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Single crystals of calcium chlorapatite Ca,(PO4),C1 grown from CaC1, flux in air show two holelike
spin-1/2 defects by ESR after x irradiation at 300 K. Both defects are axially symmetric about the
pseudohexagonal c axis of the monoclinic structure. One defect exhibits partially resolved hyperfine
interaction with the nuclei of three inequivalent chlorine ions. The hole is shared primarily by an 0'
impurity ion (substitutional for Cl ) and a nearest-neighbor Cl ion (site 1);it is shared weakly with the
other nearest-neighbor Cl ion (site 2); and a next-nearest neighbor Cl ion (site 3). The oxygen and chlorine
iona lie in successive sites along the screw axis. Spin-H~mi&tonian parameters obtained by fitting
computer-simulated spectra to observed spectra are g~~

——2.0031, gj = 2.0255, for Cl" in units of gauss
(At)' = 30.3, QJ' = 13.5, gtP = 1.55, Q~P~ = 0.80, (A~P = 0.94, and g P = 040. An approximate
wave function for this hole was constructed from a linear combination of valence orbitals of adjacent
oxygen and chlorine ions using one adjustable parameter. Hyperfine interactions calculated with this
wave function agree closely with the experimental values. The second defect shows a single line with

g ~~

= 2.0032 and g j
——2.0386; an 0 ion adjacent to a Cl vacancy is suggested as a model.

I. INTRODUCTION

Natural Bnd synthetic calcium apatites
Cae(PO4)aX, where X represents Cl, F, or OH, are
of interest to a diverse group of researchers.
Hydroxyapatite is of biological significance since
it is the major inorganic constituent of bone and
dental tissues. Apatites found in geological ores
are important for agriculture as a source of phos-
phate. Technological applications of synthetic ap-
atites include the use of mixed chlor- and fluor-
apatites doped with manganese and antimony for
efficient phosphors in fluorescent lights, the growth
of large single crystals of neodynium-doped fluor-
apatite for lasers, and the employment of apatitic
materials for catalysis. Numerous references to
researches on apatites are given in review articles
by Elliott, ' Montel, and Richelle and Qnkelinx.
Investigations are more complete in fluorapatite
for which good quality single crystals are more
easily obtained. Also this apatite has a hexagonal
crystal structure ' which is of higher symmetry
than high-purity stoichiometric chio rapatite' and
hydroxyapatite, ~ both of which have monoclinic
structures.

Electron-spin resonance (ESR) has been applied
by several investigators to study the defect struc-
ture of apatites. The first results were obtained
on synthetic single crystals of hexagonal fluorapa-
tite Ca, (PO4)aF by Segall et a/. ' These authors
reported on a paramagnetic holelike center pro-
duced by x irradiation, which they attributed to a
hole localized on an oxygen impurity ion substitu-
tional for a fluorine ion. Subsequently, a large
number of papers were published describing de-
fects in fluorapatite. These include the optical-
absorption studies of Swank, "ESR and optical
studies by Piper et al. , Prener et al. , and
Warren. ' '"

Similar studies on chlorapatite untwinned syn-
thetic single crystals, Ca.,(PO,),Cl, have not been
reported until recently. Piper and Prener have
reported on the Mn ' ion in chlorapatite. "Knot-
terus et al. '~ have reported on optical and ESR in-
vestigations of color centers in x-irradiated chlor-
apatit6. In the latter paper the authors interpret
a complex hyperfine interaction associated with one
of the holelike centers (designated as defect I) as
resulting from an electron deficiency interacting
with nuclei in two inequivalent chlorine-ion posi-
tions. We are in disagreement with their inter-
pretation of this defect. Qur computer-simulated
fit of the spectrum shows that the hyperfine inter-
action is with nuclei in three inequivalent chlorine-
ion positions. The model that we have selected for
this defect, in contrast to theirs, does not have a
vacancy adjacent to the impurity oxygen ion. Also,
we conclude that the unpaired spin is shared by the
oxygen ion and an adjacent chlorine ion rather than

