Positron annihilation in alkali-halide crystals with defects
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Positron annihilation is investigated in electron-bombarded alkali-halide single crystals KCl (42%)~-KBr
(58%), KCl, KBr, and NaCl containing cation vacancies. The main annihilation characteristics (angular
distribution of annihilation radiation, 3-y-annihilation probabilities, time distribution of positron
annihilation) are found to vary with the crystal defect content. The experimental data obtained can be
satisfactorily explained by the model of a “positron-exciton” complex near the cation vacancy.

PACS numbers: 78.70.B

INTRODUCTION

Much factual material has been accumulated by now,
offering evidence that the characteristics of positron
annihilation in alkali-halide crystals are sensitive to
structural defects of the crystals.”"*! The simplest case
for the interpretation of the experimental data is annihi-
lation of positrons in a sample in which mainly one
selected type of defect is induced, say F centers.*-*!

A more complicated case is the annihilation of posi-
trons in radiation-colored alkali-halide crystals,?®»*?
where a complex of defects is induced (electron and
hole color centers, complexes of cation-anion va-
cancies, etc.).k! Comparison of the angular distri-
butions of the annihilation radiation in radiation-colored
and additively-colored KC1 single crystals®™! has
demonstrated the effectiveness of the capture of posi-
trons by V. hole color centers, which include cation
vacancies, as established in 71 Effective capture of
positrons by cation-anion vacancy complexes and by
the complex comprising a Ca™ impurity and a cation
vacancy is demonstrated in ©°]

However, the physical nature of the positron states
coupled with defects containing cation vacancies is not
clear.B !

In this paper we present the results of the measure-
ment of the principal annihilation characteristics
(angular distribution of the annihilation radiation,
probability of 3y annihilation, and temporal distribu-
tion of positron annihilation) in defect-containing
alkali-halide crystals containing cation vacancies (the
solid solution KC1(42%)-KBr (58%), or KC1, KBr, and
NaCl single crystals, exposed to an electron beam).
These comprehensive measurements yield more com-
plete information on the positron states connected
with defects that contain cation vacancies.

EXPERIMENTAL PROCEDURE AND RESULTS

The angular distribution of the annihilation radia-
tion was measured with a parallel-slit-geometry set-
up™*? witha geometric resolution A6 ~ 0.8 mrad. To
measure the probability of the 3y annihilation we used a
Ge(Li) detector of 25 cm® volume, with a resolution 6
keV. The temporal distribution of the positron annihila-
tion was measured with a setup having a resolution 0.54
nsec.

The KC1, KBr, and NaCl were bombarded with 2-MeV
electrons in an ESG-2.5 MeV electrostatic generator
at a current ~0.5 p.A/cm2 for 4 and 20 minutes. The
concentration of the induced color centers was deter-
mined by measuring the optical-absorption spectra.
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The table lists the following measured characteris-
tics of positron annihilation in real and defective
alkali-halide single crystals: the intensity Iy of the nar-
row component in the correlation annihilation-radiation
curves, the intensity P3, of the 3y annihilation, the com-
ponents (7y, T2, Ts) of the positron lifetime in samples
with defects and their intensities I, > 3, and the F-center
concentration. The data indicate that the annihilation
characteristics in samples with defects are different
than in real crystals. The same results, namely the
appearance of a narrow component in the correlation
curves of the annihilation radiation, the increase of the
probability of the 3y annihilation, and the changes of 7,
and Ta, all obviously provide evidence that the posi-
trons are captured by cation-anion vacancy complexes,
as is the case in the solid solution KC1(42%)-KBr (58%),
and by V. centers, as is the case in electron-bombarded
KCl1, KBr, and NaCl. A comparison of the dependences
of the intensities of the narrow component in the cor-
relation curves of the annihilation radiation Iy and the
third long-lived component of the positron lifetime
Is on the concentration of the F centers in the electron-
bombardment KC1 crystals (see the table) with the
analogous dependences for additively-colored KC123!
offers evidence that the positrons are more effectively
captured by the V, centers. On the other hand, the
increase of the probability of the 3y annihilation in
defective samples in comparison with real crystals
(table) indicates that the positron state that takes
place upon capture of positrons by cation-anion va-
cancy complexes of V, centers is similar to the posi-
tronium state, but its characteristics differ significantly
from the characteristics of free positronium and depend
on the type of the crystal and on the type of the defect
in which the cation vacancy enters. This evidenced by

Characteristics* of positron annihilation in real and defect-contain-
ing alkali-halide single crystals.

