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The dependence of the number of point defects on the dose and on the wavelength of the exciting
radiation has been studied in uv-irradiated alkali halides. The existence of various types of traps
for the stabilization of defects and the occurrence of competition between these traps were as-
sumed. Theoretical expressions were derived for the number of defects induced by the mono-
chromatic uv radiation. These expressions were found to agree with the experimentally mea-
sured dose dependences, as well as the thermoluminescence excitation spectra. They included
various previously derived functions as special cases. The observed superlinear dose depen-
dence of the intensities of most glow peaks in NaCl is explained by the proposed mechanism.

I. INTRODUCTION

In recent work, processes of defect formation by
ionizing and nonionizing uv light have been studied
by thermoluminescence (TL) methods. ' The rel-
atively high sensitivity of TL measurements com-
pared with absorption measurements enabled the
use of monochromatic uv light for excitation. The
excitation spectra of the glow peaks and the depen-
dence of their intensities on the dose of the exciting
radiation revealed relevant information concerning
the mechanism of defect creation.

Different processes were found to be responsible
for the excitation of TL. One process was dom-
inant in the case of irradiation in the spectral re-
gion of the band-to-band transitions and the other
was dominant mainly by irradiation in the region of
the exciton bands. The process responsible for
the latter ease was found to fit the excitonic mech-
anism proposed by Hersh and by Pooley, while
the former was found to be connected with the crea-
tion of V~ centers. In each of these cases, an ab-
sorbed photon caused the creation of a stable pair
of defects (a Frenkel pair or a pair which con-
sisted of a V„center and a trapped electron). Glow

peaks appeared as a result of the thermal release
of one of the constituents of the pair and its re-
combination with the other.

Assuming a simplified case where only one type
of trap was responsible for the stabilization of the
defects, expressions for the number of point de-
fects created by the uv irradiation were derived as
functions of the radiation dose. These expressions
were derived taking into account the absorption co-
efficient of the crystal and therefore the penetra-
tion depth of the exciting monochromatic light.
Good agreement with the experimental results was
found. The above-mentioned simplified model
could not explain, however, the superlinear dose
dependence which was detected in certain glow
peaks. 4

In the present work, the superlinear dose de-

pendence is investigated and the mechanism of de-
fect production and TL excitation is studied under
more general conditions. Expressions for the
kinetics of these processes are developed, taking
into account the existence of various traps for the
stabilization of defects and the possibility of com-
petition between these traps.

II. THEORY

dn, = (XPg —Q Ã @Sy,dt

de ] = —P, m, n&, i=1, 2, . . . (2)

dn~ dn, g dm(
dt

It is assumed that pairs of defects are created in
the crystal by uv irradiation, and that the crea-
tion rate of these pairs is proportional to the pho-
ton flux (s) of the incident monochromatic radia-
tion, and also to the absorption coefficient (p, ).
The constituents of a pair which do not recombine
immediately upon creation may be stabilized. It
is considered that one of the constituents (later re-
ferred to as defect A) is stabilized in a very short
time, in a certain configuration specific to the type
of the pair (e. g. , the F center in the case of the
creation of a Frenkel pair, or the V„center in the
case of creation of a free-electron-hole pair).
The second constituent of the pair (later referred
to as defect B) is assumed to remain mobile for a
relatively longer period of time and may then ei-
ther be trapped or recombine with a defect of type
A. The possibility of the existence of several
types of traps (7, ) for the mobile constituent B is
presumed. Since these various traps may, gen-
erally, have different trapping probabilities (P, )
and may appear in different concentrations (m, ),
competition between the traps has to be considered.

Based on these assumptions, the kinetics can be
described by the following set of equations:
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where n, represents the concentration of the stabil-
ized defects of type A; n&is the concentration of the
defects of type B, which are free at time t; and o.

is the probability for a free defect B to recombine
with a stabilized defect A.

Equation (1) gives the time dependence of the
density of the stabilized defects A, Op. s represents
the rate of pairs generatedby the radiation and the
second term represents the rate of recombination.
Equation (2)describes the change in the densities of
the various unoccupied traps at which defects of
type I3 may be trapped. Equation (3) expresses
the consequent changes in the concentration of the
free defects B.