being localized on that chlorine ion as they have
reported. For a second holelike defect which con-
tributes only a single resonance line to the ESR
spectrum (defect II), Knotterus ef al. have sug-
gested as a tentative model a hole associated with
two oxygen ions sandwiched between two chlorine-
ion vacancies. We propose a less complex model
consisting of an 0 ion near a C1 -ion vacancy.
For this defect the hole is more localized on the
oxygen than for the other holelike defect; thus
hyperfine interactions with nearby chlorine nuclei
are small and only a single line is observed. The
present paper is concerned primarily with inter-
pretation of the ESR results for defect I.

II. CRYSTAL STRUCTURE

The basic apatitic structure is described by the
hexagonal space group P6a/m. t This is the space
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CHLORAPAT ITE STRUC T URE

POy

axis environment. For a given plane containing the
a and screw axes the chlorine ions reside in the
lower of two oxygen-ion triangles which are be-
tween neighboring calcium-ion triangles. For the
adjacent parallel plane (displaced along the b axis)
the chlorine ions reside in the upper of the neigh-
boring oxygen triangles. For fluorapatite the F
ion occupies the center of the calcium triangle, '

this is precluded for Cl in chlorapatite because of
its larger ionic radius. The unit-cell dimensions
for monoclinic chlorapatite are a = 9.628 A,
b = 12.256 A, and c = 6. 764 A and the distance be-
tween two chlorine ions on the c axis is 3. 382 A. 6

0 axiS

FIG. 1. Monoclinic lattice structure of chlorapatite
Ca&(PO4)&C1 projected onto the basal plane. An expanded
view at the top of the drawing shows the ion arrangement
inside each large circle. The parallelogram depicts the
base of a unit cell. (Reproduced from Ref. 16 with per-
mission, )

group most often found in naturally occurring apa-
tites and in synthetic fluorapatite and chlorapatite
grown from the melt at a temperature of about
1650'C. Such high-temperature growth gives a
large number of vacancies, especially for chlor-
apatite which gives off CaCl~ at high tempera-
tures. '- An important deviation from hexagonal

symmetry has been found for synthetic chlorapatite
grown from solution in CaC12 flux in the tempera-
ture range 1200-1050 C. ' Such crystals are more
stoichiometric (3-5% chlorine deficient) than those
grown at the melting point and satisfy the mono-
clinic space group P2,/b. '~ This monoclinic form,
which is often called pseudohexagonal, undergoes
a phase transition to hexagonal symmetry at ap-
proximately 205 'C. When cooled through the tran-
sition temperature, the monoclinic structure is
assumed by different parts of the crystal concur-
rently giving rise to twinning. From flux-growth
runs it has been possible, however, to select un-

twinned specimens having dimensions in the mm

range.
Figure 1 represents the monoclinic chlorapatite

structure for a portion of the unit cell projected
onto a plane perpendicular to the pseudohexagonal
c axis. The unit cell is shown by the dotted quad-

rangle where the smaller and larger cell dimen-
sions are along the a and b axes, respectively.
Important to this investigation are the locations of
chlorine ions, which lie along the screw axis for
the monoclinic crystal. Figure 2 depicts a screw-

~ Ca

g~~ Cl

C

b~

FIG. 2. Schematic representation of the environment
of a Cl-ion column in chlorapatite (perspective view).

III. EXPERIMENTAL

The chlorapatite crystals employed for this
study, which were furnished by Kostiner of this
laboratory, were monoclinic crystals grown from
a CaC12 flux. In this method nearly stoichiometric
crystals with hexagonal shape were obtained by
slowly cooling a saturated solution of chlorapatite
in CaC12 from 1200 to 1050 C. Some recycling
was used to enhance the size of the crystals.
Crystals were grown in both air and HCl atmo-
spheres. The former atmosphere is believed to
yield the incorporation of a small percentage of
oxygen impurity ions substitutional for Cl ions
and the introduction of a corresponding number of
charge-compensating Cl -ion vacancies. The HCl
atmosphere is believed to yield purer more-stoi-
chiometric crystals. Most of the chlorapatite crys-
tals' showed twinning; however, untwinned crys-
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tais as large as 5&2&&2 mm were selected for
these experiments.

