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the static field would appear to be ruled out,
since no such rotation is possible for a compacted
powder with a binder. Further, the effect of the
parallel and transverse fields is in the opposite
direction for a simple correction. The fact that
the single-crystal results agree with theory would
argue against some peculiarity of the CMN itself
(e. g., spin-lattice relaxation anomalies, 0 rare-
earth impurities, etc. ). Any discrepancies due to
a difference between 8 and II should be negligible

because of the small magnetization at the tempera-
tures used here. The deviation of the experimen-
tal results on the powder from theory cannot be ex-
plained at this time.
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Defect Centers in Calcium Fluorophosphate
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Crystals of calcium fluorophosphate Ca~p(PO4)6F2 have been grown from melts of various.
compositions. Optical and ESR measurements have been performed on samples before and
after various treatments such as a uv irradiation and a thermal quench. Two kinds of defect
centers have been detected: color centers produced by the irradiation, and more basic de-
fects present in the samples before irradiation. The identity of two of these basic defects has
been established and their role in the formation of the color centers has been deduced.

I. INTRODUCTION

Calcium fluorophosphate, often referred to as
FAP, crystallizes in the hexagonal apatite struc-
ture and has a unit cell with the formula
Ca,o(PO4)SF2.

' It has been investigated extensively
partly because of its commercial importance as the
phosphor in most fluorescent lamps and partly be-
cause of the richness of its defect structure and its
color centers. Single crystals can be prepared by
melt- or flux-growth techniques, while powder
samples similar to those used in lamps can be pre-
pared by solid-state-reaction techniques. Optical
measurements made on such crystals or on pow-
ders show strong absorption in the uv region of the
spectra near 250 and 190 nm which is not a prop-
erty of the perfect crystal since its strength is

found to vary from sample to sample. ' Owing to
the magnitude of the absorption, it has been at-
tributed not to trace impurities but to lattice de-
fects or to some common impurity like oxygen or
hydroxyl which might be incorporated in large amounts.
Previous attempts to control its strength have been
successful in powders but not in single crystals.

Efforts have been made to identify the center
(hereafter called the X center) responsible for the
absorption at 250 nm (called the X band). John-
son, Swank, and Piper, Kravitz, and Swank have
exposed crystals of fluorapatite to radiation from
an x-ray source and have been able to partially
convert the X center into various new defects.
ESH measurements have been very successful in
identifying many of the paramagnetic defects made
and can also be used to reveal the complex interac-



4680 R. W. WARREN

tions between them. Hopefully, one could work
backwards from these identifications to an under-
standing of the properties of the X center and its
structure. Prener et al. have attempted to do this
but were unable to arrive at an unequivocal identi-
fication of the X center. In spite of this, the pres-
ent understanding of the defect structure in fluor-
apatite and the changes which occur upon expo-
sure to ionizing radiation is fairly complete and
may be summarized as follows.

(i) The primitive common defects in FAP are a
fluorine-ion vacancy V, and an oxygen ion 0=, sub-
stituted for a fluorine ion.

(ii) These defects attract each other so that

various kinds of complexes can form such as 0=-V
and V-0=-V. Following the nomenclature of Pre-
ner et al. these centers and those described above
will be called (0), (V)', (Ov), and (VOV)'. The
bracket encloses the combination of primitive de-
fects which replaces an equal number of Quorine
ions and the superscript indicates the charge of the
complex relative to the fluorine ions it replaces.

(iii) Ionizing radiation creates electrons e and
holes h which can be trapped at the diamagnetic
defects discussed above making new centers some
of which are paramagnetic. Some of the most im-
portant of these centers have been identified by
ESB and include the following:

(VOV)0 or (VOV)'+ e,
(V) or (V)'+ e,
(OVV)' or (VOV)'+ e,
(OV)' or (OV)'+ I,
(O)' or (O)-+ I,

called the E(I) center (or A' center)'

called the E(II) center (or A" center)'

called the E(III) center (or C center)8

called the H(I) center

called the H(II) center .

The E(I) and E(III) centers are formed from the
same basic defects, (VOV)' and an electron, but
differ in the final position of the oxygen atom after
the electron is captured.

Another important paramagnetic center, the
E(IV) center has not been identified. An impor-
tant nonmagnetic center, the 8 center, has been
identified as (OVV) or (VOV)'+ 2e.

(iv) A moderate thermal anneal or an optical
bleach releases electrons and holes from these
traps and eventually leads to the mutual annihila-
tion of the free electrons and holes.

(v) X irradiation, a moderate anneal, or an op-
tical bleach do not change the concentration of the
defect complexes but only change the number of
electrons or holes trapped on them.

The purpose of this paper is to solve two of the
problems which still limit our understanding of the
defect structure and response to radiation of apa-
tite. We propose, first, to identify the X center
and the center, hereafter called the Y center,
which absorbs near 190 nm and, second, to explain
microscopically the creation of E and H centers
by radiation. The investigations reported here in-
clude a study of the crystal growth conditions un-
der which X and 7 centers form. , their thermal
stability, their interactions with impurities, and
their response to irradiation with y and uv sources.

