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Pentavalent chromium or manganese substituted into the pentavalent ion site always produced green and blue 
to green apatites, respectively. The positions of the absorption bands of the CrO:- or MnO:- oxyanions were not 
appreciably affected by changes in the composition of the apatite. Possible models based on the Ballhausen-Liehr 
molecular orbital scheme were used to interpret the reflectance spectra of apatites containing pentavalent 
vanadium, chromium, and manganese. 

Introduction 

Very little information is available for apatites 
containing pentavalent coloring ions. In the present 
work, reflectance spectra are presented for various 
alkaline earth fluor- and chlorapatites containing 
pentavalent vanadium, chromium and manganese. 
A brief comparison or available molecular orbital 
schemes for tetrahedral oxyanions shows that the 
model of Ballhausen and Liehr (I) can be used to 
identify the transitions that give rise to the absorp- 
tion bands in the reflectance spectra of these 
apatites. 

Literature 

In discussing pentavalent ion color centers in the 
tetrahedrally coordinated sites of apatite, it must be 
emphasized that these oxyanions are considerably 
covalent in nature. Thus, crystal field theory is not 
as valid for interpreting the absorption spectra of 
these ions as molecular orbital theory. 

Analogies with solution spectra for these tetra- 
hedrally coordinated color centers are invaluable. 
Carrington and Symons (2) presented the ultraviolet 
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and visible absorption spectra of the MnO:-- and 
MnOi- and MnO,- ions in aqueous solutions. 
Bailey and Symons (3) presented similar absorption 
curves for the CrO:-, CrO$-, and Cr3’ ions in 
aqueous solutions. Carrington et al. (4) summarized 
the spectra of the chromium and manganese 
oxyanions and made tentative identifications of the 
electronic transitions using the molecular orbital 
designation derived by Wolfsberg and Helmholz (5) 
for the CrO:- ion. Carrington and Symons (6) 
later applied the molecular orbital model of 
Ballhausen and Liehr (I) to the spectra of these ions. 
The results using the two molecular orbital models 
are given in Table I. 

Results and Discussion 

Vanadium 

Pentavalent vanadium is not considered to be 
a coloring ion. However, it can exert a modifying 
influence on the color of apatites. 

Pentavalent vanadium has no d electrons and by 
crystal field theory should have no absorption bands. 
However, it is well-known that vanadates absorb in 
the ultraviolet region. Such behavior can be ex- 
plained by a charge transfer mechanism made 
possible by molecular orbital theory. 

As expected, the vanadate apatites showed no 
absorption maxima in the visible region. They did 
show some absorption in the blue region stemming 
from the tail of the ultraviolet absorption. The lead 
apatite showed the strongest absorption in the blue 
region which accounted for its pale yellow color. 

167 



168 GRISAFE AND HUMMEL 

TABLE I 

ELECTRONIC TRANSITIONS AND ABSORP~ON MAXIMA WAVELENGTHS (mp) 
OCCURRING IN TETRAHEDRAL OXYANIONS OF CHROMIUM AND MANGANESE 

IN AQUEOUS SOLUTION 

Electronic 
Transition CrO:- CrO:- Mn04- MnO:- MnO:- 

3t* --f 2a, 
t, + 3t2 

3t, -+ 2e 
2t, -j 3t, 

t, + e 

t1 + t2 

e -+ t2 

Carrington, Schonland, and Symons (4) 
- 625 - 605 615 
373 355 546 436 328 
- - - 351 325 
213 - 310 299 216 

Carrington and Symons (6) 
373(‘T,) No data 546(‘T,) 605(2T,) 675(3T,) 

given 436(* TJ 
273(‘T,) - 31O(‘T,) 351(*T,) 325(3T,) 

299(2Tz) 
- - - 833(‘TJ - 

240 260 280 300 

WAVELENGTH (millimicrons) 

FIG. 1. Ultraviolet reflectance spectra for Ca10(V0&F2 
and Ba,,(VO&F,. 

Typical ultraviolet reflectance spectra for calcium 
and barium fluorvanadate apatites are shown in 
Fig. 1. Despite the large difference in size between 
the calcium and barium ions and the distorted nature 
of the calcium apatite, the spectra are very similar. 