at3 'thVESR bservations were made at 3at 300 K with ar-0
ian E-3 and E-12 X-band spectrometers using 100-

' n. Precise measure-kHz magnetic-field modulation. reci
t f magnetic field were made by proton reso-menso m

nance, the microwave frequency was mea
electronic coun er. w

the holelike center exhibiting hyperfine structure
bserved in the oxygen-containing ryc stalswas o serve

le-line hole-rior to irradiation, ' however, the sang e- 'prior err
1'k d feet was not detected. Strong absorptionsi e e

00 K after 30-both defects were obtained at 300from o e
min irradiation using an unfiltered x- yx-ra beam
(Mo target, , 40 kV 15 mA). The irradiation also
caused the crys oe c stal to change from colorless to
brown. The holelike defects described here are
not associated wxith this coloration. The coloration

ver appear to be associated with de-does, however,
fects which were observed by ESR at aqua -ni
gen empert perature immediately after the room-tem-

ti These defects and the color-pera. ture irradia on.
om li ht

'
n can be eliminated by exposure to room ligation can e e im'

he holelike defectsat 300 K for about one day. The ho e i e
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FIG. 4. Angular variations of ESR absorptions for
d II in chlorapatite calculated fromholelike defects I an in c

s Defect IItal s in-Hamiltonian parameters. De ecexperimen a s '-
t I onl the four-gave a sing e rl resonance line. For defect on y

1' h rfine interaction with a Cl isotope in si eline ype ine
'

d 9 ~ 55 GHz.shown. All spectra observed at 300 K an

which are the su ~ec ob' t f this paper remain at about
the same intensity as before this treatment.

IV. ESR RESULTS

(b)

~20 G~

(d)

FIG. 3. (a) Observe d ESR spectrum of two holelike
in x-irradiated chlorapatite flux grown in air,

d feet ielding a single line an e o e
ype in

' ' ' lei in three inequivalenthyperfine interaction with nuclei in r
(H II c) (b) computer-simulated ESBchlorine ion sites H c;

(H II c) (c)spectrum for hole with ypeh rfine structure c;
rved ESB spectrum for the same defects wi

d (d) computer-simulate spe
) All s ectra observed at 300 Khyperfine splitting (H c&. spec r

and 9, 55 GHz.

The two holelike centers detected at 300 K by
ESR after a room-temperature xe x irradiation were
in chlorapatite crystals that were flux grown in air.
They were not detected in chlorapatite which was

n in an HCl atmosphere. Neither wereflux grown in an
they o serveth b erved in chlorapatite whic was g

acid ESRhydrothermally in 1N hydrochloric ac& .
s ectra are shown in Figs. 3(a) and 3(c) for orien-
tations respectively parallel and p per endicular to

' this axis is found to bethe pseudohexagonal c ass; this
f symmetry for both defects. These cen-an ass o sym

ters correspon od t spin-& holelike defects. 0
ith thethe centers e i i s axh'b't hyperfine interaction with e

nuc ex xn rn three inequivalent chlorine sites; how-
site is muchever, the hyperfine tensor for one site is muc

larger than for e o erth th r two' the second center
xhibits a single line. The following conventionse

xmas

will be used to describe the defects: e y
se ESR spectrum(I) will signify the defect whose ES p

s owsah a complex hyperfxne splitt' gin and (II) will
f the defect having the single resonancnce line.

The chlorine-ion positions relate o e
illbe designated 1, 2, and 3 in the'n the order of de-

creasing hyperfine interaction. p
three chlorine(I) is complex because each of the thr
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sites can be occupied by either Cl ' (75. 53Vo abun-
dant) or Cl" (24. 47%) isotopes, which both have
nuclear spins of &, but nuclear magnetic moments
of 0.82088p& and 0.68328p&, respectively. The
angular variation for the ESR spectra of defects
I and II are shown in Fig. 4; for defect I only the
resonances corresponding to hyperfine interaction
with a Cl nucleus in site 1 are shown.

