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Positron annihilation in helium- and krypton-decorated microvoids in fcc metals
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The electronic structure and positron annihilation characteristics (lifetime and angular correlation
between annihilation quanta) in microvoids containing 1, 2, 4, 8, 10, and 13 vacancies in fcc Cu and
Al have been calculated using the density-functional formalism and local-density approximation.
The positron lifetimes and binding energies are shown to increase with the void size, saturating
when voids become big. The positron lifetimes are found to drop sharply when these voids are
decorated with rare-gas atoms such as He and Kr. The angular correlation curves are found to
broaden when vacancies are decorated with rare-gas atoms with a concomitant decrease in the peak
counting rate. The results are compared with recent experiments on He-irradiated Al and Kr-
irradiated Cu. Comparison between theoretical and experimental positron lifetimes sheds light on
the morphology of defects trapping the positrons. The technological significance of the present
study is also pointed out.

I. INTRODUCTION

One of the important objectives in the study of materi-
als science is to attain a fundamental understanding of the
interaction of defects with host atoms. As experimental
methods are becoming more sophisticated, it is increasing-
ly apparent that the properties of defects are influenced
not only by their interaction with host atoms, but also
with other defects intrinsic to the host lattice. For exam-
ple, voids created by the agglomeration of migrating va-
cancies during stage-III annealing may completely anneal
out at higher temperatures. It has been found' that these
voids may be stabilized at higher temperatures if they are
decorated with helium. Similarly, the diffusion of hydro-
gen has been found to be affected by its interaction with
impurities and vacancies in a metal lattice. It is therefore
worthwhile to understand the nature of interaction of hy-
drogen and rare-gas atoms with vacancy-type defects,
since the trapping of one defect by another may have im-
portant technological consequences.

Numerous techniques (e.g., transmission electron mi-
croscopy, small-angle x-ray and neutron scattering, elec-
tron energy loss spectroscopy, uv optical absorption) are
available to study the size of voids containing rare-gas
atoms. The experimental resolution of many of these
techniques, however, limit their usability for studying
very small voids (i.e., voids of radius (10 A). One of the
techniques which is particularly suitable to study the size
of these small voids is the positron annihilation technique
(PAT).

The attraction of positrons to vacancylike defects has
established PAT as a sensitive probe of defects. In a per-
fect metal, the repulsion of a positron from the ion core
makes it sample the interstitial region of the lattice. The
lifetime of the positron in the bulk is then determined by
the interstitial electron density. For a metal containing a
vacancy, the positron, on the other hand, usually finds it-
self trapped in the vacancy. Since the density of electrons
inside a vacancy is always less than that in the interstitial

TABLE I. Positron lifetimes in Cu.

Sample

Pure Cu
Thermally induced vacancies
Vacancies created by
electron irradiation
Defect in deformed Cu
Irradiation-induced voids
Irradiated with Kr

Lifetime of positrons
(ps)

120
167

180+10
175—193
300—600
260

region, the lifetime of a vacancy-trapped positron is larger
than that of the positron annihilating in the free state. As
vacancies cluster to form voids, the binding energy and
lifetime of positrons increase with increasing void size.
Since a large void can be considered as an internal surface,
the positron lifetime saturates to a fixed value characteris-
tic of the lifetime of a surface-state positron. This satura-
tion typically occurs" when the void radius reaches a value

0

of about 10 A. Thus the lifetime of positrons inside small
voids can provide a signature of the void size.

If voids are created by irradiating the material with
rare-gas atoms such as helium and krypton, a significant
number of voids may contain the rare-gas atom. The life-
time of a positron in a void decorated with a rare-gas
atom is then expected to be shorter than that in a clean
void of the same size. This is because positrons will be
pushed out from the center of the void by the rare-gas
atom and will sample a region of higher electron density.

To interpret the observed lifetime components in terms
of defect morphology, theoretical input is necessary. To
illustrate this point further, we briefly discuss a recent
positron annihilation study of copper containing a high
concentration of krypton. Through transmission electron
microscopy, Eldrup and Evans observed a very high den-
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sity of small cavities. However, lifetime experiments indi-
cated that 90% of the positrons annihilate in this material
with a single lifetime of 260 ps. To put this in perspec-
tive, we list in Table I characteristic lifetimes of positron
in copper under various sample conditions. The results in
Table I c1early indicate that if the positrons in the
Eldrup-Evans experiment were annihilating in the large
visible bubbles, the lifetimes would be much larger than
the observed 260 ps. One, therefore, concludes that there
are a large number of submicroscopic voids containing
krypton which screen the visible bubbles from the posi-
tron. Unfortunately the positron annihilation experiments
cannot, alone, reveal the size of the void and the density
of krypton in the void in which the positrons are trapped.
Thus theoretical calculations are necessary to find the
dependence of the positron lifetime on void size and kryp-
ton density. A comparison of the calculated lifetimes
with the experimental value can then isolate the defect
complex trapping the positron in the irradiated sample.
Similar information can also be obtained by comparing
the angular correlation curves between photons produced
during positron annihilation.

