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CONTAINING COBALT, NICKEL, AND
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ABSTRACT

Simple substitutions of divalent cobalt and nickel and charge coupled substitutions of
the alkali:RE3+, REa+;$ir+ and RE3+:O2- (RE:La, Pr and Nd) types and defect varieties
in the apatite structure have been explored. X-ray diffraction showed that the solubilitv
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 varietl, of stoichiometries. Lattice parameters
were obtained for the defect silicate apatites !rPrs(Sio4)0tr2, [Sr3Pr6(SiOr)enr, and

lPbaPro(SiOr)enr
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.

INrnooucrroN

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.

Lrrenerur_t

The complete substitution of strontium, barium, iead and cadmium in chlorapatite is
weII 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 caicium-barium system contained a miscibility gap. CalciumJead 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

1 Contribution No. 68-45 from the CoIIege of Earth and Mineral Sciences, The Penn-
sylvania State University, University Park, Pennsylvania 16802.

2 Present address: Sylvania Electric Products, Inc., Chemical and Metallurgical Divi-
sion, Towanda, Pennsylvania 18848.
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Tlsr-r 1. Sor-usrr.rrv Lrurrs ol Drvlr,aNr Mnrar, IoNs rN ApAurns or urn
Cnro-'R*(POr)eZzTvpt I

R Reference

Mg
Mn
Co
Ni

Ni
Cu
Zn
Sn
Sn

F
CI
C1
F

1 . 0
10 .0
3 , 0
0 . 8
1 . 0
3 . 0
4 . 0
1 . 0
5 . 0
8 . 0

Kreidler (1967)

Klement and Haselbeck (1963)

Klement and Haselbeck (1963)

Kreidler (1967)

Brasseur and Dallemagne (1949)

Klement and Haselbeck (1963)

Klement and Haselbeck (1963)

Brasseur and Dallemagne (1949)

Klement and Haselbeck (1963)

Klement and Haselbeck (1963)

CI
CI
F
F
CI

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) R+:REs+ (such as Na+:La3+); (2) REs+;{r+
(such as La3+:Si4+); and (3) RE3+:OF. Lindberg and Ingram (1964) reported a natural

apatite of the approxirnate stoichiometry CazR&(SiOda(POa)3Fz Tromel and Eitel (1957)

synthesized NazCes(SiOr)eF2 and CaaCe6(SiOr)oF: trues while Sidorenko (1964) found a

continuous solid solution existed between Caro(POr)oFz and Ca+Lar(SiOr)oFs. The hydroxyl

analogue of the latter apatite was reported by Cockbain and Gibbs (1967). Defect oxyapa-

tites Lae as(SiOa)oOs and Sms B(SiOr6O, were reported by Kuzmin and Belov (1965) while

the closely related orthosilicates (halide sites vacant) of europium, samarium and neody-

mium, REs(SiOa)6, were synthesized by McCarthy et al. (1967). The neodymium compound

was also reported by Miller and Rase (1964). Finally, Sralao(SiOr)a, Srzlas(SiOr)oOz 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.

ExpnnrltnNral Pnocnnunn

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 600oC to 650oC, remixed and

reheated to temperatures which varied from 650oC to 1100"C. A stoichiometric amount of

halide was added, and the mixture was heated from 300"C to 500oC 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 ccntaining 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

difiractometer. For accurate X-ray data, - 200 mesh powder was back-packed into a sample

holder and scanned at one-quarter degree 20 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 sta.ndard deviations for selected silicate

apatites were obtained from a Ieast squares computer program.
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Difiuse reflectance spectra were obtained from -200mesh powder using a Beckman

DK-2A Ratio Recording Spectrophotometer with a reflectance attachment and a tungsten

lamp source. The instrument was calibrated with magnesium oxide. Absorption maxima

wavelengtbs were considered accurate to * 5 nm.

Rnsur.rs AND DrscussroN

Cobatt. 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 difiraction 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 Iittle 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 2d per minute, and the resulting 2d values

were used to calculate a and c 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 c 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

o parameter of the chlorapatite series. Figure 1 shows that the solubility

Tte:rn 2. Arerr:rr Couposrrroxs Usuo pon Co2+ Sor,unrrrw DntrnurxAtroxs
^-" 

""" 
C"t. 