II. EXPERIMENTAL TECHNIQUES

The crystals discussed below have all been
grown by the Czochralski technique in an argon
atmosphere from a melt composed of Ca~P~O~,

CaF2, and CaCO&. The details of this growth are
discussed elsewhere. A stoichiometric melt is
composed of these components in the ratio 3:1:3.
We investigated deviations from stoichiometry by
varying either the CaF~ or CaCO3 content of the
melt from this ratio. It was difficult to grow good
single crystals when the deviations were large for
second phases, probably of CaF~ or CaO, then
formed as inclusions in the crystals. These in-
clusions reduced the usefulness of samples by de-
grading their optical and ESR properties and by
stressing them. The stress was often so large that
crystals would spontaneously break into a fine pow-
der —sometimes months after their growth.

For optical measurements samples were cut
from the boules, ground to size, and polished. In
some cases their optical density in the uv region
was so high that very thin specimens (a few thou-
sandths of an inch thick) had to be prepared. In
these cases the samples were permanently glued
to quartz plates to protect them. The quartz and
glue o used were essentially transparent to the
limit of our optical measurements, 185 nm. Op-
tical measurements were made on a Cary 14 spec-
trometer using either light polarized with a Pola, -
coat" polarizing film or samples specially orien-
tated so that useful measurements could be made
with unpolarized light.

An oven was designed to allow the mea. surement
of the optical properties of samples at elevated
temperatures. Conventional Dewars allowed opti-
cal and ESH measurements at low temperatures.
uv irradiation of the samples was usually accom-
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2 CaF~, this signifies that the CaF2 content of the
melt is twice the stoichiometric value. Clearly
the X band is very sensitive to variations in stoi-
chiometry. Excess CaCO3 and deficient CaF~ en-
courage its growth. These measurements strongly
suggest that the X center is composed of defects
such as fluorine vacancies or oxygen interstitials
or oxygen ions substituted for fluorine ions.

It would be desirable to make similar measure-
ments of the extrinsic absorption near 190 nm ver-
sus stoichiometry, to see whether it varies in the
same way as the X band. The question to be ans-
wered is whether this absorption (the 1' band) is
also caused by the X center or is due to an entire-
ly different center (the Y' center). We were unable
to achieve measurements at this wavelength ade-
quate for our purpose. This was for several rea-
sons.

(a) The precipitates commonly found in many of
our samples scatter light sufficiently to make the
determination of an appropriate baseline for the
optical measurements difficult.

(b) The glue used with the thin samples has an
absorption in this region which develops when it is
exposed to uv irradiation.

(c) The intrinsic absorption of the crystal in this
region is unknown but may obscure the extrinsic
absorption in low-absorption samples like those
shown in Fig. 1.

(d) We have evidence, to be presented later, that
there are several centers contributing to the ab-
sorption near 190 nm and we have not been able to
unravel their relative contributions.

The data that we do have relative to the Pband
and its variation with stoichiometry are shown in
Fig. 1. We can draw the following qualitative con-
clusions.

(a) The Y band roughly follows the X band in
strength, i.e. , samples low in X center are low in
F center.

(b) The F center is probably not the same as the
X center for its strength does not vary as much
with growth conditions as the X center. This can
be seen most clearly in Fig. 1 by noting the shift
in the position of the minimum in the absorption
near 210 nm from sample to sample. The shift is
in the direction expected if the concentration of the
7 center varies with composition less rapidly than
the X center.
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rupturing. Accordingly, we have made attempts
to destroy the X center by dissociating it thermal-
ly. These attempts included two experiments: In
the first, crystals were mounted in an oven and the
absorption in the X band was measured as a func-
tion of temperature. Normally, one expects that
the height of such a band will decrease with tem-
perature and its width increase correspondingly
such that the area remains constant and propor-
tional to the concentration of the center. Figure 3
shows the area under the X band for three differ-
ent crystals as a. function of temperature. Clearly,
for each of these samples the area of the absorp-
tion band decreases at temperatures above room
temperature, indicating that the concentration of
the X center decreases at these temperatures. The
scatter in the data becomes large at very high tem-
peratures because the X band becomes weak and
broad and is difficult to separate from the base
line and the F band.

In the second experiment we investigated the re-
covery of the X band in samples that were thermal-
ly quenched. The sample shown in Fig. 3 labeled
1.05 CaF, (an unsupported wafer 0.006 in. thick)
was first heated to 800 C for several minutes.
According to Fig. 3 this treatment should reduce

Quenching and Temperature Effects

Two alternative models for the X center, which
have been proposed largely on the basis of ESB
data, are (VOV)' and (VO)o. These models are
both supported by the dependence of the X band up-
on variations from stoichiometry noted above. It
is to be expected that the bonds holding these pro-
posed complexes together are susceptibile to

o
r

500 4O 300 200 100
Temperature ('Cl

FIG. 3. Dependence of the X band upon temperature for
three representative samples.
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temperature for several hours.
The similarities between this complex and the X

center, especially the quenching behavior, make
it seem likely that they are the same center and,
therefore, that the "gettering" action is merely an
association of the X center and the impurity ion.