Wolfsberg and Helmholz (5) calculated the molec- 
ular orbital energies for the MnO,- and CrOb 
oxyanions. Both of these X04 ions have a central 
atom with no d electrons and are isoelectronic with 
the VO:- ions. According to their designation, the 
two highest energy orbitals of the ground state of 
these ions were (2t$ and (t1)6 and the two observed 
absorption bands for MnO,- and CrO:- originated 
from electronic transitions to the next available 
level, 3t,, specifically the t, -+ 3t, and 2t, + 3t, 
transitions. Carrington et al. (4) examined the 
MnO,- and CrOj- ions and also observed two 
absorption bands as noted in Table I. They plotted 
the ionic radius of the central metal atom of several 
oxyanions isoelectronic with MnO,- versus the 
first absorption maximum. The resulting plot was a 
straight line which showed that the first transition 
for VOi- occurred around 270 rnp. Using the same 
procedure for the second transition suggests that 
the latter transition in VO:- (not observed by the 
above authors) should occur at a slightly lower 
wavelength than the first transition. Hence, the 
absorption bands around 290 and 250 rnp in the 
VO:- spectra in Fig. 1 fit into the above scheme and 
on the basis of the Wolfsberg-Helmholz model, can 
be assigned to electron jumps between the tl --f 3t, 
and 2t, --f 3t, levels, respectively. 
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Ballhausen and Liehr (I) derived a different model 
to explain the spectra of the MnO,- and CrOi- 
oxyanions in which a doubly degenerate e level was 
located between the ti and 3t, levels. This model 
was verified by the electron spin resonance measure- 
ments of Carrington et al. (7) for pentavalent 
manganese. To interpret the reflectance spectra of 
vanadium by the Ballhausen-Liehr model requires 
the energy of the e level (2e) to be much closer to the 
3t, level than the t,. The transitions at 290 and 250 
rnp for VO:- would be between the (t$ ground 
state to the excited configurations (t$(2e) and 
(t,)5(3t,), respectively. Both of these absorptions 
are designated as ‘A, + IT2 transitions. 

The Ballhausen-Liehr model was also used by 
Dijkgraaf (8) to explain the two ultraviolet absorp- 
tion peaks of TiCl,. The latter author used a different 
model to explain the ultraviolet absorption of V5+ 
in the highly distorted tetrahedral VOCl, molecule. 
Due to the distortion, the triply degenerate levels 
were split into e and a levels so the ground state 
configuration (t,)‘j was split into (4~)~ (la2)2. The 

-44t, -4t, =$:I 

-2e - 2a, -5a, 

-2a, -3 t, =?I e 

- 3t, -2e -5e 

1 Empty or partially filled levels 
) --------- 

6 
Completely filled levels 

cc 

g 
- +I - t, --qc12 

e 

k! 
H - le - le -2e 

- If, - It, a:, 

- la, - la, - la, 

C 

FIG. 2. Schematic representation of molecular orbital 
models for tetrahedrally oriented do cations derived by 
A = Wolfsberg and Helmholz (5) for MnO,- and CrO:-; 
B = Ballhausen and Liehr (I) for MnO,- and CrO:- ; 
C = Dijkgraff (8) for VOC13. 

ultraviolet absorption bands by this model were 
represented as transitions from the (la2)2 to the 
(la2)(5e) and (la2)(6e) configurations, respectively. 
It must be emphasized that the 5e level corresponds 
to the Ballhausen-Liehr 2e orbital and that the 6e 
level originates from the splitting of the 3t, level of 
the Ballhausen-Liehr model. The above models are 
represented schematically in Fig. 2. 

The Dij kgraaf model is probably the most accurate 
model for interpreting the spectra of ions in a highly 
distorted tetrahedral environment. However, the 
splitting of the t levels should be less in the apatite 
structure compared to the VOCl, molecule so the 
more simple Ballhausen-Liehr model is sufficient 
to explain the reflectance spectra of the VO:- ion in 
the apatite structure. The latter model will be used in 
the following sections to interpret the spectra of 
pentavalent chromium and manganese in the apatite 
structure. 