The ESR spectrum for Ale, [Fig. 3(c)] shows
four major lines with approximately equal spacing
and equal intensity characteristic of hyperfine in-
teraction with a single spin-& nucleus. Closer ex-
amination indicates a second set of four equally
spaced lines having intensity about one-third that
of the larger set and constant splittings about 0. 8
as large. This set is only partially resolved
from the larger set. These sets of lines are at-
tributed to hyperfine interaction of the defect with
a nearest-neighbor chlorine nucleus (site l), the
two sets resulting from the isotope effect. For
H ~~ c [Fig. 3(a) ], additional splittings or superhy-
perfine structures are observed. There are too
many lines for interaction with just one additional
chlorine nucleus. Also each component of the
larger four-line set has an intensity distribution
which looks somewhat like that expected from a
superhyperfine interaction with two chlorine nuclei
(sites 2 and 3). As an example, if the chlorine ion
positions 2 and 3 were equivalent and were each
occupied by a Cl nucleus, then a seven-line su-
perhyperfine pattern would result with an intensity
ratio of 1:2: 3:4: 3:2: 1. Allowance for Cl '-
Cl ' and Cl -Cl combinations, however, would
account for a poor resolution and a modification of
this intensity ratio. Furthermore, an inequivalen-
cy of ion positions 2 and 3 ~vould be expected to
cause even greater reduction in resolution and
change in intensity characteristics. To test wheth-
er the spectrum could be explained on the basis of
hyperfine and superhyperfine interactions, com-
puter-simulated spectra were generated with vari-
ous trial values of interaction constants. The
computer program was devised to add derivatives
of Gaussian absorption lines; provision was made
for isotope effects, for adjustment of the hyperfine
interaction parameters with each of the inequiva-
lent chlorines, and for adjustment of Gaussian
linewidth. The best computer-generated spectra
are shown in Figs. 3(b) and 3(d); they are seen to
compare favorably with the experimentally ob-
served spectra. For the computer-simulated
spectra, in Figs. 3(b) and 3(d) the selected Gaussian
linewidths between inflection points were l. 05 and
0.85 G, respectively. Lorentzian line shapes
were also tried, but they did not yield as good a
fit.

Defect I can be represented by the spin Hamil-
tonian

K p s[gI SIH +gg(S H„+S,H~)]

TABLE I. Spin-Hamiltonian parameters for defects
I and II in x-irradiated chlorapatite for measurements
at 300 K and 9. 55 GHz. Magnitudes of the A tensor com-
ponents are given for the Cl isotope in gauss; those
for the C13~ isotope are obtained' from these by multiply-
ing by the ratio of the magnetic moments.

Defect I Defect II

2. 0031 + 0. 0002

2. 0255 + 0. 0002

30. 3 +0. 05

13.5 ~0.10

1.55 ~ 0. 05

0. 80 60. 10

0. 94%0. 05

0.40+0. 10

2. 0032 +0. 0002

2. 0386 R 0. 0002

No observed hyper-
fine structure

where i differs for different sites and for different
chlorine isotopes. Defect II can be represented by
the same Hamiltonian with the elimination of the
hyperfine terms. The measured parameters for
defects I and II are summarized in Table I. These
measurements were made in untwinned crystals.
Both defects appeared axial within experimental
error. For twinned crystals that were examined,
the superhyperfine structure shown in Fig. 3(a)
appeared somewhat more complex, however, the
reason for the added complexity was not investi-
gated.