Concentration of X Centers

We can use the "gettering" phenomenon in an in-
direct fashion to calculate the concentration of X
centers in a crystal. The calculation is based upon
the assumption that there is no change in the con-
centration of X centers when Mn ions are added to
a crystal but that they associate one-to-one with

FIG. 4. Dependence of the X band upon time following
a quench from high temperatures. Optical density is
abbreviated D.

the area of the X band by more than four times.
The sample was then quenched by plunging it into
cold water. A series of optical absorption mea-
surements was then performed starting about 5

min after the quench. The results are shown in
Fig. 4 as —aD/D„, the fractional drop in the opti-
cal density (D) of the X band owing to the quench,
versus time. Clearly heating has destroyed some
of the X centers and their reformation requires
several days at room temperature.

At the elevated temperatures at which the X cen-
ter is partially destroyed the Y band and therefore
the Y center appear to be relatively little affected.
This is further evidence that the X and Y centers
are not the same and that the Y center is either a
monatomic center or a complex more tightly bound
that the X center.

Interaction of X Center with Impurities

The concentration of the X centers is drastically
reduced when certain impurities are added to FAP.
Examples of impurities which cause this effect are
Mn, Nd, Gd, and Sb. A concentration of about
1 at.%%uOof these ion srelativ e toCa isneeded ineach
case to substantially eliminate the X center. This
"gettering" phenomenon has been carefully investi-
gated for Mn because of the detailed information
which can be obtained with this paramagnetic ion
using ESR techniques. The conclusions of this
study are presented elsewhere'4 but may be sum-
marized as follows: When crystals are grown un-
der conditions that usually produce large concen-
tration of X centers and Mn ions are added, the X
centers disappear and a new Mn center [called
Mn(ilm)j appears. In this new center the Mn ion
sits next to a complex defect. If the sample is
quenched from about 800 C the complex defect
near the Mn ion changes its identity in some un-
known way but slowly recovers if held at room

Mn ions making Mn(llm) centers. Measurements
have been made by ESR of the maximum concen-
tration of Mn(III) centers which can be formed in
a sample. This concentration is equivalent to the
X center concentration in that crystal and also to
the X center concentration which would have been
present even if no Mn ions had been added. Using
these arguments and the ESR measurements we
find an X center concentration in "stoichiometric"
samples of 2x10' /cms. We can calculate the X
center concentration in several other different
ways, such as from its absorption strength (and
the assumption of unit oscillator strength), and find
values in good agreement with this one. This
agreement lends support to our interpretation of the
"gettering" process as an association event.

The concentration of X centers found is very
large; about I%%up of the fluorine ions are replaced
with X centers in a "stoichiometric" crystal. In
the sample 1.2 CaCOS about IfP/q of the fluorine
ions are replaced. This large defect concentra-
tion is comparable to that which has been achieved
in a crystal of calcium chloroapatite, Ca, o(PO4)6C1~,
by an appropriate heat treatment. '

B. New Color-Center Bands

The E(IV) Center

When the samples with a low concentration of X
and Y centers (0. 8 CaCOs and 2 CaF2) were irradi-
ated with 185-nm uv light a host of paramagnetic
centers was generated which could be correlated
with growing optical absorption bands. Two of
these optical bands have not been observed before
and are reported here.

We will call the first, shown in Fig. 5, the E(IV)
band because its growth and destruction are well
correlated with that of the E(IV) center observed
by ESR. This resonance was found by Piper ef
al. , but not correlated with an optical band or as-
signed to a specific center. We identify the E(IV)
center as an (OV) defect with a trapped electron,
i.e. , (OV) . The identification is based upon the
following observations.
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ways. First, the E(IV) center is not itself ther-
mally unstable for it does not usually disappear
completely upon warming. Second, the disappear-
ance of the E(I) center is accompanied by the ap-
pearance of the E(III) center, i.e. , the E(I) center
is converted to the E(III) center. In contrast, the
disappearance of the E(IV) center is accompanied
by the disappearance of the H(I) center, i. e. , they
mutually destroy each other. It can be shown that
this destruction is due to the capture by E(IV) of
holes freed from the thermally unstable H(I) cen-
ter. The E(IV) center is the only E center to be
destroyed in this way upon warming; therefore,
its hole capture cross section must be much larger
than the others. This follows quite naturally if the
E(IV) center has a net negative charge. The pro-
posed model for the E(IV) center, i.e. , (OV), has
this property and is the most reasonable model
which also satisfies the other constraints men-
tioned above.