Chromium 
Pentavalent chromium possesses a d’ electronic 

configuration, By crystal field theory, the ground 
state of the free ion would be 2 D which in the presence 
of a tetrahedral crystal field would split into the 2E 
and 2T2 states. One would normally expect to see a 
single absorption band such as that observed for 
Ti3+ [McClure (9)]. 

The visible reflectance spectra of apatites contain- 
ing pentavalent chromium always showed two or 
more absorption bands (extreme blue and extreme 
red). Two absorption bands (extreme blue and red) 
were reported for the CrO:- ion in aqueous solution 
by Bailey and Symons (3). Therefore, a molecular 
orbital model is necessary to explain the spectra of 
the CrO:- oxyanion. 

The reflectance spectra of the apatites containing 
Cr5’ are very similar but somewhat different from 
the solution spectrum of Bailey and Symons (3). 
The former spectra are always characterized by a 
relatively broad band occurring in the extreme 
red and a stronger band peaking between 350 and 
370 mp. Typical spectra are shown in Fig. 3. The 
above solution spectrum exhibits bands at 625 and 
355 rnp. 

Figure 3 shows the reflectance spectra of the 
alkaline earth fluorapatites containing 20 mole y0 
chromium substituted for phosphorus or vanadium. 
All of the samples were green. It is important to note 
that for a given pentavalent host ion the spectra are 
very similar which implies that in apatite the 
positions of the CrO:- ion absorptions are relatively 
independent of the alkaline earth ion. The latter 
observation was found to be true at all concentra- 
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FIG. 3. Reflectance spectra of alkaline-earth fluorphosphate apatites containing 20 mole ‘A pentavalent chromium for 
phosphorus or vanadium. 

A = Calo(P04)4.8(Cr04)1.2Fz; 
B = Sr,0(P04)4.8(Cr04),.*F2; 
C= Ba10(P04)4.8(Cr04),.2FZ; 
D = Ca,o(V04)4.,(Cr04),.,F,; 
E = Srlo(V04)4.8(Cr04)1.~F~; 
F= Ba10(V04)4.8(Cr04)1.*FZ. 

tions of chromium. The reflectance spectra of the was observed in the maximum position for the 
phosphate-chromate and vanadate-chromate apa- phosphate-chromate series but in the vanadate 
tites are also similar. The absorption maximum of the 
near ultraviolet band is slightly affected by the 

chromate series, the band position shifted from 370 
rnp (5 mole % Cr*+) to around 350 rnp (100 mole % 

pentavalent ion. The maximum occurs at higher Cr5’). 
wavelengths in the vanadate host lattice. With Using the Ballhausen-Liehr molecular orbital 
increasing concentration of chromium, no change model, the location of the 2e orbital between the l1 

250 
L I 

275 300 

WAVELENGTH (mihmicrons) 

I 
325 

FIG. 4. Ultraviolet reflectance spectra of apatites containing pentavalent chromium. 
A = Ca10(P04)4.8(Cr04)L.2F2; 
B = Sr,,(CrO&.F, ; 
c = Ba,o(V04)4.8(Cr04),.2F2. 
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and 3t, orbitals allows configurational transitions 
from the (t,)6(2e)’ ground state (=*E) involving 
t, --f 2e, 2e --f 3t2 and t, + 3t2 electron jumps. In 
tetrahedral symmetry, each of these transitions 
allows both T, and T2 excited states. The following 
discussion represents a possible model to explain 
the origin of absorptions due to Cr5+, but it must 
be emphasized that there is no unique solution to 
such an assignment. 

In the ultraviolet region a band at 270 ml* (not 
previously reported) was observed in the alkaline 
earth chromate apatites and the vanadate-chromate 
solid solutions. This band is not always resolved in 
the vanadate-chromate apatites since the ultraviolet 
absorption bands of the VO:- ion (250 and 290 mp) 
tend to mask the CrO:- band. Only when the 
vanadium is replaced by 50 mole % or more 
chromium does the 270-rnp band become easily 
detectable. Representative spectra showing this band 
are illustrated in Fig. 4. The position of the band is 
little affected by the composition of the apatite. 