The spin-Hamiltonian parameters for defect I
suggested a model consisting of a hole shared pri-
marily between an 0 impurity (substitutional for
a Cl ion) and one of the two adjacent chlorine ions.
It is also shared with the other Cl ion adjacent to
the 0 ion and with a next-nearest-neighbor Cl
ion. This model is represented in Fig. 5 in which
the positively charged hole is represented by the
symbol h and the inequivalent Cl -ion positions de-
scribed previously are labeled 1, 2, and 3. Defect
II, represented in Fig. 6, is believed to be related
to defect I since it is also associated with an oxy-
gen impurity ion,' however, the chlorine ion near-
est to the oxygen is assumed missing. which causes
the hole h to localize on the Q2 ion, converting it
to an 0 ion. Further justification for these mod-
els is deferred to Sec. VI.
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CI CI Q I CI CI

A„=a+2b, A, =a —b .
The value of the isotropic hyperfine constant a can
be shown to be proportional to the electron density
at the nucleus:

FIG. 5. Model for holelike defect I in chlorapatite
representing the negative-ion column along the f." axis.
Hyperfine interactions are observed with Cl and Cl
nuclear magnetic moments in three inequivalent chlorine
sites. The site numbering has been chosen to increase
with decreasing hyperfine interaction. The symbol h is
used to represent the hole since it is shared by the 0
ion and an ad jacent Cl ion.

V. THEORETICAL CALCULATIONS

A. Nature of the wave function

The purpose of the following calculation is to
construct a wave function for the trapped hole (de-

fects1)

observed by ESR in x-irradiated chlorapa-
tite crystals. In this calculation we are testing the
model for the defect shown in Fig. 5 by construct-
ing a wave function containing a single adjustable
parameter for the hole. The predictions from this
wave function are compared with experimental val-
ues for the hyperfine and superhyperfine interaction
constants with the chlorines 1, 2, and 3.

An approximate wave function for the defect is
constructed from valence orbitals of 0 and Cl 1.
The requirement is that the wave function for the
trapped hole be orthogonal to the ion-core orbitals
of the neighboring ions. The mutual overlap of
ion-core orbitals for ions centered on different
lattice sites is very small and will be neglected.
However, the overlaps between the hole wave func-
tion and the core orbitals of the neighboring ions
are larger. They are accounted for by rendering
the wave function of the hole orthogonal to the ion-
core orbitals by the Schmidt orthogonalization pro-
cess. If Q„ is the wave function chosen for the hole
and Q; the core orbitals of the neighboring ions,
then the wave function obeying the requirement is

a=N
i

where N is a normalizing factor.

B. Magnetic hyperfine interaction spin Hamiltonian

The hyperfine interactions observed by ESR are
due to the interaction of the spin magnetic moment
of the holelike defect with nuclear magnetic mo-
ments of nuclei in three different chlorine ion sites.
For axial symmetry where z is the symmetry axis,
the hyperfine part of the spin Hamiltonian can be
written

3C„= A„Sg Ig+A, (S„I„+S~ I~),
where

n= ovg»g»3 I&3(0)I

The value of the anisotropic hyperfine constant b,
due to dipole-dipole interaction, is

g 0 oger P n (1/& )

where (1/r'), is calculated between the p compo-
nents of the wave function. The conditions

g«g, p, ,H and I2f I- I-,'aI

being fulfilled, the ESR transitions are governed
by &m, =o and &m~=+1 in Eq. (6), where m~ and

m, are electron and nuclear magnetic quantum
numbers, respectively; the magnetic field values
at resonance are given by

H [:(t1/g~~pg)(I3v 1ByAu~) for n = 0'

CI Cl CI

FIG. 6. Model for holelike defect II in chlorapatite
corresponding to a hole h localized on an 0 impurity
ion, yielding an 0 ion. The 0 ion is assumed to be
displaced toward the vacancy increasing the 0-Cl2 dis-
tance.

H, = (1/g, »)(kv —mlA, ) for n = 90',
where e is the angle between the external magnetic
field H and the c axis of the crystal. This yields
the values of A„and A, to be compared with the
theoretical values.