The H(II) Center

FIG. 5. Irradiation sequence for a sample deficient in
CaCO&, showing the optical bands of the H(II) and E(IV)
centers. (Dot-dashed curve, before irradiation; solid
curve, after 1-hr irradiation with 185-nm uv l.ight;
dashed curve, after warming to room temperature and
recooling to 77 K; dotted curve, resolved E(IV) bands. )

(a) The observed ESR spectra can only be due
to a center composed of an electron trapped by a
fluorine vacancy which has some unidentified de-
fect on only one side.

(b) The optical spectrum is similar to that of the
E centers and thus its structure should be similar,
i.e. , an electron trapped by a fluorine vacancy
with, possibly, an adjacent defect or complex.

(c) The E(IV) center, like the E(I) center, is
destroyed when irradiated samples are warmed
from 77 to 300 K. The destruction of the E(IV)
and E(I) centers differ, however, in two important

The second new optical band detected and as-
signed an identity is the H(II) band. This label is
used to indicate its correlation with the H(II) pa-
ramagnetic center observed by Piper et aE. ,

' and
identified by them as (0) plus a hole, i.e. , (0) .
As shown in Table I the H(II) paramagnetic center
is found in all of our samples before irradiation
and grows with irradiation at different rates in dif-
ferent amples. Its concentration before irradia-
tion is not sensitive to variations in stoichiometry.
The optical band which we call H(II) has a shape
which is poorly revealed by our measurements.
This is because it lies under the X and Y bands.
Its existence and shape are inferred from data
like that shown in Fig. 5. Figure 5 shows the
optical absorption of 0. 8 CaCO3 before and after
extensive irradiation at 77 K with 185-nm uv light.
Aside from the growth of the E bands a decrease in
the X band can be noted and a general increase in

TABLE I. Properties of three crystals of FAP grown from different melts. The values of e„,the optical absorption
of the X band, and H(II)o, the concentration of the H(II) center (from ESR), are obtained before irradiation, Also given
are the growth in the H(I), H(II), E(I), E(II), and E(IV) ESB signals after irradiation. The experimental error in the ESB
measurements is k 25%. The growth of all the H centers equals the growth of all the E centers within experimental error.

Sample
0'w (X)

(cm-')

Before
irradiation

a(II)o
(10~6/c m2)

Type
irradiation

m(II)
H(II) o

After 1-h irradiation at 77 K
Ho) EO) E(IV)

(II) gE $E
E(II)
gE

0.97 CaCO3
0.97 CaCOB

2. 0 GaF2
2.0 CaF2
0.8 CaCO3
0.8 CaCO)

1200
1200

120
120
13
.13

13
13

7. 5
7.5

20
20

uv
'y

uv

7

5.2
0.4

5.4

0.6
0.5

1.7
6.3

1.8
1.0

0.9
0.9

0.3

0.1
0.2

&0.03
&0.03

0.6

0.6
0.6

&0.06
0.1
0.1

0.3
0.2
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FIG. 6. Change in ESR spectra of an approximately
stoichiometric sample due to irradiation at 185 and 250
nm.

the region around the X and Y bands, especially for
the polarization E l c. Irradiation with light in this
region, around 250 nm, causes a drop in this
broad, general absorption. We call this absorption
the H(II) band. Indirect information about its shape
can be derived from ESR measurements. They
show that the concentrations of the H(II) center and

the E centers are always roughly equal. The
height of the H(II) optical band, however, is only a
fraction of that of the E bands. Thus, assuming
equal oscillator strengths, the H(II) band must be
broad, i.e. , 5-10 times wider than the E bands.

The identification of the H(li) optical band with
the H(II) ESR center is. based upon the following
factors.

(a) The H centers must have absorption bands
and, since they do not appear in the visible or near
ir, they should be found to the short wavelength
side of the E bands near the intrinsic absorption
edge.

(b) Irradiation with 185-nm uv light increases
the H(II) paramagnetic center and the H(II) optical
band proportionately.

(c) An irradiation with light absorbed by the
H(D) band, i.e. , near 250 nm, reduces the ESR
signal of the H(II) center, as is shown in Fig. 6,
as well as the strength of the H(II) band.