Substitution of (1) and (2) into (3) give .

dna Q dm»
dt f dt

and therefore

(14)

™Pfm»,j=1,2, . . . (16)dt amo+ g»(P; —&)m»
'

which can also be written as

nit —fPl P m f
f

where mo= g»mo&.
Equation (14) states that the number of stabilized

defects A equals the number of trapped defects B.
This relation obviously holds for any time except
for the very beginning of irradiation.

Substituting (14) into (12) gives

(4)

If T, and T, are two different types of traps, elim-
ination of n& from Eq. (2) leads to

dm ddt dm, /dt
p»m», p, m,

Integrating this equation results in

(m, /mo, )"'» = (m, /m„)"'», (6)

where nzp» represent the initial concentrations of
the unoccupied 7» (i= 1, 2, . . . , k, . . . , l. .. ). The
relative occupation y» of the trap T» is defined by

G»m» dt Q

(16)
Taking into account Eq. (5), the expression
( m/»P& m)d m/ dtcan be replaced by (1/P, )dm, /dt
and therefore

mp d 1 1 dna» o'—1n(m&)+ Q ——— ' = ——ps . (17)
P» dt »»»x P» dt a

Integration over the irradiation time t results in

ln + Z ———
(mo» —m») = —estmo /m» 1 1

(mo»
or

—b»ln(1 —y&)+ P a»y;=CeD, j= 1, 2, . . . (18)

y, = (mo» —m»)/mo» .

Substituting (7) in (6) gives (1-y»)" '= (1-y, )'
and

(8)

where a» = m(o1»/ —»x 1/P») b» = mo/P» C = »I/c»L

(where L is the thickness of the crystal), e = t»L,
and D =st.

The radiation dose D at a depth y from the sur-
face of the crystal is given by

The "lifetime" of a free defect B is assumed to
be very short as compared to the time of irradia-
tion; thus, the rate of the accumulation of free de-
fects can be neglected in comparison with the rate
of their annihilation

dn,"&~ae.+Z p, m)m, .
dt

D=-Dae ""=Dpe ", (19)

where Dp is the incident radiation dose on the crys-
tal surface and P= y/L. With the help of relations
(8) and (19), Eq. (18) is transformed to

—b&l n(1- y&) +a»y& +Z a» [1 —(1 —y&)»»o»]

Under these conditions we get from Eq. (4)

O'P.s
nf= nn, +g» p, m»

Substituting (10) in (1) and (2) leads to

dn, c»»»sg, P» m»
dt nn, + g» P, m,

dm» 0't»s pg m»
dt o»n, + g» P»m»

From these equations, we have

(10)

(12)

=CED e '~,
p (20)

(21)

where Mo»= Vmo» (V is the crystal volume).
Examples showing the dependence of Xf on Dp

and & for a case of two types of traps for the free

Equation (20) expresses the relative occupation
yf of a certain trap Tf as a function. of the absorp-
tion coefficient, the depth in the crystal, and the in-
cident radiation dose. This function also includes
the effects of competition between Tf and all the
other traps. The total number of defects B, which
are finally trapped at Tf at all points in the crys-
tal, is given by

N» ——Mo» f y»(Q)dP, j=1,2, . . .
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defects are given in Figs. 1 and 2. For the nu-
merical computation of N, and N2 from Eq. (21), a
certain set of values for the parameters a&, b &, a2,
and C appearing in Eq. (20) was chosen arbitrarily.
The various curves in Fig. 1 describe the dose de-
pendence of

D08E (a rb. unite)
FIG. 1. Theoretical dose dependence of the normalized

number of defects stabilized at a single trap, or several
traps of equal trapping probabilities (curve a); two com-
peting traps of different trapping probabilities (curve b
and c). (The trapping probability in curve b was taken
100 times larger than that in c.)

nzg » rsvp ],
F41

(23)

which leads, obviously, also to mp& -mp. In this
case Eq. (20) reduces to

5& in(1 —-y, )+a,y, = CeDoe ' . (24)

The index "1"can now be omitted. Ec(uation (21)
therefore becomes

N.
j

Maj

absorption coefficient is very high and the penetra-
tion depth tends to zero. In the case of irradiation
in a spectral region where the absorption coeffi-
cient varies from low to very high values, this de-
pendence on & may cause the excitation maxima to
appear not at the absorption peaks, but somewhere
on the tail of the absorption bands.