C. Wave function construction for the hole

The wave function for the hole is constructed as
the linear combination

p„(r) =N[nfop, o-(r+Ko)+(1 —n ) $33 cfo(r)],
(I)

where the coordinate system is such that the z
axis is along the c axis of the crystal, the origin is
at the chlorine 1 nucleus, and the chlorine 1 and
oxygen ions are separated by a distance R0. In this
equation f» 0- is a 2p orbital of the oxygen ion and

f3p c )0 is a 3p orbital of the chlorine atom; e is an
adjustable parameter which is calculated to fit the
theoretical and observed hyperfine interaction pa-
rameter A,',"of the unpaired electron with the
chlorine 1 nucleus. The normalization factor N is
determined by the equation
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N= [1+2a(1 —a')' "S" ] '"
with

(8)

33,2, -=&033 0,2{»
I 02o,0-(r+ "2)) .

In constructing tt&„(r) [Eq. (7)], we have used the
wave functions for a chlorine atom Cl at site 1 and
for an oxygen ion with a single negative charge 0 .
This choice is meant to reflect the electron defi-

ciency of the defect, but is somewhat arbitrary,
since it is not possible to be completely consistent
while employing the same orbitals for all values of
e between 0 and 1. The wave function of the Cl
ion a.re adopted for C12 and C13. The requirement
that (t)„(r) be orthogonal to the neighboring ion-core
orbitals is met by using the Schmidt orthogonaliza-
tion procedure.

The wave function (t)„(r) is replaced by

( tr)= )r(y, ir) —E((„(r)(r', -( ~ R ))y, -(r +2)r E( (t )-(( ,r(rl)0, , , (r)

—Z (y„(r)
(
(), , ,-tr —)tr) &(...-tr -Rr) -r (y, (r) ((, ,„-tr~ 22r) &y, ,„-(r+2(r)),

k
(10)

where N' is a normalizing factor obtained from
the rel"tion

8'„(r)
l

()'„(r))=1,
and where the indices i, j, 0, and 1 run over the
orbitals of the oxygen ion, chlorine 1, chlorine 2,
and chlorine 3, respectively. In Eq. (11) the val-
ue of N', which involves products of overlap inte-
grals, differs negligibly from unity and for pres-
ent purposes we will adopt the value N'= 1.

In Eq. (10) the wave functions for the oxygen
ion, chlorine ion, and chlorine atom are derived
from Clementi's tables. These analytic wave
functions are constructed as linear combinations
of Slater orbitals. The overlap integrals are cal-
culated using the method described by Mulliken,
Rieke, Orloff, and Orloff. The values of the
overlap integrals are given in Table II-, where

S2,1 (42,0 {r+Ro)
l 41,01.{r))

S32,1 (43(cl'(»&I (f)1..01-{r- Ro) ),
S32,1 ($33,c12(r) l(t)1, ,0-{r+4)&

(12)

(i3)

{14)

TABLE II. Values computed for overlap integrals for
a spacing of 3.382 A between adjacent anions along the c
axis. The symbols are defined in the text.

S2p

S2p, 2s
=

s2p, 3s
=

s2p, 2p
=

S»3»—

0. 0008054
0. 00874
0. 0499
—0. 001746
—0. 0897

S3lp, s
= 0. 000 357

S3p 2S=0. 0071
S3p 3S=Q. 0538
S3p 2p

= —0. 0014
S3p 3p= —0. 0955

and with Sap z» Sap 3» Szp z» Szp 3p 3p p S3p 3sy

S32 22 Stp 32 S3p 2 and S32 22 given by similar ex-
pressions. The wave function P„(r) is then used to
compute A, ',

"as a function of the adjustable param-

eter a. Using Eqs. (3)-(5), (8), and (10), one gets

A' '= [1 —0.1382a{l —tP) ~ ]

x[2.06a +(1-a )102.2] G. (15)

Using the same set of equations, one gets

A," = [1 -0.1382a(l —a )' ]
x[1.09a' —(1 —a )51.6] G . (i8)

