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A mathematical model to describe the radiation damage in aluminum is presented.
The concentrations of monointerstitials, di-interstitials, interstitial clusters, monovacan-
cies, divacancies, and vacancy clusters, and the average sizes of the clusters are calculated
and plotted as a function of the irradiation dose at liquid-helium temperature and the
thermal annealing temperature. Any irradiation dose (electron, neutron, heavy ion) is ex-
pressed as the number of interstitials or vacancies per atom which has been produced
(cipa for created interstitials per atom). Also calculated are the fractions of Co impuri-
ties, present in the aluminum, which have trapped one or more interstitials or vacancies.
With the use of Mdssbauer spectroscopy these fractions are measured experimentally as a
function of the dose of a heavy-ion implantation and of the annealing temperature. The
unknown parameters in the model, which are mainly trapping volumes, are determined by
fitting the calculated values to the experimental data. The model calculations, executed
for a large range of irradiation doses and annealing temperatures, reproduce nicely our
experimental results as well as results reported by other groups. The calculations indicate
that an irradiation dose of 0.001 cipa yields a concentration of interstitials (and vacancies)
of almost 0.0007, mainly present as monointerstitials and monovacancies; at 0.01 cipa it is
about 0.002, distributed over the various defect configurations; at 0.1 cipa it is about
0.003 with nearly all interstitials in clusters with an average size of about 15 and vacan-
cies still mainly present as monovacancies. The trapping volumes for interstitials are
larger than the corresponding ones for vacancies and therefore interstitials cluster more
easily than vacancies. Of the Al atoms displaced during the collision cascade produced
by one 85-keV Al atom, about 20% is removed outside the volume for recombination

with its own vacancy.

I. INTRODUCTION

During irradiation, energetic particles penetrat-
ing a solid displace some atoms from their original
positions, thus producing vacancy-interstitial pairs
(Frenkel pairs). If an atom is not displaced far
enough the Frenkel pair is unstable and the inter-
stitial recombines with its own vacancy. With in-
creasing irradiation more and more defects remain
in the material and the probability for a vacancy or
interstitial to be produced within the trapping
volume of a defect already present in the material
increases. The trapping volume of a defect 4 for a
defect B is that volume around A4 in which B al-
ways clusters with 4. Recombination and trapping
volumes are temperature dependent. At high doses
nearly all newly produced defects cluster or recom-
bine and the detailed structure of the radiation-
induced damage becomes hard to describe. Doses
so high are hardly ever reached during electron ir-
radiation, where defects are produced throughout a
thick layer of the material and most energy is lost
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to electronic excitations, but they are readily ob-
tained by heavy-ion implantation where most of
the energy is lost by nuclear stopping which pro-
duces defects throughout a thin surface layer (typi-
cally 1000 A). The interest in studies of these high
doses is not of purely scientific importance but is
also vital to technological applications as the
development of reactor materials and the various
ways in which heavy-ion implantation can be used
to change properties of materials or to introduce
impurity atoms with a well-controlled dose and
depth distribution.

Over the years a number of techniques have been
developed to study the radiation damage in metals.
Resistometry is most widely used. Measuring the
resistivity of a sample allows one to deduce the to-
tal number of defects present in the material. This
method is very suitable to study in detail the dif-
ferent recovery stages upon annealing, especially
the temperature at which they occur and the
amount of recovery during each stage. The main
drawback of this macroscopic technique is that va-
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cancies cannot be distinguished from interstitials.
Some techniques are more specific, e.g., through
differential dilatometry the total number of vacan-
cies can be measured; channeling is mainly sensi-
tive to interstitials. Through transmission electron
microscopy the number and size of large intersti-
tial and vacancy clusters can be determined. Posi-
tron annihilation spectroscopy even distinguishes
between vacancies, divacancies, and larger clusters.
The only technique able to count the interstitials,
vacancies, di-interstitials, divacancies, and other
small clusters in a sample is field ion microscopy.
However, the presence of very large electric fields
and the drawback that only surface atomic layers
can be peeled off renders this technique less
trustworthy to study bulk properties. We conclude
that the determination of the detailed structure of
radiation damage by looking at the defects them-
selves poses severe problems.

An alternative approach is to look not at the
damage itself but at its interaction with impurities
placed as probes in the lattice. Impurities attract
and trap some kinds of defects present in their vi-
cinity. The number of defects trapped after a cer-
tain irradiation and annealing treatment is related
to the total numbers of the different defect struc-
tures, their mobilities, and their trapping behavior.
We will show how the combination of a mathemat-
ical model that describes these relations and experi-
mental measurements yields a detailed description
of the radiation damage in aluminum.

