cayg.1Nio.o(POy)sF2. A comparison to the spectra of divalent nickel given
by McClure (1957), Low (1958), and Weyl (1959) shows that Curve E is
similar to nickel in octahedral coordination. The weak very broad band
between 700 and 750 nm can be attributed to the 37(F) and/or *E(D)
transitions from the 4, ground state. The poorly resolved band at 475
nm may correspond to the !7%(D) transition or to a splitting of the
3T1(P). The strongest band at 430 nm corresponds to the 3T(P) transi-
tion.



CRYSTAL CHEMISTRY AND COLOR IN APATITES 1137

CHARGE COUPLED SUBSTITUTIONS
INVOLVING RARE EarTH IONS

In the present study, alkali: RE3*, RE3:Si*t and RE*:0?%" charge
coupled substitutions and defects were incorporated into the apatite
structure. In general, the rare earths included lanthanum, praseodymium
and neodymium. The apatite compositions and their heat treatments are
summarized in Table 4.

Alkali: RE*. Table 4 shows that Nat:RE? substitutions were more
soluble than Li*tRE?" substitutions in the apatite structure and that the
former substitutions were favored by the smaller halide and tetrahedral
ions and the highly polarizable lead ion. The latter ion presumably im-
parts flexibility to the structure which partially offsets the distortion pro-
duced by the Na*t:RE3* substitution. X-ray diffraction showed that the
Nat:La®t substitutions expanded the calcium apatites but contracted
the strontium, barium, and lead analogues.

The first appearance of a second phase (LaPOy) in the X-ray diffraction
pattern of the NasLasBas(PO4)sF, composition (see Table 4), the numer-
ous spurs on the greatlv broadened X-ray diffraction peaks of the
Na,LasBag(POs)eF2 apatite and the inability to index these spurs as a
second apatite indicate the spurs are due to distortion and not to a misci-
bility gap as observed by Niaki (1961) in the calcium-barium halophos-
phate apatites.

RE3*:S8i%+. The RE?:Si*t substitution was used to form alkaline
earth and lead fluorsilicate apatites possessing R4REg(SiO4)sF. and
[JRREg(Si04)¢F; stoichiometries. These apatites were most easily syn-
thesized by firing a stoichiometric mixture of RF; and [ JRsREg(SiO4)s[ 2
or [1:REs(Si04)[12 (the latter two compounds are defect silicate apa-
tites) respectively. Apatite formation was much faster by this method
compared to heating mixtures of metal carbonate and/or fluoride, silicic
acid and rare earth oxide (at the same temperature) since the fluoride
easily filled empty sites in the silicate apatite structures.

RE3:0%. The RE3+:0? substitution was used to form (Ca or Sr)s
RE:(PO,)s0: oxyapatites. It is logical to assume the oxide ions occupy the
fluoride ion sites in view of their nearly identical sizes. These are true
oxyapatites since the halide sites are completely filled and all mirror
planes (and consequently the P6s/m space group) are preserved. By
contrast, the lead oxyapatite Pbio(PO4)sO], has only one-half of its
sites filled thus eliminating some of the mirror planes and giving rise to
a different space group.
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TaBLE 4. RESULTS 0F ATTEMPTED APATITE COMPOSITIONS CONTAINING
RARE EarTH IONS

Formation

Composition Temperature Phases Identified
(°C)/Time (hrs)

Nat:RE3
LisLasRs(POs)sF:R=Ca, Sr, Ba  800/6 900/6 Apatite and large amount LaPQ,
LisLasPbg(POy)eFs 850/3 Apatite and large amount LaPO,
NagRE2Ca5 (PO4) s

RE=La, Pr, Nd 1000/8 Apatite
NapRE»Cag(PO,)sClp:

RE=La, Pr, Nd 1000/8 Apatite and some LaPO,
NasLagSrs(POy)F2 1000/8 Apatite
NasLasSre(PO4)eClo 1000/8 Apatite and some LaPO,
Na,La,Bag(POy)Clz 1000/8 Apatite (distorted?)+some LaPO,
NagREQPba (PO4) SZg 5