Previous studies on trapping mechanisms dealt
mainly with the trapping of defects by a single type
of trap, and therefore the effect of competition was
ignored. The function given by Eg. (20) includes
the trapping of defects by a single type of trap as
a special case. In this case the concentration of
one type of trap (say, T, ), as well as the probabil-
ity of a free defect to be trapped by Tj, has to be
taken much greater than those of the other traps
together. These conditions can be expressed by

pgmy » Z p) pE( (22)
fbi

and

N

Mp~
sg(4) &4,

for a certain value of & and various values of b&.

Curve a corresponds to a case of equal-trapping
probabilities Pq= Pa or b, = bq, in this case the re
lation N, /M~ =Nm/Mom holds true and curve a rep-
resents, therefore, both traps. Curves b and c
correspond to a case where P, and Pz differ con-
siderably from each other. The ratio P2/Pq was
taken in this case to be ~ and it can be seen that
the number of occupied traps of both T, (curve b)
and Ta (curve c) depends linearly on the radiation
dose at the very low dose range. The dose depen-
dence of T2 becomes superlinear for higher doses,
when the "faster" trap T& begins to be saturated.

The dependence of N~/M+ on the absorption co-
efficient was computed for the same cases taking a
constant value of Dp within the superlinear region.
This dependence is shown in Fig. 2. It can be seen
that in all of these cases N~(&) and N, (e) reach
maxima for certain values of & and decrease for
higher values. The fact that N& vanishes for &= 0
and &- fits the extreme cases where the radia-
tion is not absorbed by the crystal, or where the
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FIG. 2. The normalized number of defects as a func-
tion of the absorption coefficient. Curves a-c are as in
Fig. 1.
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FIG. 3. A typical glow curve of
NaCl excited at 80 K by uv light of 160
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x=m, j,' y(P) dP. (25)

Since in our case

a moq p p1+-= 1+ -- — — ——1
b mp o'. n

Eq. (26) can be written as

P 2Ce
y +2 y — Dpe '~=0.

n (27)

It can be seen that this special case fits the one
which has previously been treated in detail in the
first paper of Ref. 1. It can also be seen that for
the case where the probability for recombination
(o.') is much greater than the probability for trap-
ping (P), the first approximation might be insuf-
ficient. In this case, if the linear terms in (27)
can be neglected, y as well as N will then be pro-
portional to Dp". Such a square-root dose depen-
dence has previously been studied by various au-
thors. '

III. EXPERIMENTAL TECHNIQUES AND RESULTS

Pure NaCl crystals were used in all the mea-
surements. Specimens of 11&&9&&2 mm were
cleaved from a single Harshaw crystal. The sam-
ples were irradiated at 80 K by monochromatic uv

light in the vacuum region. TL was recorded by

In fact, curves a of Figs. 1 and 2 describe the de-
pender. ce of N on Dp and & also in this case of a
dominant trap.

If y && I (which means that T is very far from
saturation), Eg. (24) becomes by second approxi-
mation

by+ —,'by +ay =C&Dpe '~

or
a 2C~

y'+2~ I+ —y — D,e-"=0.
b b

heating the crystals to about 500 K at a rate of 25
K/min. Experimental details have previously been
described. ' '

Figure 3 shows a typical glow curve of NaCl ex-
cited by irradiation at the long-wavelength tail of
the first exciton band. The main glow peaks ap-
pear at 102, 186, 213, 250, and 303 K. Weaker
peaks appear also at 128, 164, and 350 K. The
intensities of all glow peaks except for the 303-K
peak were found to be reproducible. The intensity
of this 303-K peak decreased after repeated mea-
suring cycles of irradiation and subsequent warm-
ing up, and reached then a steady level of about
half its initial intensity.