As a defect trapping probe we introduce radioac-
tive S7Co into the aluminum, which decays to *>’Fe,
thereby emitting a 14.4-keV y ray. The energy of
this ¥ quantum is modified by the electrostatic in-
teractions of the Fe nucleus with its electronic sur-
roundings (hyperfine interactions) which are dif-
ferent for a Fe (Co) atom associated with different
kinds of defects. These energy changes of the or-
der of 108 eV can be measured by Mdssbauer
spectroscopy (recoilless nuclear resonance absorp-
tion). This hyperfine interaction technique gives
direct information on the atomic configuration of
the first-neighbor shells around the probe atoms
and allows us, in principle, to “see” trapped inter-
stitials, vacancies, di-interstitials, divacancies, or
other small-defect agglomerates.

II. EXPERIMENTAL MEASUREMENTS
A. Technical details

A polycrystalline aluminum foil with a purity of
99.9999% was prepared from aluminum purchased

from the Aluminum Aktien Gesellschaft,
Darmstadt. It was mounted in a combicryostat
(Leybold Heraeus) allowing it to be cooled to a
lowest temperature of 1.6 K by pumping on the
liquid helium. Built-in heating elements and ther-
mometers together with a control unit for tempera-
ture stabilization allow the temperature of the sam-
ple to be stabilized anywhere between 1.6 and 360
K to a precision of about 0.1 K. The vacuum in-
side the cryostat filled with liquid helium is
2% 1077 Torr. The upper part of the cryostat to
which the sample holder is attached can be turned
around its vertical axis over 360° without influenc-
ing this vacuum. To implant heavy ions the va-
cuum chamber of the cryostat was connected to
the target chamber of our isotope separator which
has been described by Pattyn.! The sample was
cooled to liquid-helium temperature immediately
before the beginning of each implantation as an ex-
tra measure in order to minimize the thickness of a
condensation layer. The implantation energy was
always 85 keV, while the sample temperature was
always 4.2 K. Radioactive *’Co has been implant-
ed first to a dose of 2X 10'* atoms/cm?, giving a
maximum Co concentration of about 500 ppm.
The Co-implanted aluminum sample has been an-
nealed isochronally to 330 K whereafter all Co im-
purities are on substitutional lattice positions.
Then stable Al atoms have been implanted to vari-
ous doses, some of which were followed by an an-
nealing sequence to 330 K. The dose rate for the
radioactive >’Co implantation was about 10'°
atoms/cm?sec and that for Al atoms about
5% 10" atom/cm?sec. After an implantation the
sample was turned over 180° to put it in front of
the Mossbauer drive and the y-ray detector. The
cryostat was disconnected from the isotope separa-
tor to minimize vibrations. The main parts of the
setup are shown in Fig. 1.

7Co decays to >’Fe with a half-life of 270 days
allowing the sample to be measured during several
months. The 14.4-keV ¥ rays of the
(3/2)™—(1/2)~ transition in *’Fe, used for
Mossbauer spectroscopy, were counted by propor-
tional counters. Two NayFe(CN)g¢:10H,O (sodium
ferrocyamide or SFC) absorbers with thicknesses of
about 0.1 and 0.5 mg >’Fe/cm?® were used. They
were kept at room temperature. The count rate
during the measurements was about 500 Hz. The
Mossbauer drive (home built) moved the absorber
in a triangular mode with an amplitude of 1.5
mm/sec. During each measurement the velocity of
the absorber was controlled by measuring simul-
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FIG. 1. Main parts of the experimental setup: (1) Mdssbauer source, (2) Mdssbauer absorber, (3) detector, (4)
Mgdssbauer drive, (5) to the liquid-helium bath, (6) helium-vapor exhaust line, (7) needle valve, (8) vapor-pressure ther-
mometer, (9) thermistor, (10) heater, (11) ball bearing, (12) zeolithe, (13) copper rod to the liquid-nitrogen bath, (14) to
the vacuum pump, and (15) ion beam (swept horizontally and vertically).

taneously the Mdssbauer spectrum of a ’Co in Cu
source mounted on the other end of the drive axis
against a thin natural Fe foil as absorber.

Isochronal annealing steps of 30 min have been
used. The heating rate was about 0.1 K/sec and
the cooling rate about 0.4 K/sec.