RE=La, Pr, Nd and Z=F, Cl  850/6 Apatite
Na,NdyBag(VOy)eZo:Z=F, Cl 1000/8 Little apatite, mostly orthovanadate
NaLaBas(POy)sF. 1000/8 Apatite
NasLasBag(POy)eFs 1000/8 Distorted apatite
NasLazBa,(POy)el s 1000/8 Distorted apatite-+LaPO,
Na,LaBa,(PO,)sF: 1000/8 Little apatite, mostly LaPO,
Na;Las(POqg)eFs 1000/8 No apatite
KoLasBag(POy)eZe:Z=T, Cl 950/8 Apatite
K:LasBag(VO4)eZs:Z=F, Cl 950/8 Apatite+second phase(s)
La3t:Sit+
RLas(8i04)2(PO4)4Zs: Apatite (traces of second phase in

R=Ca, Sr, Ba and Z=F, Cl 1000/18 chlorapatites)
PbsLa2 (SIO4)2 (PO4)4Z2 A= F, Cl 875/1 2 Apatite
Ry Lag(SiO4)sF2: R=Ca, Sr, Ba 1100/12 Apatite
Pb4La5(SiO4) 62 950/12 Apatlte
RE3:0%
CasRE2(POs)¢0::RE=T1a, Pr,Nd 1320/72 Apatite
SrsRE(PO,)¢0:: RE=La, Pr, Nd 1350/72 Apatite+-traces second phase(s)
BasRE;(PO,)¢0:: RE=La, Pr, Nd 1350/48 No apatite
PbsLas(POy)s0s 1000/10 Apatite (distorted?)
Defect Types
[[JRLas(SiO4)sFs:R=Ca, Sr, Ba  1000/16 Apatite
[[JPbLag(Si04)sF2 1000/10 Apatite
[REs(S104) -

RE=La, Pr, Nd, Sm, Eu Apatite

RE=Gd, Ho 1350/1400/72  No apatite
[OR3sRE(Si04)e[ o2

R=Ca, Sr, Ba and

RE=La, Pr, Nd 1350/1400/36  Apatite
[P REG(SiOyg)el_J2:

RE=La, Pr, Nd 1000/10 Apatite
RyNdg(Si0¢)s01: R=Ca, Sr, Ba 1350/20 Apatite4-trace Nd,Os
PhNds(5i04)s0[_] 1000/16 Apatite
CIRsNde(Si0¢) (PO 22

R=Ca, Sr 1350/16 Apatite
[MBasNdy(Si0) (PO 1350/16 Apatite+trace second phase
CIPbeNdy(S104)4 (PO ol s 1000/12 Apatite
[ LThRNds(S10)e[ =

R=Ca, Sr, Ba 1250/10,1350/6 No Apatite

(s ThaNd,(SiOg) e 1250/10,1350/6 No Apatite
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TaBLE 5. X-RAY PowDER DaTA FOR DEFECT STLICATE APATITES
CONTAINING PRASEODYMIUM