It is possible that the 270-rnp band arises from the 
t, +- 3t2 electron jump. As pointed out in the 
discussion of the MnO:- spectrum by Carrington 
and Symons (6) the tl --f 3t, {(tl)“(2e)’ --f 
(tl)‘(2e)‘(3t2)‘} transition gives rise to both *T, 
and *T2 states in the ultraviolet region, the latter 
state occurring at a shorter wavelength. By analogy, 
the CrOi- bands at 350 and 270 ml* would be the 

*Ti and *T2 states respectively arising from a 
t, --f 3t2 electron jump. 

A band (not previously reported) around 410 to 
430 rnp was observed in the alkaline earth fluor- 
chromate apatites. As shown in Fig. 5 the band 
occurs as a shoulder on the 350-rnp band. Figure 5 
(also Fig. 3) illustrates the broadness of the 700 to 
750-rnp band which suggests that more than one 
transition is occurring in this region. Since the 
t, -+ e electron jump allows both a T, and Tz state, 
it is possible that the 410 to 430 rnp band arises from 
the *T2 state while the *Tl state is one of the com- 
ponents of the broad band in the extreme red. The 
other component of the latter band would be the 
*Tr state originating from the e + t2 electron jump. 

Table II summarizes the ultraviolet and visible 
absorption spectra of CrO:- in apatite, the possible 
excited states and a comparison to the model 
proposed by Carrington and Symons (6) for the iso- 
electronic MnOi- ion. As shown by Table II, the 
two oxyanions possess similar spectra. For both 
ions, the sum of the energies (reciprocal centimeters) 
of the e + t2(*TZ) and t, --f e(*T2) transitions equals 
the energy of the t, + t2(*T2) transition. 

In conclusion, all of the apatites containing penta- 
valent chromium are green and have similar reflect- 
ance spectra. The positions at which the CrO:- 
absorption bands occur are relatively independent 
of the composition (and lattice parameters) of the 

1.6 
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WAVELENGTH (millimicrons) 

FIG. 5. Reflectance spectra of the alkaline-earth fluorchromate apatites. 
A = CalO(CrO&FZ ; 
B = Sr10(Cr0&F2 ; 
C = BaIO(CrO,),F,. 
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TABLE II 

COMPA~USONOFTHEULTRAVIOLETANDVISIBLEREFLECTANCESPECTRUMOF 
CrO:-INAPATITETOTHE MnO:- SPECTRUMOFCARRINGTONANDSYMONS(~) 

Absorption Maxima 
for CrO:- 

Electron Reciprocal 
Jump rnp Centimeters 

Absorption Maxima 
for MnO:- 

Excited Reciprocal 
State rnp Centimeters 

tt --f 12 270 37,000 2G 299 33,400 
350 28,600 2T 351 28,490 

t, + e -420 23,800 =G 436 22,940 
-700 14,300 *T, 605 16,530 

e --f t2 -750 13,300 ‘T* 833 12,000 

apatite. The origin of the absorption bands, though 
not proven, can be explained by the Ballhausen- 
Liehr molecular orbital model. Similar results for 
pentavalent manganese are discussed in the next 
section. 

Manganese 
Pentavalent manganese has a dZ electronic 

configuration and a ground state designated by the 
Ballhausen-Liehr model as (tl)“(2e)2. Considering 
the t, --f e, e --f tz and t, + t2 electron jumps, only 
the 3Az + ‘T, transitions are allowed. Since each of 
the above electron jumps gives rise to one 3T, state, 
the allowed spectrum of the MnO:- ion consists of 
three bands. 

Only two absorption bands have been observed 
for the MnO:- ion in solution. These bands at 675 
and 325 m,u have been assigned to the tI + e(3Tl) 
and t, --f t2(3T,) transitions by Carrington and 
Symons (6) and Carrington and Schonland (10). By 
comparison, several absorption bands were reported 
by Kingsley et al. (II) for the MnO:- ion in calcium 
chlorapatite and chlorspodiosite. The latter authors 
used the Ballhausen-Liehr model to interpret their 
spectra which contained weak nonallowed tran- 
sitions. 