In the next section we discuss the various theoretical
techniques commonly used in the study of positron 1ife-
time. We compare the results derived from various model
calculations and show that the positron lifetimes are not
very sensitive to details in the calculations. In Sec. III we
present results of positron lifetime calculations and angu-
lar correlation in clean as well as helium- and krypton-
decorated microvoids of varying sizes in fcc Cu and Al.
The results are compared with recent experimental data.
Section IV contains a summary of our conclusions.

II. SURVEY OF THEORETICAL METHODS

The positron annihilation rate A, (A, = 1/~) is given by

=~roc f d rn+(r)n (r), (1)
0

where ro e2/mc is the cla—s—sical electron radius, e is the
electron charge, and c is the speed of light. n+(r) is the
density distribution of the positron and n (r) is the den-
sity of the electron in the presence of the defects and the
positron. Due to the mutual attraction between the elec-
tron and the positron the electron density around a posi-
tron is expected to be enhanced. Since a self-consistent
treatment of the electrons interacting simultaneously with
the defects and the positron is very difficult, one decou-
ples these interactions by using a local-density approxima-
tion to account for the electron-density enhancement at
the positron site. For computational purposes, Eq. (1) is
rewritten as

A, = f d3rn+(r)I (n (r)), (2)

I (n (r))=I „(n„(r))+l,(n, (r)) . (3)

where I is a function of n (r), the electron density in the
absence of the positron. Since the electron density n (r)
in the imperfect lattice is composed of both free and
bound core electrons, they are expected to be influenced
differently by the presence of the positron. Thus
I'(n (r) ) is broken into two parts:6

n, (r) and n, (r) are, respectively, the valence- and core-
electron densities. In transition-metal hosts where d elec-
trons are quasilocalized a third term I d(nd(r)) may be
added to Eq. (3). The local rate of annihilation with
valence electrons I, is approximated by the Brandt-
Reinheimer formula,

n,„,(r) =25(r)+noe(r —R), (6)

where R is the radius of the void and no is the average
density of the positive-ion charge in the metal matrix. 8
is the usual Heaviside function. A is the atomic number
of the rare-gas atom which is assumed to occupy the
center of the void. This assumption is valid since the in-
teraction between a metal atom and rare-gas atom is
repulsive.

The response of the electrons to the external perturba-
tion is calculated self-consistently by solving the
Hohenberg-Kohn-Sham equation' in the local-density ap-
proximation, namely,

( —V' + V,g)f;=e;P; .

The electron density n is given by

n (r) = g ~
P;(r) (

OCC

(7)

The electrostatic potential N is obtained by solving the
Poisson equation,

gn[n (r) —n,—„,(r).] . (9)

The effective potential in Eq. (7) is calculated by adding
to @ the exchange-correlation potential in the local-
density approximation,

I „(n„(r))=(2+134n,) ns

The local anninilation rate with the core electrons I, cal-
culated in the independent-particle approximation is
given by

I,(n, (r)) =~rocy, n, (r),
where y, =1.5 is a constant enhancement factor for core
electrons.

In the case of impurity-decorated voids, two different
core-electron types are involved —one corresponding to
the impurity core electrons, the other corresponding to the
host core electrons. In a jellium model for the host, the
annihilation rate with the host core electrons can be in-
cluded by replacing the electron density outside the void
cell by n(r)+(I,"/I „)no, where I," is the annihilation
rate with the host core electrons. We have used
I',"/I", =0.154 for Al and 2.16 for Cu which yield bulk
lifetimes of 162 ps in Al and 137 ps in Cu. These values
agree closely with the experimental values of 161 ps in Al
and 132 ps in Cu.

Experimental information on the electronic structure of
defects can also be obtained from the study of angular
correlation between photons produced during the annihi-
lation event. We have calculated the electron wave func-
tion and density due to a void decorated with a rare-gas
atom by representing the external perturbation as
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V,rr(r)=4(r)+ V„(n (r)) . (10)

Equations (7)—(10) are solved self-consistently.
The positron wave function g+ and the binding energy

eb can be calculated by solving the Schrodinger equation
for the positron,

[—V'+ V+(r)]y~(r) = eb—q+(r) .