The TL excitation spectra were measured while
keeping the irradiation time and the incident pho-
ton flux constant. The excitation spectra of the
glow peaks at 102, 213, and 250 K are given in
Fig. 4. The excitation spectrum of the 186-K
glow peak was the same as that of the 213-K peak.
The dots in Fig. 4 represent the experimentally
measured values, while the solid curves give the
computed excitation spectra as explained in Sec.
IV. The absorption spectrum of the crystal is
shown for comparison by the dashed curve d. It
can be seen that all these glow peaks have excita-
tion maxima on the long-wavelength tail of the first
exciton band. Only the 303-K glow peak could be
excited by more energetic photons corresponding
to band-to-band transitions, as well as by photons
corresponding to the exciton region.

The dependence of the glom-peak intensities on
the dose of the exciting radiation was measured
independently for constant photon flux by varying
the irradiation time, as well as for constant ir-
radiation time by increasing the exciting photon
flux; the same dependence was found in both cases.
All glow peaks showed nearly linear dose depen-
dence for relatively low radiation doses. This
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pIG, 4. TL excitation spectra of NaCl excited at 80 K
by nonionizing uv light: 102-K (curve a), 250-K (curve
b), 213-K glow peaks (curve c). These dots, crosses,
and triangles represent the experimentally measured
values and the solid curves the theoretical functions.
Curve d sho~s, for comparison, the absorption coeffi-
cierit of the crystal (data taken from Hef. 6).

length of 160 nm, which corresponds approximate-
ly to the maximum of the excitation spectrum.
The circles and the squares show the measured
values of the 303-K (after reaching steady state)
and of the 350-K glow peaks, respectively. The
dashed lines are of slope 1, representing a linear
dose dependence. All other main glow peaks of
NaCl showed, after the initial stage of nearly lin-
ear dose dependence, a pronounced superlinear
dose dependence. A tendency to saturation ap-
peared also in these glow peaks for relatively high
doses. In Fig. 6 the dose dependences of the in-
tensities of the 102-, 213- and 250-K glow peak are
given. The experimentally measured values are
again represented by dots, while the solid curves
show the dose dependences as computed from Eq.
(21). The dose dependence of the 186-K glow peak
was found to be the same as that of the 213-K peak.

IV. DISCUSSION

The experimental results showed that all glow
peaks of NaCl excited by.nonionizing uv light had
excitation maxima on the long.-wavelength tail of
the first exciton band. Most of these glow peaks

linear dependence was followed by a tendency to
saturation for higher doses at some of the glow
peaks. Examples of such behavior are shown
in Fig. 5 on a log-log scale. All these measure-
ments were carried out by excitation with wave-
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FIG. 5. Experimentally measured dose dependence of
the TL intensities of the 303-K (circles) and the 350-K
(squares) glow peaks. (Crosses) the computed values
of the 350-K glow peak.
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FIG. 6. Dose dependence of the TL intensities of the
102-K (curve a), the 250-K (curve b), a,nd the 213-K glow
peaks (curve c). The dots, crosses, and triangles repre-
sent the experimentally measured values and the solid
curves represent the theoretical functions. Curve d
represents the dose dependence of the hypothetically as-
sumed trap (see text).
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showed a nearly linear dose dependence for very
low doses which became superlinear with increas-
ing doses, and tended toward saturation for higher
doses. The theoretical model given in Sec. II pre-
dicted in certain cases such behavior for the de-
pendence of the number of radiation-induced defects
on the exciting dose and on the absorption coeffi-
cient. This model was based on the assumption
that pairs of defects are created by the radiation,
but no specific assumption was made concerning
the type of these defect pairs.

In the present case of uv irradiation into the ex-
citon band, it is supposed that Frenkel pairs are
created by an excitonic mechanism. At 80 K, the
"free"-halogen interstitials are not stable and may
either recombine with an I' center or be stabilized
by one of the existing traps, which may consist of
impurity ions or other imperfections. However,
when more than one kind of trap exists, a com-
petition process between the various traps is in-
volved. During the heating of the crystal, the
halogen interstitials trapped at different configura-
tions will be released thermally at various tern-
peratures. TL glow peaks may arise as a result
of radiative recombination of these freed inter-
stitials with the I centers.