(d) Holes are released by such an irradiation
near 250 nm. This conclusion is reached after ob-
serving the rapid destruction, primarily of E(IV)
and B centers, that results from such an irradia-
tion. These centers can be destroyed by holes and
since they alone have a net negative charge they
have a large capture cross section for holes. In
samples like that shown in Fig. 6 containing few

E(IV) or B centers, those nuetral Z centers pre-
sent, i.e. , E(I), E(II), or E(III), are destroyed by
the holes instead. In samples containing no E cen-
ters at all, i.e. , unirradiated samples, the holes
are trapped by (OV)0 centers forming H(I) centers
and the H(II) centers are destroyed

If samples are irradiated at 300 K with uv light
to create E and H centers and are then stored in
the dark at room temperature, the concentration of
most of the defects changes. This is shown, for
instance, in Fig. "l—a plot versus time of the opti-
cal density of several centers in the crystal 0. 8
CaCO& as a result of prolonged irradiation with
185-nm uv light followed by a long wait in the dark,
all at 300 K. These measurements were made with
unpolarized light and the crystal was cut so that the
light sampled both polarizations equally. Most ap-
parent from Fig. 7 are the reduction of the Z(II)
band and the growth of the Z(III) and B centers dur-
ing the wait in the dark. Also plotted are the
change in the peak height of the X band at 250 nm
and the valley at about 200 nm. It is apparent that
the radiation causes both to rise. This increase
in absorption is caused by the growth of the H(II)
band beneath them. If these measurements are
repeated at 77 K, no changes are observed after
prolonged holding periods in the dark.

Two explanations can be put forth to explain the
changes observed at 300 K in the dark. Either
electrons and holes are freed from certain defects
and are trapped by others, or some of the color
centers are mobile and diffuse and combine with
others. Now since the electron excess centers,
E(III) and B, have grown in the dark, motion of
holes is ruled out. Electron motion can also be
ruled out, for in this sample the E(II) center is the
only possible donor. Piper et al. .have shown,

0.1

Ch ('

Valley

-0 j = — 185 Irradiation Itait in Dark

0.3—

I
0.2 —'

W

0.1

0—
10 102 103

Time (sec)

10 10'

FIG. 7. Growth of color-center absorption bands in a
sample deficient in GaG03 at 300 K.

(e) The H(II) band cannot be assigned to the only
other known hole center, H(I), because the H(II)
band forms at 300 K while the H(I) center is un-
stable at 300 K. Furthermore, the H(I) center
is not strongly affected by radiation into this band,
as is shown in Fig. 6.

C. Area Correlation Measurements

Mobility ofDefects
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however, that the electron is bound very strongly
to this center so that it is very stable. After con-
sidering various alternatives, we are led to the
conclusion that the E(II) center (V) is mobile at
300 K. This can occur most readily along the chain of
fluorine ions by the inter change of a fluorine ion and

an electron trapped at the adjacent fluorine vacan-

cy. The quenching experiments suggest and more
direct experiments by Tse et al. ' show that an un-
decorated fluorine vacancy can move in this way
rather easily. If the vacancy and E(II) centers are
mobile at room temperature some of the important
reactions which one would expect to occur are the
follow ing:

E(II)+ (OV)0- E(I)- E(III), growth of E(III) center

E(II)+E(III)- 8+ (V)',

E(II)+H(II)- (OV)',

(v)'(o)-- (ov)',
(v)'+ (ov)'- (vov)'.

growth of 8 center

destruction of E(II) and H(II) centers

Evidence for the first three reactions can be
found in Fig. 7. The last two reactions suggest
that (0) and (V)' defects as well as all kinds of
complexes like (OV) and (VOV)' are being con-
sumed and/or produced constantly at 300 K until
their relative concentrations approach some kind
of equilibrium relationship. If the concentration
of any member of this group is disturbed, for in-
stance by capturing charges released by uv radia-
tion, the concentration of all of the others will also
change to reestablish their equilibrium. This is in
contrast to the simple model proposed by Piper
et g/. , in which the concentrations of the primitive
defects and the complexes are never changed by i.r-
radiation —the only change being their net charge.
As a consequence of this complication attempts
made to correlate the growth of the E and H cen-
ters with the loss of the X or Y centers must not
be carried out at room temperature but at lower
temperatures, like 77 K, where the diffusion of the
defects does not occur so rapidly. Such correlation
studies appears to be a useful way to establish an
identification of the X and Y centers.

We have performed studies at 77 K to attempt
to correlate the growth of the E and H bands with
changes in the X and Y bands. Typical results of
such optical experiments are shown in Fig. 8. The
experiment was identical to that described above
(and shown in Fig. 7) except that the temperature
during irradiation was 77 K instead of 300 K. ESR
measurements were also made on this sample; the
results are shown in Table I. The paramagnetic
centers produced by irradiation were largely those
revealed by the optical measurements, i.e. , the
E(II) and E(IV) centers, and the H(I) and H(II) cen-
ters. Other paramagnetic centers were observed
at lower concentrations. The simultaneous growth
of the absorption at 250 and 210 nm (called the X

,band and the valley) is due to the underlying H(II)
band. Assuming that the oscillator strengths of

M( I) M(II)

53

77 K, H J. C

Before Irradiation

After 185 nm Radiation

gF

1F

E( III)

68

After Additional

250 nm Radiation

E( I)

Magnetic Field

FIG. 8. Growth of color-center absorption bands in a
sample deficient in Ca COB at 77 K.

the X, E, and H bands are roughly equal, we cal-
culate from Fig. 8 that the drop in the area of the
X band after extensive irradiation is very low-
lower by at least an order of magnitude than the
growth of the E(II), E(IV), or H(II) bands. The
drop however is approximately the same as the
much slower growth of the E(I) band inferred from
the ESR data. Thus the E(I) center may grow
from the X center by electron capture, but not the
E(II), E(IV), or H(II) centers. Since we know the
identity of the E and H centers we can conclude
that the X center is not (0), (V)', or (Ov) but may
be (VOV)'.