The value of 0, is adjusted to fit the experimental
value of A, ',

" according to Eq. (15), which gives

e'=0. 724 . (17)

This value substituted in Eq. (16) yields A1 '

= -13.0 G, which agrees closely with the experi-
mental value +13.5 G. Furthermore, the substi-
tutions give determinations of the signs of A, ',

" and
A,"'. The value of a given by Eq. {17)is now
used to determine the hyperfine constants for the
nuclei in the second and third chlorine sites for a
further test of the model. These calculations em-
ploy the wave function (C)„of Eq. (10). The results
of the calculations are shown in Table III, where
we compare them with the experimentally deter-
mined values. As noted above, the parameter o.'

was chosen to give the correct value of A, ',". The
agreement with experiment for the remaining five
hyperfine constants is excellent and lends strong
support to the defect model shown in Fig. 5. In
this table, predictions for the conditions n =1 and
n = 0 are also presented; the former condition
corresponds to localizing the hole on the oxygen
ion, while the latter corresponds to localizing the
hole on C11. It can be seen that neither of these
choices agrees with experiment whereas the de-
localized hole does.

S3p, )s
II

S3p, ~s=
Qll

sp, 2p

0. 00145
0. 00512
—0. 0691

Vl. DISCUSSION

The model for defect I shown in Fig. 5 is sup-
ported by the following arguments: (a) its ESR
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TABLE III. Comparison of the values in gauss for
hyperfine interactions with Cl nuclei for defect I in
x-irradiated chlorapatite as determined theoretically and
experimentally. The values for C137 are obtained by mul-
tiplying by the magnetic moment ratio.

Theory
e'=O. 724
n'=1
e2=0

30. 3
2. 06

102. 2

—13.0 1.53
1.09 2. 11

—-51. 6 0

0. 81
l. 12
0

0. 70 0. 42
0 0
2. 53 1.53

spectrum is axiaOy symmetric about the pseudo-
hexagonal c axis of the crystal; it results from a
spin--,' holelike defect with hyperfine and super-
hyperfine interactions with Cl' and Cl nuclei in
three inequivalent chlorine sites as indicated by
the computer fits shown in Fig. 8; and (b) the the-
oretical calculations described in Sec. V give re-
sults in agreement with the experiment. This cal-
culation uses a single adjustable parameter to cal-
culate six hyyerfine and superhyperfine interaction
constants. The agreement supports strongly the
presence of an oxygen impurity ion. It is likely
that this oxygen ion substitutes at a chlorine ion
lattice site since the calculations were performed
using an internuclear distance of 3.382 A for the
ions located on the c axis which is the normal dis-
tance between chlorine ion sites. The presence of
oxygen ions in the chlorapatite structure is further
supported by the fact that defect I is not observed
in flux-grown chlorapatite crystals which have
been grov n in an HC1 stmosphere. Such crystals
are less likely to incorporate oxygen during the
growth process than the crystals used in this study
which have been grown by a flux method in air. In
addition defect I is not present in hydrothermally
grown crystals, which are believed to incorporate
less impurity ions during the growth process.

The delocalization of the hole onto an adjacent
halogen, represented by (l —cP) =0.276, is not
observed for an analogous oxygen-associated cen-
ter found in fluorapatite C~(PO4)3F, labeled as
H II.' Also, in fluorayatite the value of A„ for
interaction with an adjacent fluorine nucleus is
much less than AI', ' in chlorapatite. These dif-
ferences can be accounted for by the following
reasoning. Although chlorapatite and fluorapatite
have similar structures, their space groups differ;
chlorapatite is monoclinic with space group P2j/b
and fluorapatite is hexagonal Pfls/m. In fluorapa-
tite, the fluorine ion, situated on the sixfold c axis
occupies a more symmetrical position, namely the
center of the calcium triangle in Fig. 2. An oxy-
gen ion substituting for a chlorine ion in mono-

A A ~ A ~ A3~ AII II J.