It has recently been shown' that the maximum
intensities of these glow peaks in NaCl are propor-
tional to the initial numbers ¹ of defects which
were trapped at the corresponding traps T&, prior
to the rise of the glow peaks. These facts enable
us to substitute the TL intensities for the numbers
of defects, N&. The dependence of N,. on the wave-
length and on the dose of the exciting uv radiation
has been formulated by Eqs. (20) and (21). Nu-
merical methods were applied for the analysis of
these expressions in the present case of NaCl.
Computations were performed for the glow peaks
of 102, 186, 213, 250, and 303 K. An attempt was
made to fit function (21) to the experimentally mea-
sured dose dependence of the various glow peaks.
Values of the absorption coefficient were taken
from the literature for these computations. In order
to achieve a satisfactory fit, the existence of an
additional trap of high trapping probability had to
be assumed. A best fit of the function (21) with
the experimental dose dependence of the 102-, 213-,
and 250-K glow peaks is given by the solid
curves a, b, and c in Fig. 6. No satisfactory fit
could be achieved for the 303-K glow peak. It may
be noted that this glow peak behaved also in other
respects differently;. as mentioned, it was very
sensitive to the pretreatment of the sample and was
the sole glow peak that could be excited by both,
ionizing and nonionizing uv light. It therefore
appears that this glow peak is due to a different
process.

The theoretical dose dependence of the normal-

ized number of defects N&/Mo~ trapped at the hy-
pothetical trap is shown by curve d of Fig. 6. This
curve reveals a linear dose dependence for rela-
tively low doses and a sublinear dependence for
higher doses, whereas curves a-c show super-
linear dose dependence. Although the existence of
such an additional trap had a Priori been only hy-
pothetically assumed, we found the measured dose
dependence of the 350-K glow peak to fit curve d
of Fig. 6. Since the 350-K peak appearing in the
glow curves was partly overlapped by the stronger
303-K peak, the contribution of this 303-K peak to
the total luminescence intensity at 350 K had to be
taken into account. This contribution was esti-
mated to be about 10% of the peak intensity at 303
K. In Fig. 5, a comparison is shown between the
measured dose dependence of the glow-peak inten-
sity at 350 K (represented by squares) and that of
the hypotheticalglow peak (represented by crosses)
taking into account the above-mentioned contribu-
tion of the 303-K peak. The apparent agreement
indicates that the trap connected with the 350-K
glow peak is probably the one responsible for the
appearance of the superlinear dose dependence in
other glow peaks of NaC1.

Superlinear dependences of TL intensities on the
dose of the exciting radiation were previously ob-
served and explained in different ways for certain
cases. These explanations appeared not to fit our
case of NaCl.

An additional check for the validity of Eq. (21)
was provided by the TL excitation spectra. The
various parameters of Eqs. (20) and (21) were
found from the best fit of this function (for a given
exciting wavelength) with the experimentally mea-
sured dose dependence. With the aid of these val-
ues, the theoretical dependences of the glow-peak
intensities on the exciting wavelengths were com-
puted for a given radiation dose. Theoretical ex-
citation spectra, as achieved by this method, are
shown by the solid curves in Fig. 4. These curves
fit well the measured excitation spectra in the re-
gion of the exciton band for X &158 nm. The devia-
tions for shorter wavelengths may be due to the
very steep increase of the absorption coefficient
(p) and to the fact that the values of p, were pre-
viously extrapolated for X &158.5 nm. They may also
be connected with the fact that in this region of
very high absorption all excitation processes are
practically restricted to an extremely thin surface
layer, where the distribution of traps is probably
quite different from that in the bulk.

The agreement between the experimental excita-
tion spectra and dose dependence and the theoreti-
cal functions supports, evidently, the proposed com-
petition model. This model can be used to explain
superlinear as well as linear and sublinear dose
dependences.



EFFECTS OF COMPETITION IN THE STABILIZATION. . . 4867

~N. Kristianpoller and M. Israeli, Phys. Rev. B 2,
2175 (1970); M. Israeli and N. Kristianpoller, Phys.
Status Solidi 45, k29 (1971).