In the present investigation, apatites containing 
only pentavalent manganese as the coloring ion were 
blue to turquoise at low-manganese concentrations. 
As will be shown, this color change was not primar- 
ily due to changes in the positions of the MnO:- 
absorption bands. 

The ultraviolet and visible absorption spectra of 
MnOi- in barium chlorapatites, Ba,,,(PO&-,- 
(Mn04),C12, are shown in Figs. 6 and 7, respectively. 
A strong band occurs in the vicinity of 315 rnp and a 
pair of weaker bands occur in the vicinity of 650 and 
680 mp. Assuming these are the three allowed 

I I I 

300 320 340 

WA\~ELENGTH(tnillirnicrons) 

FIG. 6. Ultraviolet absorption band of the Ba10(P04)6-x- 
(Mn0,),C12 apatites. 

A = Ba,0(P04)5.4(Mn04)&%; 
B = Ba10(P04)4.8(Mn04)1.2C1*; 
C = Balo(P04)&Mn0&Kl~; 
D = Ba10(P04)1 .2(Mn04)4.Kl~ ; 
E = Ba10(Mn04)6C12. 



transitions, the ultraviolet band must be due to the 
t, --f t2 electron jump (3Az -+ ‘Ti) while the visible 
bands are due to the t, --f e and e -+ t2 electron 
jumps (also )A2 -+ 3T,). In agreement with Kingsley 
et al. (II) it is impossible to assign the bands at 650 
or 680 rnp specifically to the t, --f e or e -+ t2 
transitions. The sum of the energies of the t, --f e 
and e --f t2 transitions predicts that the tl --f t2 
electron jump should occur around 330 rnp, which 
agrees well with the experimental value of 315 mp. 
There is evidence of another transition occurring 
around 730 rnp in some of the spectra. This band is 
observed as a shoulder on the 680-rnp band and may 
be due to the ‘A, state reported by Kingsley et al (I I). 
Since this band was only occasionally observed, no 
further discussion is warranted. 

Figure 7 shows that increases in the manganese 

concentration in barium chlorapatite increases the 
absorption due to the tl + e and e --f t2 transitions. 
Although the substitution of manganese for phos- 
phorus causes the apatite structure to expand, no 
shift is observed in the positions of the MnO:- 
absorption bands. The ultraviolet absorption band 
in Fig. 6 shows no shift but the band broadens 
considerably. 4s a result of this broadening, 
increasing the concentration of manganese causes 
increasing absorption in the blue region of the 
spectrum and the body color of the apatite shifts 
towards the green. Hence, it is the broadening of 
the ultraviolet band which modifies the color of the 
barium chlorapatites containing manganese and 
not a change in the positions of the MnO:- bands. 
As an example, Fig. 8 shows the transmission spectra 
of the Ba,,JPO,),-,(Mn0,),C12 apatites. 
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FIG. 7. Visible absorption bands of the Ba,0(P04)6-x- 
(MnO,),CI, apatites. 

A = BaloU’O,), .4(Mn04)0.6C11 ; 
B = Ba,,(PO,),.,(MnO,)l.,C1,; 
C = Ba,,(P0,),.6(Mn04)2.4C12 ; 
D = BaIo(P0,)1.2(Mn04)4.8C12 ; 

FIG. 8. Reflectance spectra of the Ba,,(P0,~,~.(Mn04),CI, 
apatites. 

E = BalO(MnO,),C1,. 

A = Ba10(P04)5.4(Mn04)0.6C12; 
B = Ba,0(P04)4.8(Mn04)1 .2C12 ; 
C = Ba,,(PO,),.,(Mn0,),.4C12; 
D = Ba,e(P04)2.4(Mn04)3.bC12; 
E = BalO(MnO&C1,. 
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The above change in color with increasing MnO:- 
content was also observed in the Bar,,(PO&-,- 
(MnQML Bala(V04)6-,(Mn04),F2 and I%- 
(V0&,(Mn0,),C12 apatites. The reflectance 
spectra of the above series showed that the halide 
had no appreciable effect on the color and that for a 
given concentration of manganese, the vanadate 
apatites were greener than the phosphate apatites. 
The latter observation is attributed to the ultraviolet 
absorption of the VOj- ion which also absorbs some 
of the blue wavelengths. 