Only the bound-state solutions of Eq. (11) are of interest.
Since there is only one positron at a time in the metal ma-
trix, only the ls bound state for the positron needs to be
evaluated. The positron potential V+ can be constructed
using the pseudopotential picture of Stott and Kubica, "

V+(r) = —4(r)+ V'"'(n (r)) —V""(no)
—v, e(R —r) . (12)

The correlation potential V'+"(n (r)) for the positron
with the electrons is calculated in the local-density ap-
proximation from the electron-gas data. The positron
correlation energy for the background V""(no) is sub-
tracted so that the potential in Eq. (12) would vanish at
infinity. Vo is the kinetic energy of the positron in the
perfect host' (4.9 eV in AI and 4.8 eV in Cu).

In the above method, the periodic structure of the host
metal matrix is ignored. The ionic charges localized at
lattice sites are smeared to form a homogeneous density of
positive charges. This model, although not unreasonable
for simple free-electron-like metals, does not apply to
metals with complicated band structures such as transi-
tion metals. Its merit arises from the simplicity of the
calculation procedure. As we shall show in the following,
the quality of agreement of experimental with calculated
values in the jellium model is as good as that obtained
from other theoretical methods. '

Another situation one has to consider while calculating
positron lifetimes in defect complexes is that the decorat-
ed defects may not provide a spherically symmetric posi-
tron potential V+ (r). For example, in a hydrogen-
vacancy complex, hydrogen, unlike the rare-gas atoms,
may not be situated at the center of the vacancy. Thus
the potential experienced by the electrons as well as posi-
trons may not be spherically symmetric. Consequently,
the respective Schrodinger equations (7) and (11) cannot
be reduced to a simple one-dimensional radial form. Pus-
ka and Nieminen recently suggested a new method which
can take into account the nonspherical situation and yet
provide a computationally simple procedure. In this
method (referred to as the superposition-atom model) the
electron density and Coulomb potential of the lattice con-
taining any kind of defects are constructed by superim-
posing atomic charge densities and atomic potentials. The
positron potential is constructed as outlined in Eq. (12)
and the positron wave function is obtained by solving the
three-dimensional Schrodinger equation (11) using the
"finite elements" technique. Thus the superposition-atom
model and jellium model, described earlier, represent two
extreme points of view. In the jellium model the discrete
nature of the host lattice and nonspherical nature of
decorated defects are ignored while the perturbations on
the electron density and potential caused by the defects
are treated self-consistently. In the superposition-atom

model, on the other hand, the discreteness of the host lat-
tice is fully taken into account while the ambient electron
density is not allowed to be readjusted because of the de-
fect. We should point out that by superimposing atomic
densities, one does achieve a reasonable approximation to
the vacancy density. A further limitation of the superpo-
sition model is that the knowledge of electron wave func-
tions is lost. Thus one cannot calculate the angular corre-
lation curve using this approach.

Alternate methods based on "supercell" band-structure
calculations' ' and the molecular-cluster method' do
exist where the discrete nature of the host lattice, charge
perturbation caused by the defects, and nonspherical na-
ture of decorated defects can all be taken into account.
These methods, however, make substantia1 demand on
computer time and cannot conveniently be used for sys--
tematic analyses designed to predict defect morphology.
This aspect will be illustrated in the next section. Anoth-
er disadvantage of these methods is that computational
time considerations limit the size of the supercell and the
cluster. Consequently it is difficult to apply these
methods to large voids and bubbles.

In order to appreciate the advantages of the simpler
theoretical models and to facilitate the discussion of the
results in the next section we provide a survey of the com-
puted positron lifetimes and binding energies using vari-
ous theoretical approaches for various defects in Al in
Table II. It is clear that all the computed lifetimes are in

good agreement with each other and with experiment.
The positron binding energies, on the other hand, are sen-
sitive to approximations in theoretical models. The lack
of sensitivity of positron lifetimes arises from the fact
that the annihilation rate in Eq. (2) is an integrated quan-
tity and includes contributions from a large region sur-
rounding the defect. Thus the computed positron life-
times for various voids and bubbles using the jellium
model presented in this paper are believed to be accurate
and can be used to illustrate defect morphology. This is
the subject for discussion in the following section.

III. RESULTS AND DISCUSSIONS

We have calculated the electronic structure and posi-
tron lifetimes in vacancy clusters containing 1, 2, 4, 8, 10,
and 13 vacancies in fcc Al and Cu. The calculations have
been repeated by placing at the center of the cluster heli-
um and krypton atoms. We first discuss the results in the
Cu host.