All calculations were done on a PDP 11/34
computer. The series of Mdssbauer spectra were
fitted using the FORTRAN program MOSAUT,’
which automatically searches a best fit for a series
of spectra, and for all other analyses we used the
general function and data-analyzing FORTRAN pro-
gram FDA.2

B. Analysis of the Mdssbauer spectra

A %"Fe nucleus, produced by the radioactive de-
cay of an implanted ’Co nucleus, has an excited
state of 14.4 keV. The width T of this energy lev-
el is h /2m7=4.7X10~° eV, where 7 is the mean
lifetime of the excited state. Upon emission of a
14.4-keV 7y ray a free 7’Fe atom recoils and the y
ray loses an energy of E2/2mg.c?=0.002 eV.
This energy loss is much larger than the width T'
of the energy level and resonant absorption by
another *’Fe atom is impossible. If, however, the
57Fe atom is embedded in a lattice, it has a proba-
bility f of emitting a y ray without creating pho-

nons in which case the only energy loss is due to
the recoil of the total lattice which is of the order
of E2/2M,cec?~10~% €V, and thus completely
negligible.’ f is called the recoilless fraction.
Recoillessly emitted y rays are absorbed resonantly
by *’Fe atoms in identical lattice positions if this
absorption also happens without the creation of
phonons. A movement of the source modifies the
energy of the y ray by E,v/c =vX4.8X107% eV
sec/mm, where v is the velocity of the source in
mm/sec (Doppler shift). Measurement of the
resonant absorption by nuclei embedded in an ab-
sorber of ¥ rays emitted by identical nuclei embed-
ded in a source as a function of the energy differ-
ence of the y transitions (the relative velocity be-
tween source and absorber) is called Mdssbauer
spectroscopy or recoilless nuclear resonance absorp-
tion. An absorption line in a Mdssbauer spectrum
has a Lorentzian shape with a full width at half
maximum (FWHM) W,=2T or W,=2I'c/ E,, in
velocity units (=0.194 mm/sec) if the source and
the absorber are infinitesimally thin. The thickness
of our implanted source is negligible. The effective
thickness of our absorbers is ¢, =n,0¢ f,, where n,
is the number of *’Fe atoms per cm?, 0y=2.56

X 10~ '8 cm? is the cross section for resonant ab-
sorption,* and f, =0.47 is the recoilless fraction of
the absorber at room temperature,’ giving effective
thicknesses of about 1.2 and 6. The line shape
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stays approximately Lorentzian and the minimal
linewidths become 0.23 and 0.35 mm/sec.® Addi-
tional line broadening can be caused by unresolved
residual hyperfine splittings or experimental effects
as uncontrolled source or absorber vibrations, velo-
city amplitude shifts, and absorber inhomo-
geneities.

The electrostatic interactions of the >’Fe nucleus
with its electronic surroundings, called hyperfine
interactions, change the energy of the 14.4-keV lev-
el in two ways.® First, there is an overall shift of
the energy level, called the isomer shift, propor-
tional to | W(0) |2, where W(0) is the electronic
density at the nucleus. If the >’Fe nucleus has dif-
ferent electronic surroundings in the Mdssbauer
source and absorber, the absorption line shifts from
the zero velocity position to a position correspond-
ing to an energy proportional to

[ | \I/absorber(o) I 2 I \Ilsource(o) | 2] .

Second, the 14.4-keV energy level, with spin %, is
split into two levels if an electric field gradient is
present at the nucleus. This is the case when the
surroundings of the nucleus have a noncubic sym-
metry. The splitting is proportional to the magni-
tude of the electric field gradient. Because the
14.4-keV level of the >’Fe in the absorber is not
split, >’Fe atoms in the source in positions with
electric field gradients give rise to doublets in the
Mossbauer spectra.

Fe atoms in the source have different electronic
surroundings if their first-neighbor occupation is
different. Even after implantations most impurity
atoms are only distributed over a few different lat-
tice sites.””® Each site has a well-defined isomer
shift, quadrupole splitting, and recoilless fraction.
The experimental spectra measured at 4.2 K have
been fitted with as few components as possible.
Each component had to have the same isomer shift
and quadrupole splitting in all spectra. Also the
linewidths of all Lorentzians in all spectra mea-

sured with the same absorber were forced to be
identical. Three components were needed to fit all
spectra simultaneously. Their parameters are given
in Table I. Typical spectra are shown in Fig. 2.
The fitted linewidths were 0.30 and 0.40 mm/sec
for the two absorbers used.