1139

[:Prs(SiOs)s 2 OSrsPrs(SiOs)e 2 OPbsPre(SiOs)s 2
hil dA) i d(A) I d@A) I
110 4.800 4 4.790 ) 4.820 6
200 4.161 33 4.156 28 4,181 33
111 3.974 27 3.981 23 4.001 33
002 3.534 16 3.567 13 3.576 12
102 3.255 38 3.277 38 3.286 42
210 3.145 38 3.145 47 3.159 39
211 2.873 100 2.872 100 2.888 100
112 2.847 46 2.872 75
300 2.774 34 2.771 32 2.786 32
202 2.692 4 2.706 5 2.717 2)
310 2,309 8 2,305 7 2.320 2]
103 — - — 2.298 2
221 21277 5 - —_ 2.287 4
302 — — 2,180 5 2.199 6
113 2.116 12 2.131 9 2.138 12
400 2.079 5 = — 2.091 4
222 1,986 26 1.991 28 2.000 24
312 1.932 14 1.936 18 1.946 16
320 1.909 6 1.907 8 = —=
213 1.885 29 1.897 27 1.903 24
321 1.842 16 1.844 15 1.852 16
410 1.815 22 1.814 18 1.824 14
402 1.792 25 1.796 22 1.804 20
004 1.767 11 1.784 10 1.788 10
Remainder of Reflections weak (I <10)
313 — 1.649 =
204 1.628 1.640 1.644
412 — 1.618 =
420 == 1.572 1.579
331 1.562 1.562 1.570
214 1.540 1.552 1.556
502 1.506 1.508 1.514
510 1.491 — -—
304 1.485 1.501 1.504
323 1.483 1.489 1.494
511 1.462 1.461 1.468
332 1.459 — 1.467
404 1.346 1.355 1.360
333 1.3245 — 1.3346
423 — 1.3139 =
521 1.3093 1.3092 1.3152
215 — 1.3005 1.3037
602 1.2902 1.2920 —
432 — - 1.2838
414 1.2667 1.2730 1.2771
513 —_— 1.2706
522 1.2475 1.2482 1.2540
504 12117 —
440 1.2011 1.2009 1.2075
424 — 1.1794 1.1849
006 1.1752 — —
701 1.1718 —u]
523 = 1.1632 1.1684
116 1.1447 1.1554 1.1581
206 — 1.1439 1.1478
442 1.1362 - ==
702 1.1269 1.1280 1.1336
613 1.1173 1.1200 1.1252
216 1.1025 — —
335 1.0600 ==
226 1.0579 1.0665 1.0696
614 1.0307 = =
406 1.0250 1.0336 1.0365
542 1.0201 1.0212 —
632 1.0053 1.0055 1.0112
802 0.9979 0.9986 1.0040
444 0.9935 0.9966 1.0008
plus 5 lines plus 5 lines plus 9 lines
to 0.8926 to 0.8930 to 0.8494
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TABLE 6. LATTICE PARAMETERS OF HALIDE VACANT, RARE EARTH SILICATE APATITES
LATTICE PARAMETERS (A)?

Apatite @y £y References
[ To.crLas.s5(Si00)e[ T 9.55 7.14 Kuzmin and Belov (1965)
[o.67Smy, 33(Si04)e[ 2 9.33 6.85 Kuzmin and Belov (1965)
[12Smg(SiO4)e[ 2 9.497(3) 6.949(2) McCarthy et al. (1967)
[12Prs(SiOg)e 12 9.613(2) 7.068(2) Present Study
[18rsLag(SiOs)e 12 9.710 7.244 Schwarz (1967)
[CISrsPrs(SiOg)el 2 9.611(2) 7.144(2) Present Study
[CJPb;Prs(SiOg)e[ ]2 9.662(1) 7.162(1) Present Study

2 Numbers in parentheses are errors in the last figure.

Defect Apatites. Combinations of charge coupled substitutions including
defects were used to synthesize rare earth silicate apatites containing no
halide ions (see Table 4). The [:REs(SiOs)¢[ J2 types contain more
vacancies on the calcium site, as well as in the unit cell, than other types
of apatites reported in the literature. Failure to form the gadolinium and
holmium analogues fixed the lower size limit of the rare earth ion for
these apatites between europium and gadolinium in agreement with
McCarthy et al. (1967).

The PbiNds(Si04)sO[] apatite (formed in dry air) is probably iso-
structural to the oxypyromorphite Pb1p(PO4)sO[]. The analogous alka-
line earth compositions contained small amounts of Nd.Os by X-ray
diffraction so they are likely close to the [1o.61R4Nds.53(Si04)s[ ]2 apatite
composition similar to the [o ¢7SrsLag.33(SiOs)s[ ]» reported by Schwarz
(1967) or a solid solution between [Jo.s7RaNd5.53(Si0s)¢ 12 and
R4Nds(Si04)01.

The spacings for neodymium silicate reported by Miller and Rase
(1964) can be partially indexed by analogy to the samarium silicate data
of McCarthy et al. (1967). The latter authors realized these 2RE,O;
-35i0; compounds possessed the P6;/m space group but not that they
were apatite structures (personal communication). The spacings, vi-
sual intensities and Miller indices for the previously unreported
DQPrg(SiO4)GDQ, DSI’3PI‘6(Si04)sDQ and DPb3PI‘6(SiO4)5D2 apatites are
presented in Table 5 while their lattice parameters are included in Table
6. A comparison of the praseodymium or neodymium silicate data of this
study to that of Miller and Rase’s neodymium silicate showed the latter
authors had not reported several reflections (including the strong 112
line). The rare earth silicate apatite structure contracts along both the
a and ¢ directions with decreasing size of the rare earth ion as might be
expected from the well-known lanthanide contraction.
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TABLE 7. ABSORPTION MaximMa (NM) OF TRANSITIONS OCCURRING IN APATITES
CONTAINING PRASEODYMIUM IN THE VISIBLE REGION