Substance Iy % | Pavl ot | 1020 | 102 | gy ol 1o |1 0| P
% | sec | sec | sec ' 107 ¢m™
1 2 3 4 5 6 7 8 9 10 .
KC1 0.0 0.42]1 2.0 [5.26 1.2 48 [ 50+5] 2.0 —
KBr 0,0 0.43] 3.3 [7.40 | — 76 | 245 - —
NaCl 0,0 0,44 2.0 [5.54 | -- 7120944 — —
KCI(42%) —KBr(38%) | 3005 03811 25 | 7:20 | — | 79 |2155) — —
KCI [4 min] * 4815 (0.42| 2.0 [5.25 [1.14 | 43 |5145]6.2 | 072045
KCL [20 min] 8415 (0,94 2.0 [5.20 | 1.16 | 43 |4745[10.4 |26+0.25
KBr [4 min] 40+1,5(0.43| 3,3 [7.75 | -- 82 | 1844 | —— |0.60.1
KBr (20 min) 8015 |0.52] 313 [7.57 | —- | 77 |23%4| — |20%02
NaCl [4 min] 6815 (J.44] 2.0 [4.95 [ —- 78 | 2244 - | 20402
NaCl [20 min] 16,320 [0.91 ] 2.0 [7.15 - 74 | 26+4] - | 6.6£0.5

*The errors of all the quantities in columns 3--7 and 9 are the same and their
respective values are: +0.04, +0.16, +0.20, +0.20, 5, and 0.8 for P’Y’ Ty, To, T3 Iy,
and I3, respectively.

**The quantities in the square brackets are the bombardment times.
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the satisfaction of the equality'**!

! Ty
Pyy=—1, +:712+ Nl 1)
Here 7{ = 1.4 X 107 sec is the lifetime of the free ortho-

positronium.

DISCUSSION OF RESULTS

Let us analyze the results on the basis of the model
described in the earlier papers.™"'°! The proposed
model presupposes formation of a system (e'-exciton)
near the cation vacancy, a fact that can be regarded
as a ‘‘positronium’’ state in which the positron is at-
tracted by the vacancy and the electron by the hole. Let
us estimate the energy condition for the formation of
such a ‘‘positron-exciton’’ complex near a cation va-
cancy. It takes the form

E+=Uexc_Ev (2)

where E” is the kinetic energy of the positron localized
on the vacancy Egxc is the exciton-production energy
(~6 eV'®)) and E is the binding energy of the positron-
exciton complex in the crystal and is equal to E; + AE,
where E, is the binding energy of the free positron-
exciton complex, and AE is the energy of the affinity

of this complex to the crystal.

On the other hand, the condition of dynamic stability
is
E+—U,, <(—E*), (3)

exc

where (—Ejp) is the energy of the ground state of the
positron in the crystal and Ej is the affinity of the
positron to the crystal. Combining (2) and (3), we ob-
tain the conditions for the formation of a positron-
exciton complex near a cation vacancy

Uexc_E<E7<I‘7exc_E°+‘ (4)

The quantity A = —Ej + E is to a certain degree a
measure of the probability of production of a positron-
exciton complex near a cation vacancy in a crystal.

It follows from the inequality (4) that the condition for
the production of such a complex is

E>E,*. (5)

Let us check on the satisfaction of the inequality (5).
To this end we estimate E, approximately as the binding
energy of a free positronium ion e"-e*-e” relative to de-
cay into positronium and a free electron,™’? whence E,
~ 0.326 eV. The affinity energy of the positron-ex-
citon complex near the cation vacancy to the crystal we
express in the form

AE=Et —Ey*+EeyFEx~. (6)
Here E'(': is the energy of the positron affinity to the
cation vacancy, which can be estimated as equal to the
binding energy of an electron in an F center (~2eV®);
Ej and Ej are the Madelung corrections to the
energy of the exciton ground state coupled with the
cation vacancy and of the excited electron. In first-
order approximation we have

En*=~25/2a [eV], w~25/a [ev],

where a is the distance between ions in Angstrom
units; Egxc is the energy of the affinity of the excited
electron to the anion (~1 eV'"®}). The affinity of the
positron to the crystal will be estimated at E;~ 0,
since it is shown in ©°J that positron in alkali-halide
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crystals are quasifree, and this also is confirmed by
the experimental value of the effective mass of the
positron (m* ~ M,)."?