The isomer shift is practically temperature in-
dependent. Thermal vibrations in the lattice in-
duce a temperature-dependent shift called the
second-order Doppler shift.> Spectra measured at
temperatures above 4.2 K have been fitted with the
same second-order Doppler shift for all three com-
ponents. The quadrupole splitting was also as-
sumed to be temperature independent. Errors due
to these approximations are negligible.

The most important result of this fitting pro-
cedure is the area under each component in each
spectrum. This area is proportional to the number
of atoms having the corresponding site configura-
tion multiplied by the recoilless fraction of that
site. Because at 4.2 K the recoilless fractions are
equal, the relative area under each component is
equal to the relative number of Co atoms having
the corresponding site configuration. The mea-
sured relative site populations are shown in Figs. 6,
7, and 9.

C. Site identification

The component with the most negative isomer
shift (—0.64 mm/sec) corresponds to Co atoms
placed substitutionally in the lattice. We call this
site the s site. This component, present in all our
spectra, has been described in detail in the litera-
ture.” The component with an isomer shift of 0.32
mm/sec relative to the substitutional line corre-
sponds to Co atoms associated with one or more
vacancies. We call it the v site. This component
has been observed previously in diffused samples
quenched'®~!? to or rolled"® at liquid-nitrogen or

TABLE I. Parameters of the components in the Mdssbauer spectra of a 3’Codl source,
implanted and measured at 4.2 K, against a NasFe(CN)¢-10H,0 absorber at room tempera-

ture.
Quadrupole
Isomer shift splitting
Component Site (mm/sec) (mm/sec) Site identification
1 s —0.638(4) 0 substitutional Co
2 v —0.32(2) 0.00(2) Co + vacancies
3 i —0.21(2) 0.16(2) Co + interstitials
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FIG. 2. Mdssbauer spectra of a 3'CoAl source, im-
planted and measured at 4.2 K, against a
NayFe(CN)g: 10H,0 absorber at room temperature, after
some isochronal (30 min) annealing steps. All spectra -
are fitted with three components labeled s, v, and i with
* variable amplitudes.

higher temperatures. The split component with an
isomer shift of 0.43 mm/sec relative to the substi-
tutional line corresponds to Co atoms associated
with one or more Al interstitials and will be called
the i site. This component has mainly been ob-
served in diffused samples irradiated with electrons
or neutrons at 4.2 K."~1® The presence of all
three sites s, v, and i in one sample has been re-
ported for the first time after studies of Co im-
planted in Al at 4.2 K."’

After annealing the implanted sample to 500 K
a new doublet appears in the Mossbauer spectrum.
Other components have also been reported, for in-
stance, in Al-Fe alloys with Fe concentrations®®
above 1 at. % and after implantations of Fe to
doses above 10! atoms/cm®?! The formation of
all these components, which may correspond to di-
mers, precipitates, etc., prevent the Co atom to be
used to study the radiation damage at higher tem-
peratures.

Although Co atoms associated with one or more
interstitials give rise to a component in the

Mossbauer spectrum with the same isomer shift
and quadrupole splitting it is possible to discern
the atoms in an i; site (Co associated with one in-
terstitial) from those in an i site (Co associated
with more interstitials) by recoilless fraction mea-
surements.!” We have no indication that Co atoms
associated with one vacancy can be separated from
Co atoms associated with more vacancies by the
use2 2of Mossbauer spectroscopy as has been report-
ed.

D. Recoilless fraction measurements

If the atoms in a lattice are assumed to be har-
monic oscillators and if the Debye model is used to
describe the spectral distribution of the lattice vi-
bration frequencies, the recoilless fraction (f frac-
tion) of these atoms can be written as

6Ex
fe,(T)=exp ~ %o,
2
1 T /T xdx
X 13+ te; J it

where T is the temperature, Er =E f,/ 2mc? is the
recoil energy on emission of a y ray, k is the
Boltzmann constant, and ®@p is the Debye tem-
perature of the lattice.> This Debye model can
also be applied if the source atom is an impurity
atom by using another ®, to account for the fre-
quency changes due to the different mass and force
constants.” However, an impurity atom can have
strong local vibration modes or perform jumps be-
tween different lattice sites on a time scale faster
than the lifetime of the nuclear state; then the De-
bye model is no longer applicable. !4 1823