"* 
N*

Composition Heat Treatment and Con tainer

Rro-*Co"(POr)oF:, R:Ca or Sr
r :0.45,0.9,  1.8 and 2.7

Rro-*Co"(POr)oCl2, R: Ca or Sr

* : 0.45, 0.9, 1.8, 2.7, 3.6 and. 4.5

Rra*Ni"(POr)0F2, R:Ca, Sr, Ba and Pb

r :O .2 .0 .5  and  1 .0

915'C/8 hrs , Sealed
Platinum Capsules
800oC/4 hrs.,
Covered Crucibles
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Tasm 3. Larrrcn Panelmrnns rw Cer,cruu-Colelr Aperrrrs es I

Caro-"Co*(PO.)oFr

@ (A)

Caro-*Co* (POr)oClr

a( i l  d (A )

0.00
0.45
0.90
1 .80
2 .70

9 .373
9.365
9.358
9.347
9.347

6.870
6 862
6.849
6.839
6.833

0.00
0 .45
0 .90
1 .80
2 . 7 0
3 .60
4 .50

9.645
9.&3
9.644
9 . & 3
9.643
9 643
9.644

6.  758
O .  / J J

6 . 7  5 4
6 . 7 5 r
6 . 7 4 8
6 . 7 4 8
6 . 7 4 9

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 Srro-*Co*(PO+)oFz and Srro_*Co*(PO+)oClz 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. It 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 Cas.zCor.s(POa)oFr and Caz.aCoz.z(POa)oFz 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 specrra 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 a Z1(F) --+uT r(P) and aZ1(F) +a,42 transitions respectively.

FuNctroN ol rnn CoeeI,r CoxcnrtnltroN
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Coro-xCox (PO+)e Clz

9€,2

o 27 36

Mole Percent Cobolt

Frc. 1. Lattice parameters as a function of the cobalt concentration in the Caro-*Co*
(POu)eF, and Caro-*Co*(POr)oClz series.

Co,o-*Cox (PO4)6 Fa

U-"--
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400 500 600 700

WAVELENGTH (nonometers.)

Frc. 2. Reflectance spectra of Caro 
"Co-(POr)oFz 

apatites and Cas rNio g(POa)oFz. A
: Cas urCoo r:(POr)oFz, B : Cas rCoo g(POr)aFz, C : Cas zCor e(POr)oFz, D : Caz sCog.z
(POd6F4 E:Cas rNio g(POr)oFz.

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
solubil ity study. When fired in air at 800oC, 1000"C, and 1250"C, apatite
compositions containing two, fi.ve, 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
Cas.rNio.s(POa)oFz. A comparison to the spectra of divalent nickel given
by McCIure (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 tTt(F) and/orrE(D)
transitions from the 3.42 ground state. The poorly resolved band at 475
nm may correspond to the tTr(D) transition or to a splitting of the
'Tt(P).The strongest band at 430 nm corresponds to the 3?r(P) transi-
tion.

UJ
()
z

P o'
o
(t,
dl
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Cnencp Coupr.np SussrrruuoNs
INvorvrNc Rann E,q.nrn IoNs

In the present study, alkali:RE3+, RE3+:Sia+ and RE3+:02- 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.

Alhali:RE3+. Table 4 shows that Na+:RE8+ substitutions were more
soluble than Li+RE3+ substitutions in the apatite structure and that the
former substitutions were favored by the smaller halide and tetrahedral
ions and the highly polarizable Iead ion. The latter ion presumably im-
parts flexibility to the structure which partially offsets the distortion pro-

duced by the Na+:RE3+ substitution. X-ray diffraction showed that the

Na+:La3+ substitutions expanded the calcium apatites but contracted
the strontium, barium, and lead analogues.

The first appearance of a second phase (LaPOa) in the X-ray diffraction
pattern of the NaaLasBa4(POD6F2 composition (see Table 4), the numer-

ous spurs on the greatlv broadened X-ray diffraction peaks of the

NazlasBao(POa)oFz 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.