Figures 9 and 10 illustrate the ultraviolet and 
visible absorption bands respectively of various 

barium haloapatites containing manganese which 
differ in the composition of their pentavalent and/or 
halide ion contents. The similarity of these spectra 
indicates that the positions of the MnO:- absorption 
bands in apatite are not appreciably affected by the 
composition of the tetrahedral and halide ion sites. 

In contrast, substitutions in the divalent ion site 
affect the positions of the MnO:- absorption bands. 
The complete substitution of strontium for barium 
produced a large lattice contraction and shifted the 
visible absorption bands of MnO:- around 25 to 30 
rnp to shorter wavelengths. The ultraviolet band 
shifted only 5 rnp in the same direction but it must be 

1.6 

Fig. 9. Ultraviolet absorption band of barium haloapatites 
containing 10 mole o/o pentavalent manganese in the tetra- 
hedral site. 

A = Ba10(P04)5.4(Mn04)0.6F2 ; 
B = Ba,o(P04)5.4(Mn0,)o.6C4; 
C = Ba10(V04)5.4(Mn04)0.6F2; 
D = Balo(V0~)5.4(Mn04)o.sC12; 
E = Balo(As0~)5.4(Mn0,),.~F*; 
F= Ba10(AsOq)S.4(Mn04)0.6C1Z; 
G = Ba,,,(MnO&.F, ; 
H= BaI,,(MnO&,Clz. 
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600 650 700 

WAVELENGTH(millimicrons) 

FIG. 10. Visible absorption bands of barium haloapatites 
containing 10 mole o/o pentavalent manganese in the tetra- 
hedral site. 

A = Ba,o(P04)5.4(Mn04)o.6F2; 
B = Ba10(P04)5.4(Mn0,)o.6C1,; 
C = Balo(V04)s.4(Mn04)o.sF2 ; 
D = Bal oWO& .dMnWd12 ; 
E = Balo(As04)5.4(Mn04)o.~F~; 
F= Ba,,(AsO,),.,(MnO,),.~Cl*; 
G = Ba10(MnO&F2 ; 
H = Ba, ,,(MnO&,C$. 
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In conclusion, barium apatites containing penta- 
valent manganese are blue to green and their 
reflectance spectra are characterized by absorption 
bands around 315,650, and 680 rnp. The positions 
of the bands shift to shorter wavelengths when ions 
smaller than barium are substituted into the divalent 
ion site. The positions are not appreciably affected by 
substitutions into the tetrahedral and halide sites. 
The color can be shifted towards the green without 
changing the positions of the MnQ- bands by 
substituting more manganese which broadens the 
ultraviolet absorption band to the extent that some 
blue is absorbed. 
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FIG. 11. Effect of strontium substituted for barium on the 
visible absorption bands of MnO:- in apatite. 

A = SrBag(P04)5.4(Mn04)o.~Cl*; 
f? = Sr2Bas(P04)5.4(Mn04)o.6C12; 
C = Srlo(P04)5,4(Mn04)o.6C12; 
D = SrBag(VO,),.,(MnO,),.~Cl~; 
E = SrzBa,(V0,),.,(Mn04)o.6C12 ; 
F= Sr10(V04)5.4(Mn04)0.6C12. 

remembered that transition energies are measured in 
reciprocal centimeters. In all three bands the 
energy change is of the order of 600 reciprocal 
centimeters. Comparing the MnO:- spectra in 
strontium and barium apatites (IO-mole % man- 
ganese) of like compositions in their tetrahedral and 
halide sites, the 315, 650, and 680-rnp bands in the 
barium apatites shift to around 310,625, and 650 ml” 
in the strontium apatites. An example of this shift 
in the visible absorption bands of the MnOj- ion is 
illustrated in Fig. 11. As a result of the absorption 
band shifts, the strontium apatites are more of a 
true blue whereas the barium apatites are blue- 
turquoise. 
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