In Figs. 1(a), 2(a), and 3(a) we have plotted the
electron-density distributions arourid an 8-atom void and
8-atom voids containing a He or a Kr atom at the center,
respectively. The depletion of electron density from in-
side the void due to the removal of the positive-ion core of
the host is clearly visible in Fig. 1(a). When rare-gas
atoms such as He and Kr occupy the void center there is a
sharp increase in the electron density at the center of the
void. The density of electrons at the center of the Kr—8-
atom-void [Fig. 3(a)] complex is much larger than that in
the case of He—8-atom-void [Fig. 2(a)] complex since the
atomic number of Kr is 36 while that of He is only 2.
Furthermore, the electron density in Kr-decorated void is
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Reference ~ (ps)Defect

TABLE II. Calculated osi
'

~ an indin enea e positron lifetimes ~ and bindin ener
'

Model

~ an ending energies eb in defects in Al.

Monovacancy Density-functional
jellium

Superceil augmented
plane wave

Supercell
pseudopotential

Superposition-atom
Molecular-cluster

Expt.

15,4

16

17
6

18
9

243

231

250
253
248
241

1.75

3.31

2.17
2.30
1.51

Divacancy Spherical jellium
Elliptical jellium

Superposition-atom
Supercell

19
19
6

17

264
257
273
285

3.19
2.60
3.30
2.98

Vacancy-hydrogen
complex

Jellium
Superposition-atom
Molecular-cluster

21
6

18

188
204
191

1.61
1.40
0.47
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Ref. 20
eb (eV) 7. (ps)

No. of vacancies
in the cluster

Present result
eb (eV. ) ~ (ps)Condition

280
220
374
290

311
179
407
302

3.7
1.8
5.5
4.6

Clean
Kr-decorated

Clean
Kr-decorated

2.75
0.44
4.50
3.17

13

culated by Hansen et al. Our calculated binding ener-
gies are typically about 1.0 eV lower than that of Hansen
et al. whereas our calculated lifetimes in Kr-decorated
voids are in good agreement with their calculated values.
Since a 13-atom void can be expected to be much closer to
being spherical than the 4-atom void, we believe that the
remaining discrepancy in the positron lifetime in a
Kr—13-atom void calculated by us and by Hansen et ai.
could arise from the neglect of charge readjustment
around a Kr—13-atom void by Hansen et al. A calcula-
tion of positron annihilation involving the discrete struc-
ture of the defect complex as well as the charge relaxation
will be necessary if one were to assign the 260-ps lifetime
to a specific structure in a quantitative way. It is suffi-
cient to say that the positron lifetime observed by Eldrup
and Evans originates from the annihilation in a void con-
sisting of one Kr atom and about ten vacancies. Unlike in
the calculations of Hansen et al. , we observe the lifetimes
to continue increasing beyond the 13-atom-vacancy corn-
plex. Extrapolation of the curve in Fig. 4(c) indicates that
the lifetimes would saturate beyond a 20-atom-vacancy
complex decorated with Kr.

The 260-ps lifetime in Cu irradiated with Kr can also
arise from positrons trapped in a clean 3-atom-vacancy

cluster. Our assignment of the 260-ps lifetime to a 9-
vacancy Kr-decorated cluster is due to the assumption
that the high dose of Kr irradiation saturates all vacancy
clusters. Only annealing studies of Cu containing clean
voids (e.g. , produced by electron irradiation) and Kr-
decorated voids can distinguish between the probable
source of positron traps.

We now present the results of positron annihilation in
clean and He-decorated vacancy complexes in Al. In Fig.
5 we plot the electron and positron density distribution in
a clean and He-decorated monovacancy cluster. These re-
sults are qualitatively similar to those in Figs. 1—3. The
variation of positron binding energy, positron fraction in-
side the void, and lifetime with void size in Al are given
in Fig. 6. The increase in the binding energy with void
size is due to the removal of the repulsive positive-ion
core as in the case of Cu. The binding energy for a given
void size in Al is, however, larger than that in Cu. This
arises because Al is polyvalent (charge on the ion is +3),
where as Cu is monovalent. As He decorates the void the
positron binding is reduced. Consequently there is a sig-
nificant drop in the positron lifetime.
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FIG. 6. Variation of (a) positron binding energy, (b) positron
fraction inside the void, and (c) positron lifetime with void size
in Al. In each case, the dashed curve corresponds to clean voids
while the solid line corresponds to He-decorated voids.

FIG. 5. Electron and positron density distribution around a
monovacancy (dotted curve) and monovacancy-He complex
(solid curve) in Al.