REs+'Si4+. The RE3+:Sia+ substitution was used to form alkaline
earth and lead fluorsilicate apatites possessing R+REo(SiO+)oFz and

nRRE8(SiOa)oFz stoichiometries. These apatites were most easily syn-
thesized by firing a stoichiometric mixture of RFz and ERsREo(SiOr)onr
or nzREa(SiOa)onz (the latter two compounds are defect sil icate apa-
tites) respectively. Apatite formation was much faster by this method

compared to heating mixtures of metal carbonate andf ot fluoride, silicic

acid and rare earth oxide (at the same temperature) since the fluoride

easily filled empty sites in the silicate apatite structures.

RE}+'O2-. The RE3+:02- substitution in'as used to form (Ca or Sr)s
REz(POu)oO2 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 P6a/m space group) are preserved. By

contrast, the lead oxyapatite Pb10(POt6O!, 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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1'er:r,r 4 Rr,sur,rs ol Amnupmo Aparrrn Colposrrroxs CoNrerxrnc
Rann Earrn IoNs

Composition
Formation

Temperature
('C)/Time (hrs)

Phases fdentified

N&+:RE9+
LizLazRo(POr)oF2 :R: Ca, Sr, Ba
Lirl,arPb6(P04)6F,
Na2RE2Ca6(POr)6Fr:

RE:La,  Pr,  Nd
Na2RE2Ca6(P01)6C12:

RE:La.  Pr.  Nd
NazLazSrs(POr)oFz
NazLa:Sro(POr)oClz
NazLazBaa(POr)oCl:
NarREzPbo(POJoZu:

RE:La,  Pr,  Nd and Z:F,  Cl
NazNdzBae(vo ) szz :z : F, cl
NaLaBas(pOJoFz
Na2La2Ba6(P04)6F2
Na:LaaBar(POr)eIrz
Na4LtuBa2(PO4)6F2
Naslas(POJoF:
KzlazBae (POa) 622:Z:F, Q\
KrLarBa6(VO4) 622:2 : F, Cl
La\+. Si4+
Ralaz(SiOr):(POr)Zz:

R: Ca, Sr,  Ba and Z:F,  C\
Pbslaz (SioDz (PQ n) nz2: z : F, Cl
&Lae(SiOr)oFz:R: Ca, Sr, Ba
Pblao(SiOn)oFz
RE,+ioz-
CaeREu (Poa)oor:RE:La, Pr, Nd
SrrREz(POr)eO2:RE:La, Pr, Nd
BaeREr(PODeO2 : RE :La, Pr, Nd
PbsLaz(POa)eOz
Defect Types
ERLaa(SiOr)aF2 :R: Ca, Sr, Ba
EPbLae(SiOa)oFz
I:REs(SiOr)aEz:

RE: La,  Pr,  Nd,  Sm, Eu
RE:Gd, HO

!&RE6(SiOr6!r:
R:Ca. Sr.  Ba and

800/6 900/6 Apatite and large amount LaPOr
850/3 Apatite and large amount LaPOr

1000/8

1000/8
1000/8
1000/8
1000/8

8s0/6
1000/8
1000/8
1000/8
1000/8
1000/8
1000/8
9s0/8
9s0/8

1000/18
875/12

1100/12
95O/r2

1320/72
13s0/72
ts50/48
1000/10

r00o/16
1000/10

Apatite

Apatite and some LaPOr
Apatite
Apatite and some LaPOr
Apatite (distorted?)f some LaPOa

Apatite
Little apatite, mostly orthovanadate
Apatite
Distorted apatite
Distorted apatite+LaPOl
Little apatite, mostly LaPOr
No apatite
Apatite
Apatitef second phase(s)

Apatite (traces of second phase in
chlorapatites)

Apatite
Apatite
Apatite

Apatite
Apatitef traces second phase(s)
No apatite
Apatite (distorted?)

Apatite
Apatite

Apatite
1350/1400172 Nb apati te

1350/l4I,0/36 Apatite

1000/10 Apatite
1350/20 Apatite*trace Nd:O:
1000/16 Apatite

1350/16 Apatite
1350/16 Apatite{trace second phase
lO00/12 Apatite

1250 / 10, 1350/6 No Apatite
1250 / 1A, 1350/6 No Apatite
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Tesr.r 5. X-Rnv Poworn Darl ron Dert,cr Srr,rcerB Arlrrtrs
CoNrerxrNo Pn.lsnoovuruu

trrPrs(SiOr)otrr trSrrPro(SiOr)otrr DPbrPrs(SiOr)o Ez

1139

hkt

1 1 0
200
1 1 1
oo2
702
210
2 r l
L12
300
202
310
103
2 2 1
302

400
222
3t2
320

321
410
402
oo+

4.800
4. t61
3 . 9 7  4
3 . 5 3 4
3 . 2 5 5
. t .  l 4 J

2 873
2.847
2 . 7 7 4
2.692
2 309

2 . 2 7 7

2 116
2 079
1 986
1.932
1.909
1 . 8 8 5
r .842
1 . 8 1 5
L . 7 9 2
t . 7  6 7

d(A) d(a)