Since the E and H centers must be formed from
some center which exists before irradiation, and
since the Y band usually decreases during such ir-
radiations, the Y center is a likely candidate. Un-
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fortunately, its dependence upon radiation cannot
be assessed accurately so a correlation of its area
with that of the E and H bands cannot be tested as
was done for the X center.

D. y-Radiation Experiments

Identification of Y Center

It is clear that if the temperature of a. sample is
low enough, color centers produced by uv radiation
are created solely by the capture of charges by in-

' trinsic defects like the X and 7 centers. Color
centers produced by y or x irradiation are created
largely by the same process but some centers can
be produced from new defects which are themselves
formed by the energetic radiation. This process
is usually unimportant for short irradiations such
as these. There is another more important differ-
ence between uv and y or x radiation: y or x radia-
tion is sufficiently energetic to simultaneously
produce free electrons and free holes, while uv

irradiation at 185 nm, which is absorbed by the Y
center, does not have energy greater than the band

gap energy of about 7.75 eV (160 nm), and thus is
capable of freeing only electrons 0r holes. If we
can decide which is the case for the F center, i. e. ,
whether electrons or holes are released, we have
also determined the charge of the ionized F center
left behind. If only one or, at worst, a small num-
ber of color centers of that charge have been pro-
duced, we may be able to conclusively identify the
ionized F center as that color center. The identity
and structure of the neutral E' center will then
readily follow from our knowledge of the structure
of the different color centers.

We proceed to carry out this plan in the following
manner: We have irradiated three samples with
varying X and Y center concentrations with 185-nm
uv light at VV K and have also irradiated two of the
same crystals at VV K with Cs'3 y rays. We have
measured by ESB the concentrations of the centers
produced. The results are shown in Table I. The
entries to be noted are the last four rows which
show, respectively, the ratio of the H(I) to H(II)
centers produced by the irradiation and the frac-
tion of the E(I), E(IV), and E(II) centers produced.
The data can be summarized as follows: The mix-
ture of E centers produced varies from crystal to
crystal but is the same for uv and y irradiation.
The mixture of H centers is roughly constant for
all crystals for uv irradiation [H(I)/H(II):—l. 5] but
very different and sample-dependent for y irradia-
tion.

This result is exactly what one expects if elec-
trons are freed from Y centers by the uv irradia-
tion, and quite different from the case if holes
were freed. The mix of E centers is the same for
uv and y radiation because the electrons in each

ease are free to be trapped where they will. The
mix is different in different crystals because the
mix of trapping sites is different. The mix of
hole centers is the same in all crystals for uv ra, —

diation because the creation of the hole centers is
the primary result of absorption of uv by the g
center and is thus independent of the concentrations
of any of the defects or traps. The hole center
concentrations for y radiation differ from crystal
to crystal and differ from the uv radiation case
because the holes created with y radiation are free
to diffuse through the crystal to be trapped where
they will.

The ionized P center must therefore bepositively
charged, i. e. , a hole center. Unfortunately, there
are two hole centers produced, H(I) and H(II). It
is possible that the F band is actua, lly composed of
two subbands, one owing to (OV) and the other (0),
and that each is converted to the corresponding
hole center, H(I) and H(II), upon uv irradiation.
This possibility seems to be unlikely since the mix-
ture of H centers produced by uv would then be ex-
pected to vary from crystal to crystal. Instead it
is essentially the same in all crystals. A more
likely explanation is thai' the I' center is (OV) and
that when it is ionized by uv the resulting center is
H(I) in an excited state. This excited center then
partially (-0.4) dissociates into H(II) plus a vacan-
cy. That this dissociation is not thermally acti-
vated at VV K has been demonstrated by carrying
out the irradiation at 4 K. The mixture of H cen-
ters produced is unchanged. Thermal dissociation
of the H(I) center does occur at room temperature
in the dark; thus the H(I) center is relatively un-
stable and the proposed partial dissociation after
ionization appears to be reasonable.