Thus, the quantity A is essentially positive. We can
therefore conclude that the formation of a positron-ex-
citon complex near a cation vacancy is energywise al-
lowed and, as follows from the inequality (4), the
energy E' of a positron moving around a cation va-
cancy (R 1 eV) is sufficient for the formation of this com-
plex. In our case we have a positron-exciton complex
near a cation vacancy, which cannot move over the
crystal.

Let us consider the main properties of this posi-
tron-exciton complex near a cation vacancy, as applied
to the results obtained by us (see the table) and the re-
sults obtained for positron capture by cation vacancies
in KC1 + Ca.r!

1) The overlap of the wave functions of the excited
electron and of the positron in the positron-exciton
complex near a cation vacancy will be smaller than in
positronium, i.e., 1%(0)1%/|¥pg(0)I2 = @ < 1. For this
complex we can assume in rough approximation the
value of the mass of the free electron as the effective
mass of four particles (cation vacancy, positron, elec-
tron, hole), and the dielectric constant can be set at
€ = 1. We can then tentatively compare the result with
the overlap of the wave functions of the electrons and
positrons in the positronium ion e"—e*-e”, which is
close to the density of positronium.?®? We thus find
that in the positron-exciton complex near the cation va-
cancy we have a ~ 0.5. This fact explains the anomal-
ously strong magnetic quenching of the intensity Is of
the third long-lived component of the positron in
KC1 + Ca, which was observed in !, in comparison
with the quenching of free positronium.

2) The rates of annihilation of a positron with an ex-
cited electron of an anion, Afs" and X (the singlet and
triplet states, respectively), decrease in comparison
with positronium, since they are proportional to | ¥(0)|2. -
In this case, however, )\A and 7\1‘,} are bounded by the
exciton lifetime (7, = l/ﬁo). The rate of annihilation of
a positron from the triplet state of a positron-exciton
complex near the cation vacancy will be determined
mainly by the pick-off annihilation process. Thus, it
is obvious that A = 1/ Ts, i.e., even in real alkali-
halide crystals there is a'fraction of positrons
captured by cation vacancies and forming a positron-
exciton complex near a cation vacancy. The changes
of 72 and I, in KC1(42%)-KBr (58%), KBr, and NaCl
crystals with defects (see the table) indicate that the
component 73 is close to 7z, and as a result the mean
value of these temporal components is observed. As to
the rate of annihilation of a positron from a singlet
state of this complex in a crystal, a rate determined by
the annihilation of the positron with the excited elec-
trons, it will be smaller than that of free positronium,
and can therefore be close to the rate of annihilation
of free thermalized positrons, i.e., what is obviously ob-
served in experiment is the average annihilation rate
(rg = 1/7,) due to both processes. The annihilation of
positrons from a singlet state of this complex will lead
to the appearance of a narrow component in the cor-
relation curves of the annihilation radiation, and this
indeed took place in the experiment (see the table), inas-
much as the energy of the excited electron is much
lower than that of the valence electrons with which
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the positrons from the triplet states of this complex
are annihilated.

3) The probability of 3y annihilation from the triplet
state of the positron-exciton complex takes the form

Psv=ltxo/7u=lz}~o/7w. (7)

If we take as a rough approximation the lifetime of the
free exciton in alkali-halide crystals (10~ sec™®?) to be
equal to the lifetime of the exciton bound with the posi-
tron near the cation vacancy (7, = 1/ Xo), then it follows
from (7) that the yield of the 3y annihilation in crystals
with defects is increased, as is indeed observed by us in
experiment (table).

4) Since the binding energy of the positron with the
excited electron in the positron-exciton complex near
the cation vacancy is small (0.3 eV), it follows that this
formation is unstable, as is evidenced by the fact that
the equation Iy = Ia/ 3 is not satisfied in KC1 crystals
with defects (see the table), but is satisfied for posi-
tronium 24!

Thus, the model of a ‘‘positron-exciton’’ complex
near a cation vacancy results in satisfactory agree-
ment with the experimental results obtained in the
present work and with those described in the literature
for alkali-halide crystals containing cation vacancies
in the defects. This obviously proves that the positron-
exciton complex is actually produced near a defect
containing a cation vacancy, and that positrons are ef-
fectively captured in alkali-halide crystals by defects
containing cation vacancies.
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