4.790
4 . 1 5 6
3 . 9 8 1
3 . 5 6 7
3 . 2 7 7
3 .  1 4 5
2 . 8 i 2

2 . i 7 I
2 . 7 0 6
2 305

Remainder of Redections weak (1 ( 10)
1 649
1 640
1 618
1 . 5 7 2
1 .562
1 . 5 5 2
1 .  5 0 8

1 . 5 0 1
1 . 4 8 9
1 . 4 6 1

1 . 3 5 5

1 . 3 1 3 9
r .3092
1.  3005
1.2920

1 . 2 7  3 0

1.2482

1.2009
t . 1 7 9 4

1.1632
1 .  1 5 5 4
1.  1439

t .1280
1.  1200

1.0665

d(A)

1 .903
r.852
r.824
1. 804
1 .  788

7.644

1 . 5 7 9
1 . 5 7 0
1 .  5 J O

I . J I 4

1.  504
1 . 4 9 4
1 468
1.467
1.  360
1.3346

1.3152
1.3037

1.  2838
r . 2 7 7 1
r .2706
t .2540

1.  1684
1 . 1 5 8 1
1 . 1 4 7 8

o

33
33
t2
42
39

100
75

2
2
2
4
6

t2
4

2 4
1 6

24
1 6

20
10

4.820
4 . 1 8 1
4 . 0 0 1
3 . 5 7 6
3 286
3 .  1 5 9
2 888
2 . 8 7 2
2 786
2 . 7 1 7
2 . 3 2 0
2.298
2.287
2.199
2 . 1 3 8
2 . 0 9 1
2.000
1.946

28
2 3

38

100

5
7

5
9

1 . 9 9 1  2 8
t . 9 3 6  1 8
1.907 8
1 . 8 9 7  2 7
1 . 8 4 4  1 5
1 . 8 1 4  1 8
1 796 22
t . 7 8 4  1 0

4

27
I D

38
38

100
46
34

4
8

5

1 2
5

26
t4
6

29
16
22
25
1 l

3 1 3
204
412
420
331
214
502
5 1 0
304

5 t t

332
404
333
423
521
2r5
602
432
4t+
5 1 3
522
504
440
424
006
701
523
1 1 6
206
442
702
6 1 3
216
.335
226
6t+
406
542
632
802
444

1 1447

1.1362
l. 1269
1. tr? 3
i .  1025
1.0600
1 . 0 5 7 9
1.0307
1.0250
1 . 0 2 0 1
1.0053
o.9979
0.9935
plus 5 lines
to  0 .8926

1.207 5
1 .  1849

1.  1336
t . t252

1 . 0 3 3 6
r .0212
1.0055
0.9986
0.9966
plus 5 lines
to 0 8930

1.0696

1 . 0 3 6 5

l .o t12
1.0040
1.0008
plus 9 lines
to 0.8494
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Tarln 6. Lerrrcn PARAMETERS ol Hel-mr V,rcen:r, Rlnp Emtrr Srr,rcano Ap,q,rttes

Lerrrco Panewrrns (A)"

Apatite References

Kuzmin and Belov (1965)

Kuzmin and Belov (196.5)

McCarthy et al'. (1967)

Present Studv
Schwarz (1967)

Present Studv
Present Study

, Numbers in parentheses are errors in the last figure.

Defect Apatiles. Combinations of charge coupled substitutions including
defects were used to synthesize rare earth silicate apatites containing no
halide ions (see Table 4). The lIzREs(SiO4)6n, 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 PbaNdo(SiO4)6On apatite (formed in dry air) is probably iso-
structural to the oxypyromorphite Pbro(POn)uOn. The analogous alka-
line earth compositions contained small amounts of NdzOr by X-ray
diffraction so they are likely close to the Eo.ozRaNdb.$(SiOr6E2 apatite
composition similar to the no.ezSrala6.s(SiOa)onz reported by Schwarz
(1967) or a solid solution between lo.ozRnNds.m(SiO+)onz and
R4Nd6(SiO4)6On.