Mass Action Law

In addition to leading to an identification of the F
center, the irradiation experiments described
above give us information about the other intrinsic
defects present in the various crystals. In par-
ticular, we find that once an electron has been
freed from a F center it can be trapped at three
different centers: (V)', (OV)0, or (VOV)' produc-
ing E(II), E(IV), or E(I). The relative production
of these three centers gives us some useful infor-
mation about the relative concentrations of the
three undecorated defects. Table I shows the in-
formation we need. In the crystal with the largest
X band, 0. 9V CaCO~, the E(I) center is the domi-
nant center, showing that (VOV)' defects capture
most of the electrons. In the intermediate crystal,
2. 0 CaF2, the E(IV) center is the strongest with
the E(I) center having roughly ~ of its concentra-
tion. Thus (OV)0 is the main electron trap in this
crystal. In the crystal with the least X band, 0. 8
CaCOs, the E(IV) center is the strongest center with
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E(II) about —,
'- as strong. Thus (OV)0 is the main

trap but (V)'has become more important. The
mixture of hole centers produced by y rays gives
this same kind of information —the crystal 0. 97
CaCO& contains mainly H(I) centers, i.e. , decor-
ated (OV)0 centers, while the crystal 0. 8 CaCO, has
a, more even distribution of H(I) and H(II) centers,
i. e. , decorated (OV)~ and (V)' centers.

The most reasonable way to explain data of this
sort is to a.ssume that the primitive defects, (0)
and ( V)', are introduced into the crystals in equal con-
centrations, and that the concentrations of these
isoLated defects as well as clusters of two, i. e. ,
(OV)~, or more, i. e. , (VOV)', are governed by a
mass action law. Following this line of reasoning
the complex involving the most parts, (VOV)', will
be most important as the highest concentration of
the primitive defects; the complex with fewer
parts, (OV)0, will be most important at an inter-
mediate concentration of defects; and the isolated
(0) and (V)' defects will be most important at low
concentrations of defects. The kinds of color cen-
ters produced in the different crystals are in agree-
ment with these predictions of the mass action law
and substantiate the models for the different cen-
ters and the process by which color centers form.

Identity ofICenter

The identification of the X center is more diffi-
cult than that of the Y center because irradiation
in the X bands does not form new centers. The
identification is based upon the following evidence
accumulated from the results reported above.

(a) The concentration of the X and F centers
depends upon crystal growth conditions in the same
way indicating that they are composed of the same
parts, (V)'and (0) .

(b) One result of the mass action law is that the
concentration of (VOV)' (and more complicated
centers) should change more rapidly with total de-
fect concentrations than does (OV)0, i. e. , the I'
center. The X center behaves in this way.

(c) The X center dissociates thermally indicat-
ing it is a complex more loosely bound and, there-
fore, probably more complicated than the Y center.

(d) There is no ESR or other evidence for the
existence of defects composed of (0) and (V)' con-
taining more than three parts. Their existence is
doubtful for their stability should steadily decrease
with size.

(e) Another hypothetical three part complex that
might be stable is (OVO) . It must form by the

association of isolated (0) and (V)' during the cool-
ing of the crystal after growth like the other com-
plexes do. Its formation, however, should be much
more difficult for it involves the motion of (0)
while the other complexes can form by the much
easier motion of (V)'. Thus its concentration is
expected to be very low. No evidence for its exis-
tence has been found.

(f) The area of the X band decreases only slight-
ly under uv irradiation. This drop is much less
than the growth of most color-center bands. The
E(I) band is an exception. Because of this the X
center cannot be (0), (V)', or (OV)0 but can be
(VOV)'.

The conclusion drawn from this evidence is that
with high probability the X center is (VOV)'.

IV. CONCLUSIONS

FAP crystals grow with a defect structure con-
sisting of equal concentrations of (0) and (V)'.
Their concentration can be controlled during
growth by adjusting the stoichiometry of the melt.
Upon cooling these defects partially associate
forming (OV)0 and (VOV)', the former causing the
Y band and the latter the X band. At room tem-
perature all of these defects are in equilibrium
with each other such that if the concentration of
one is altered that of the others will slowly shift in
compensation.

Irradiation in the Y band at low temperatures
frees electrons from the (OV)0 center forming H(I)
in an excited state. In returning to its ground state
about 0.4 of the H(I) centers decompose into the
H(II) center and an isolated vacancy (V)'. The elec-
trons freed from the Y center are trapped by the
centers (V); (OV), and (VOV)' forming the related
E centers. Irradiation with y radiation creates
free holes in addition to free electrons. The holes
are captured by (0) and (OV)0, forming the re-
lated H centers. Upon warming several of these
centers become unstable and either convert to new
centers or are destroyed. Holes can be freed
from the H(II) center by irradiating the sample near
200 nm where this center absorbs. The holes are
most likely to be trapped by negative centers, i.e. ,
E(IV) and B.

ACKNOW LEOGMENT

The author wishes to express his appreciation to
Dr. B. Mazelsky for growing the many single crys-
tals used in this experiment.

'H, . W. G. Wyckoff, Crystal Stmctuxes, 2nd ed.
(Wiley, New York, 1965), Vol. III, p. 228.

2P. D. Johnson, J. Klectrochem. Soc. 108, 159 (1961).
3J. S. Prener, J. Electrochem. Soc. 114, 77 (1967).