Transitions Occurring from 3H, Ground State to:

Composition sp, 3P, () 3P, 1D,
[12Prs(Si04)e[_J2 448 473 487 588
NazProCas(POy)F 2 47 472 485 586
Na:PrePbs(PO4)F2 447 472 486 590

Pr:0; (White, 1967) 449 474 485 589

Color. All of the apatites containing praseodymium and neodymium were
light green and light blue-violet respectively. Regardless of the stoichi-
ometry of the apatites, their reflectance spectra were similar to the reflec-
tance spectra of the praseodymium and neodymium oxide respectively.

Figure 3 shows the reflectance spectrum of trivalent praseodymium
in the defect apatite [JoPrs(SiOs)s[ Jo. The transitions giving rise to the
absorption bands were easily identified by analoegy to those reported by
Dieke ef al. (1961) and White (1967). Table 7 compares the position (in
nm) of the maxima of the absorption bands of trivalent praseodymium
in three apatites. These data show that the presence of large amounts of
defects in the apatite structure do not change the positions of the praseo-
dymium absorption bands from the bands in the apatites whose sites are
completely filled. All of the apatites show spectra similar to the spectrum
of PryO; reported by White (1967).

The reflectance spectrum for trivalent neodymium is considerably more
complicated than the above spectrum of praseodymium. The neo-
dymium spectra published by Dieke et al. (1961) and White (1967) al-
lowed the identification of several of the absorption bands that occurred

TABLE 8. ABSORPTION MAXiMA (NM) IN THE VISIBLE REGION OF SOME TRANSITIONS®
OccurRING IN NEODYMIUM WHEN INCORPORATED IN APATITE LATTICES

Transitions Occurting from 47972 Ground State to:

1t 2, 2 LYoNT
Composition *Pyye Dye Py WGoa Gy (24Gy2,512) 2Huyz 9/2
2:Nds(SiOs)6 2 386 423 434 527 575 385 628 686
NasNdeCas(POs)eF 2 not resolved 432 526 581 627 684
Na:Nd:Pbs(POs)eF2 not resolved 432 526 581 629 687
O0CasNds(Si04)s 02 385 423 434 526 575 584 628 686
O8rsNds(8i04) 6 [J2 384 422 431 524 574 584 627 685
[OBasNds(SiOq)e 2 385 423 433 525 575 584 628 680
OPbsNds(SiO4)s 2 385 423 432 525 574 584 628 686
635
Nd:Os (White, 1967) 390 427 435 528 583 628 687
645

® Where splitting occurred, only the wavelength of the strongest absorbing line was usually reported.
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in the reflectance spectra of apatites containing neodymium. All of the
bands found in these apatite spectra were observed in the Nd»O; spectrum
reported by White (1967). Table 8 lists several of the absorption bands
found in these apatite spectra. Like praseodymium, the composition and
stoichiometry of the apatite did not alter the wavelength at which the
absorption maxima occurred. The latter values were identical (within
instrumental error) to those published by White (1967) for NdzOs.

Some interaction of the rare earth ion with the apatite structure occurs.
Since there should be no direct rare earth—rare earth interactions, it is
safe to assume that differences in the ligand arrangement around the
rare earth ion cause these interactions.

As shown in Figure 4, not as much splitting of the absorption bands of
the rare earth ions occurs in apatites containing completely filled sites,
e.g. Na;NdyCag(POy)¢F: compared to those containing defects, e.g.
[1CasNdg(SiOs)sJe. It is assumed that the rare earth ion is always dis-
tributed on both the Caj and Carr sites. In particular, the halide site
occupation may be very important. The splitting of various bands is
appreciable in apatites containing empty halide sites and this defect site
is in the nearest coordination sphere of the Car site in the apatite struc-
ture. By contrast, cation defects are partially shielded from the rare
earth ions occupying Cap sites by oxygens.

In conclusion, the color and the positions of the absorption maxima
for a given rare earth ion are not affected by the composition (including
defects) of the host apatite.
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