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 2RErOs
.3SiO2 compounds possessed the Pft/m space group but not that they
were apatite structures (personal communication). The spacings, vi-
sual intensities and Miller indices for the previously unreported

[]zPrs(SiO+)on', nSraPrc(SiO4)6n, and flPbBPro(SiO+)onr 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
Iine). The rare earth silicate apatite structure contracts along both the
a and c directions with decreasing size of the rare earth ion as might be
expected from the well-known lanthanide contraction.

!o.utl-ao s(SiOt6E,

tro.ozSms Bs(SiOr6tr,
IzSme(Sior)eEz
EzPrs(Sioa).I,
f,Sr3La6(SiOr)onz
ISraPro(SiOr)e!z
lPb:Prs(Sior)olz

9 .  55
9 .33
e.4e7 (3)
e.613(2)
9 .710
9 .6 r r (2 )
e.662(r)

7  . 1 4
6 .8s
6.94e(2)
7 .068(2)
7 . 2 M
7 . rM(2 )
7 .162(r)
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WAVELENGTH ( norometers )

Frc. 3. Reflectance spectrum for lzPrs(SiOr)ols.
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Taer-n 7. AesonprrorrT Maxrue (r.rlr) or,TneusrrroNs Occunnrxc rN Aparrrrs
CorrerurNc Pnasrooyuruu rw rrrn Vrsrrr,n Rrorow

Composition
Transitions Occurring from 8I{a Ground State to:
3Pz 

"P, 
('Id 'Pt rDz

nsPrs(SiOr'I'
NarPreCao(POr)rFz
NazPrrPbr(POr)oF:
PrOr (White, 1967)

48
47
M7
M9

47s
n a a

i 1 n

487
485
486
485

588
586
590
589

Color. AII of the apatites containing praseodymium and neodymium were
Iight 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 EgPre(SiOa)6!2. The transitions giving rise to the
absorption bands were easily identified by analogy to those reported by
Dieke el 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. AII of the apatites show spectra similar to the spectrum
of PrzOa 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 ol. (1961) and White (1967) al-
Iowed the identification of several of the absorption bands that occurred

Talr,n 8. AssoRprroN Mnxrue (Nu) rN rnn Vrsrnr,n Rrerot ol Som TnarsrrroNs*
OccrnnrNc rr.r Nnoovuruu WrmN IrconpoRATED rN Aparrrn Lerrrcns

composition ,#^'l;;: 
o..,H,.,T* t'8,:,:',, 

",?;1u 
t,"," to:(,4,/,.tt,) 

"8,u, 4Fett

DrNdr(SiOr)oDr
NarNdzCae(POr)oFz
NazNdrPbo(POr)oF:
DCaaNdo(SiOr) o trr
DSraNde(SiOn)e trz
trBasNdo(SiOr)o trr
trPbrNdo(SiOr)o tr z

NdOr (Wbite, 1967)

386 423
not resolved
not remlved
385 423
384 422
385 423
385 423

575 s84
574 584
575 584
574 584

5E3

434 527
432 526
432 526
434 526
43L 524
433 525
432 525

628 686
627 684
629 687
628 686
627 685
628 686
628 686

635
628 687

645

5 8 1
5 8 1

427

a Where splitting occurred, only the wavelength of the strongest absorbing line was usually reported
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F'rc. 4. Reflectance spectra of the NazNd:Cae(PODoFs and ECaaNdo(SiOr)olz apatites
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in the reflectance spectra of apatites containing neodymium. AII of the

bands found in these apatite spectra were observed in the NdzOa spectrum

reported by White (1967). Table 8lists 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 NdzOa.

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,

a.g. NarNdzCao(PO+)oFz compared to those containing defects, e.g.

ECarNdo(SiOn)onr. It is assumed that the rare earth ion is always dis-

tributed on both the Car 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 Carr site in the apatite struc-

ture. By contrast, cation defects are partially shielded from the rare

earth ions occupying Car 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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