TABLE III. Positron binding energies and lifetimes calculated in the noninteracting model (Ref. 20)
and je11ium model (present calculation) in microvoids in Cu.
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TABLE IV. Positron binding energies and lifetimes calculated in the noninteracting atom model
(Ref. 6) and jellium model (present calculation) in microvoids in Al.

No. of vacancies
in the cluster Condition

Present result
(eV) ~ (ps) eb (eV)

Ref. 6
~ (ps)

Clean
He-decorated

Clean
He-decorated

Clean
He-decorated

3.39
2.67
4.96
4.45
1.80
0.86

292
205
351
256
239
172

3.3

4.9

2.3
1.7

273

329

253
191

Recently Hansen et al. ' have measured positron life-
times in a-irradiated Al. These authors observed that the
long-lifetime component increased from 360 to 450 ps
during annealing. Comparing this with the results in Fig.
6, we conclude that the 350-ps lifetime originates from
positrons annihilating inside a He-12-vacancy cluster.
This lifetime can also arise from positrons trapped inside
a clean 5-vacancy cluster in Al. As discussed before in
the case of CuKr system, we are assuming that all voids
are saturated with He. It is also possible that 1arge vacan-
cy clusters may have variable shapes, and hence, a distri-
bution of lifetimes, thus adding to the ambiguity of as-
signment of a given positron lifetime to a specific vacancy
structure. Since our calculations (based upon spherical
void structures) are in reasonable agreement yvith those of
Hansen et al. (based upon real void structure), we believe
that the variable shapes of a large void would not have a
significant effect on positron lifetimes. Annealing studies
are expected to help in the identification of positron traps.
Furthermore, the prediction of the exact number of va-
cancies in the cluster has to be regarded with caution since
various theoretical models predict lifetimes that can be

different from each other by about 20 ps. To illustrate
this we compare in Table IV the present positron lifetimes
and binding energies in vacancy clusters and He-vacancy
complex with those calculated by Puska and Nieminen.
The nature of agreement is similar to that discussed ear-
lier in Tables II and III.

We now discuss the angular correlation between the
photons produced during positron annihilation. The re-
sults for monovacancy and He-decorated monovacancy in
Al are shown in Fig. 7. Note that peak counting rate in
the He-decorated vacancy is about 5%%uo less than in the
monovacancy. Since these curves are normalized to equal
areas, the full width at half maximum (FWHM) in the
He-decorated vacancy is larger than that in the vacancy.
This indicates that the positrons annihilate with larger
momentum components of the electrons in the He-
decorated vacancy. This result is similar to that noted in
the vacancy-hydrogen complex. ' Thus angular correla-
tion can also provide a signature of the impurity trapping
by vacancy complexes.

I,O IV. CONCLUSIONS

0.9—

M 0 NOVAC A NCY0,8—

0.7—

0.6—

0.2—

e (mrod)

FIG. 7. Angular correlation curves for positron annihilation
inside a monovacancy and He-decorated monovacancy in Al.

Using the jellium model we have calculated the elec-
tronic structure of microvoids decorated with rare-gas
atoms in fcc Al and Cu. The trapping of positrons in
these vacancy-impurity complexes were studied by solving
the positron Schrodinger equation. In our calculations the
response of conduction electrons to the vacancy-impurity
complexes was studied self-consistently using density-
functional formalism. Our results were compared with
other theoretical models. In particular, the results of the
superposition atom model (where the discreteness of the
lattice is taken into account but the charge redistribution
around defect complexes is ignored) are in reasonable
agreement with ours. Since these two models represent
two extreme viewpoints, our comparison in Tables II, III,
and IV indicate that the lifetimes for impurity-decorated
or clean microvoid can be predicted within an accuracy of
about 20 ps. With this reservation in mind, the calculated
lifetimes as a function of void size can be compared with
experimental measurements in irradiated materials to
predict the predominant size of voids that trap the posi-
tron. From this one can then calculate the density of
rare-gas atoms in the bubbles. Since these problems have
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a great deal of technological importance, it is hoped that
more experiments and theoretical investigations wi11 be
carried out. This will be useful in illustrating the role of
positron annihilation as a probe of small impurity-void
complexes. It will also be desirable to perform theoretical
calculations for decorated voids where both electronic per-
turbation and discreteness of the lattice are preserved.
For transition metal hosts, tight-binding calculations
based upon the moment-expansion technique Inay prove
to be useful since one can treat a larger number of atoms

in the cluster. %'e are presently investigating such a pro-
gram.
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