N. Kristianpoller and M. Israeli, Phys. Status Solidi
47, 487 (1971).

H. N. Hersh, Phys. Rev. 148, 928 (1966); D. Pooley,
Proc. Phys. Soc. (London) 87, 245 (1966); 87, 257
0.966).

M. Israeli and N. Kristianpoller, in Proceedings of
the International Conference on Color Centers in Ionic
Crystals, Reading, 1971, H165 (unpublished).

'See, e.g. , F. T. Goldstein, Phys. Status Solidi 20,
379 (1967); Y. Farge, J. Phys. Chem. Solids 30, 1375
(1969).

T. Miyata and T. Tomiki, J. Phys. Soc. Japan 21,
395 (1966).

VN. Kristianpoller, M. Israeli, and R. Chen (unpub-
lished) .

See, e.g. , A. Halperin and R. Chen, Phys. Bev.
148, 839 (1966); M. Israeli and N. Kristianpoller, Solid
State Commun. 7, 1131 (1969); E. T. Rodine and P. L.
Land, Phys. Bev. B 4, 2701 (1971).

PH YSI CA L RE VIEI B VOLU ME 6, NUM HER 12 15 DE CE MBER 1972

Ionic-Thermocurrent Study of Rare-Earth-Doped CaF2 and SrF2~
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The reorientational properties of CaF2 doped with the rare earths (RE) cerium, praesodyrn-
ium, samarium, europium, and terbium were studied using the technique of ionic thermocur-
rents (ITC). The reorientational energies of the RE-F -interstitial complex formed were
found to increase with increasing ionic radius of the impurity rare-earth ion, increasing more
rapidly for the larger ions. All energies were much less than the free F -interstitial activa-
tion energy. The preexponential factors were larger than the normal vibrational frequencies
in the CaF2 lattice and perhaps reflect the tight-binding nature of the complex. A natural
Brazilian fluoride sample known to contain aluminum fit nicely with the other data. Oscillator
strengths for the 4f 5d optical transition for the RE ion in tetragonal symmetry in the CaF&
lattice were determined for Ce, Pr, and Tb using ITC and optical-absorption data. ITC runs
on SrF2 .. Eu were also made. The peak structure observed was more complicated. Three
peaks were separated and their activation energies and frequency factors determined.

I. INTRODUCTION

The measurement of reorientational properties
of electric dipolar complexes in insulators has
become simpler and more direct with the intro-
duction of the ionic-thermocurrent (ITC) technique
by Bucci, Fiechi, and Guidi in 1966. Before the
introduction of this method, dielectric loss, NMR,
tracer studies, and ionic conductivity were the
main techniques for investigating ionic motion
in ionic solids. Since its introduction, ITC has
been used to determine reorientational properties
and monitor other phenomena of various impurity
complexes in a good number of alkali halides. ~

In almost all cases, these results have been in
good agreement with the results obtained using
other methods. 5

Motional effects in the fluorite lattice have not
proved as straightforward. A common type of
electric dipole complex found in CaFz involves a
trivalent positive ion such as a rare earth (RE)
which enters the lattice substitutionally for the

calcium and the charge-compensating fluorine
interstitial ion. (The interstitial position in the
fluorite lattice is the vacant body center of the
cube of F that is adjacent to a cube of F with the
cation at its center. ) Owing to the Coulomb attrac-
tion of the two ions one would expect them to be bound
at sufficientlylow temperatures; therefore, the com-
plex will possess apermanent electric dipole mo-
ment. A common symmetry of this type of complex is
tetragonal, with the F& occupying the nearest-neigh-
bor interstitial position to the 3+ cation. Many other
types of dipolar complexes may be thought of and
formed in this lattice through the proper introduc-
tion of certain impurities, but in this paper we
will only be interested in complexes involving tri-
valent positive ions and fluorine interstitials.

Until recently, measured values of reorienta-
tional parameters and just simple diffusion param-
eters in rare-earth- or trivalent-positive-ion-
doped CaFz have diverged by 50-100%, in great
contrast to the results in alkali halides. Lately,
things have been improving. There have been re-