4R. Mazelsky, R. H. Hopkins, and W. E. Kramer, J.
Crystal Growth 7, 260 (1968).

J. S. Prener, W. W. Piper, and B. M. Chrenko,
Phys. Chem. Solids 30, 1465 (1969).



DE FECT CENTERS IN CALCIUM FLUOROPHOSPHATE 4689

"P. D. Johnson, J. Appl. Phys. 32, 127 (1961).
R. K. Swank, Phys. Rev. 135, A266 (1964).
W. W. Piper, L. C. Kravitz, and R. K. Swank, Phys.

Rev. 138, A1802 (1965).
Available from Thermal American Fused Quartz Co. ,

Montville, N. J.
Glass Resin Type 650 avail. able from Owens Illinois

Tech Center, 1700 North Westwood, Toledo, Ohio 43607.
~~Available from Polacoat, Inc. , 9752 Conklin Rd. ,

Cincinnati, Ohio 45242.
' R. W. Warren, Phys. Rev. B 2, 4383 (1970).

F. M. Ryan, R. C. Ohlmann, J. Murphy, R. Mazel-
sky, G. R. Wagner, and R. W. Warren, Phys. Rev. B
2, 2341 (1970).

~4R. W. Warren (unpublished).
"J. S. Prener, J. Solid State Chem. 3, 49 (1971).
' C. Tse, D. O. Welch, B. S. H. Royce, Bull. Am.

Ihys. Soc. 17, 265 (1972).

PH YSICA L RE VIE W 8 VOLUME 6, NUM BER 12 15 DE CE MBER 1972

Compton Profile of LiH

Joshua Felsteiner, Raymond Fox, and Sylvian Kahane*
Department of Physics, Technion-Israe/ Institute of Technology, Haifa, Israel

(Received 9 June 1971; revised manuscript received 17 April 1972)

A Compton-profile measurement of polycrystalline LiH has been made using 59.54-keV
p rays of 24~Am. Fairly good agreement is found with a previous Compton-profile measure-
ment at 17 keV using MaKm x rays. A simple two-parameter theory is used in which a radial
phase dependence is introduced for each of the two H" electrons. Good agreement is obtained
with the measured Compton profile and previously measured scattering factors. This is in

contrast with previous theories which, though obtaining good agreement with the measured
scattering factors, consistently predicted narrower Compton profiles than were experimental-
ly measured. A tight-binding calculation of the Compton profile of LiH was also made using
Kunz local-orbital wave functions, which in contrast to previously used simple screened-
hydrogenic wave functions have the important feature that first-order overlap has been taken
into account. The previously neglected Li'-Li' overlaps are shown to be non-negligible and

are included. This ab initio calculation, similar to previous theories, predicts a narrower
Compton profile than experimentally measured.

I. INTRODUCTION

There has been considerable recent interest in
the theoretical and experimental analysis of LiH.
Hurst' assumed a model in which the crystal is en-
tirely ionic with no exchange between the charge
clouds of adjacent ions. The wave function of the
H ion was minimized with respect to the energy
in the field of point charges and the process was
repeated for Li' as the central ion. Calder et al, .'
measured x-ray scattering factors and found that
the Hurst wave functions gave good agreement with
the measurements. Phillips and Weiss, on the
other hand, measured the Compton profile and

found marked disagreement with the Hurst wave
functions. In order to improve the fit they added
d-like wave functions to the isotropic s-like wave
functions of Hurst. A best fit to both the scatter-
ing factors and the Compton profile required an un-
realistic 60/g addition of the d-like wave functions;
the fit still being poor. Very recently, a number
of theoretical attempts have been made to reconcile
the Compton-profile and scattering-factor data.
Brandt used self-consistent electron wave func-
tions in the cell approximation, while Berggren and
Martino used tight-binding wave functions. While
the scattering factors calculated from the self-
consistent-cell and tight-binding wave functions are

in good agreement with experiment, the Compton
profiles calculated from these wave functions are
appreciably narrower than the experimental data.
The possibility thus exists that the Compton-profile
data. using MoZo. x rays (-17 keV) might be in

error. Section II describes a new Compton-profile
measurement using 59. 54-keV y rays, the results
of which are in fairly good agreement with those of
Phillips and Weiss. s In Sec. III the results are
analyzed. .P'irst, a simple two-parameter theory
is presented which gives good agreement with both
the experimental scattering factors and the Comp-
ton profile. Secondly, in order to explore the pos-
sibility of whether an improved tight-binding cal-
culation might be in better agreement with the ex-
perimental results, a calculation to sixth order in
the tight-binding approximation is presented using
Kunzs local-orbital wave functions. Whereas in
the tight-binding calculation of Berggren and Mar-
tino simple screened-hydrogenic wave functions
were used, the Kunz wave functions have the im-
portant feature that first-order overlap is taken in-
to account.

II. EXPERIMENT

The LiH sample used was polycrystalline. The
results can be compared with the spherically aver-