Experiment &30.3 &13.5 +1.55 &0. 80 &0. 94 &0. 40
(~o. o5) (~0. 1o) {~0.o5) (*o.1o)(*o.o5) (~0. 1o)

clinic chlorapatite experiences an asymmetry in
the crystal field acting upon it which is consistent
with unequal delocalization of the trapped hole on
the two chlorines adjacent to the oxygen; this is
not the case for the oxygen impurity ion in the hex-
agonal fluorapatite for which the crystal field is
the same along the c axis on each side of the oxy-
gen ion and for which the hole interacts equally
with two fluorine nuclei. The asymmetry in chlo-
apatite arises from the fact that the chlorine
ion cannot reside in the calcium triangle be-
cause of its larger ionic radius (1.80 A). A
consequence of the asymmetry is that an oxygen
ion substituting for a chlorine ion in chlorapatite
could, because of its smaller ionic size (l.40 A),
shift somewhat toward the plane of the calcium
triangle. This shift would result in an 0-C11 in-
ternuclear distance shorter than the 0-C12 dis-
tance and would thus promote the formation of a
covalent bond with resultant delocalization of the
hole. The parameter e is then a measure of this
covalency. The effect of this crystal-field asym-
metry and the ion-size effect could explain the
principal sharing of the hole between the chlorine
1 ion and the oxygen ion in chlorapatite. This is
in contrast to hole localization on the oxygen ion in
fluorapatite indicated by the equal hyperfine inter-
action of smaller magnitude with two fluorine nu-
clei (A„=7 G, A, =O).

Note that two choices had to be made somewhat
arbitrarily in constructing the wave function g„(r)
of Eq. (7). First, the overlap integrals between
the oxygen and chlorine 1 orbitals were evaluated
for the normal Cl-Cl distance Ro, although the
present discussion suggests that a somewhat
smaller distance might have been more appropri-
ate. Second, the linear combination of Eq. (7)
could have involved orbitals of a Cl ion, or a
doubly charged oxygen ion, or both, instead of the
choice actually made. Thus the extremely close
agreement between experiment and theory may be
somewhat fortuitous. It is expected, however,
that the results of the calculation would be suffi-
ciently insensitive to these changes that they would
continue to support the model.

Another model for apparently the same center
has been proposed by other authors. Their mod-
el assumes the presence of a chlorine 2 ion vacan-
cy (for the ion designation of Fig. 6) and a pre-
ferred localization of the hole on the chlorine 1 ion
adjoining the oxygen ion. We rule out this possi-
bility for two reasons. First, for this model, the
values for A. I',", &I'I ', and AI',"would be 102.2, 0,
and 2. 53 G in strong disagreement with the experi-
mental values. Second, this model assumes a
hyperfine interaction of the hole with only two in-
equivalent chlorines, while our computer fit re-
quires an interaction with chlorine in three in-
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equivalent sites.
The model that we propose for defect II is shown

in Fig. 6. It is derived simply from the model for
defect I by assuming the presence of a chlorine-
ion vacancy neighboring the oxygen ion impurity.
We assume that in this model, the oxygen ion will
position itself such that the vacancy replaces the
chlorine 1 rather than the chlorine 2 ion. The
oxygen ion relaxes towards the center of the va-
cancy acting as a positive attractive charge in the
lattice. This explains the absence of resolved
hyperfine interactions with the adjacent chlorine
ions. The small calculated values of the hyper-
fine interaction constants shown in Table III for the
hole localized on the oxygen (+ = 1) adds support
to this assertion. Another experimental fact sup-
porting this model is that the concentration of de-
fect II is increased when the chlorapatite crystals
are heated jn vacua, a process which is known to
result in an increase of the concentration of chlo-

rine ion vacancies, due to the evolution of CaC1&

from the structure.
The measured g values for defect II are similar

to the g values reported for V holelike centers in
various alkaline earth oxides. Although this type
of holelike center, associated with an oxygen ion
adjoining a cation vacancy, has a range of g val
ues, defect II falls within that range and has val-
ues very closeto those of the V center in Mgo.
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