We measured the f fractions of the three com-
ponents by recording spectra at various tempera-
tures between 4.2 K and the annealing temperature.
The spectra measured at the annealing temperature
have been recorded during the last 20 min of the
annealing treatment. The f fractions of the atoms

in the s site fit nicely to a Debye model with a De-
bye temperature @p =255(5) K, in good agreement
with the 250 K reported by Janot for this site.’ As
the isomer shifts of the v and i components differ
only slightly, the areas under both components are
strongly correlated and cannot be fitted accurately.
The accuracy is improved by taking the area of
both components together and by assuming that of
these defect sites only the i site is present below
160-K annealing and that only the v site is present
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between 190 and 270 K. The f fractions of the de-
fect sites are shown in Fig. 3. Fitting the f frac-
tions of the v site to the Debye model results in
®p =243 K, but due to the large experimental er-
rors ®p =255 K also gives a reasonable fit. This
means that the vibrations of the Co atom are only
slightly influenced by the presence of the neighbor-
ing vacancies. The total area under all three com-
ponents at 4.2 K does not depend on the relative
amplitudes of the components. So at 4.2 K the f
fraction of all sites is identical. At temperatures
above 17 K the f fraction of the i site drops sud-
denly and fits no longer a Debye model with
®p=255 K.

The i site is made up of Co atoms associated
with one or more interstitials. Computer calcula-
tions** predict that a strongly undersized intersti-
tial impurity atom is displaced in the {111) direc-
tion a small distance away from the octahedral po-
sition. Co is strongly undersized as its effective ra-
dius is 1.056 A against 1.429 A for the Al atom.?
Co associated with one interstitial, or more proper-
ly said, an interstitial Co atom, called the i; site,
indeed forms this (111) mixed dumbbell as has
been proven by f-fraction measurements along dif-
ferent directions of an Al single crystal.'® Above
17 K the Co atom starts jumping between the eight
equivalent positions of the (111) cube cage, and
the f fraction drops suddenly. When the Co atom

25

is associated with more interstitials, called the i,
site, {(100) dumbbells are formed.?® The symme-
try is broken and the Co atom can no longer per-
form jumps between equivalent positions of a cage,
and the recoilless fraction increases substantially.
Computer calculations indicate that interstitial
configurations have strong localized vibration
modes,?”?8 and due to this fact the f fraction of
the i component stays smaller than that of the s or
v component.?’ This peculiar behavior of the f
fraction of the interstitial site has also been found
for Co in silver.3

The difference between the f fractions of the i,
and i, site can be used to determine how many
atoms reside in each of these sites as has been
demonstrated by Mansel.!” Figure 4 shows his
measured f fractions together with the fraction a
of atoms in the i site which he calculated. We
used the following model to determine the fraction
a,. We assumed that above 20 K the f fractions
of the i; and the i, site can both be fitted to a
Debye model with Debye temperatures ®; and @, .
The total f fraction of the i site is then

fill)=a, fo_(D+(1—a,)fe (T).

We fitted the data of Mansel to this function to
find ®, =160 K and ®;=50 K. The fitted a,
values are listed in Table II and the corresponding
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FIG. 3. Recoilless fractions of the defect sites in a *’Co4! source, implanted to a dose of 2X 10" Co atoms/cm? at
4.2 K, after annealing to the indicated temperatures, as a function of the measuring temperature. The f fractions of

the v site are fitted to a Debye model.
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FIG. 4. Recoilless fractions of the i site measured by
Mansel (Ref. 17) and the corresponding a , fractions
which he calculated. The data are fitted to f;(T)
=a, fi1e0(T)+(1—a, )fso(T) and the fitted a, values
are listed in Table II.

curves are displayed in Fig. 4. The agreement is
satisfactory which means that this model can be
used. We then obtained the fractions @, from our
measured f fractions for the i site by fitting their
values measured above 20 K to f;(T). The fitted
curves are shown in Fig. 4. 88(5)% of the intersti-
tial Co atoms have trapped more than one of the

TABLE II. Fractions of interstitial Co impurities as-
sociated with more than one Al interstitials correspond-
ing to f fractions measured by Mansel (Ref. 17) and the
fractions obtained after fitting these f fractions to a De-
bye model assuming Debye temperatures of 50 and 160
K for Co atoms associated with one or more intersti-
tials. The fits are shown in Fig. 4.

a,data a, fitted
0.09(9) 0.08(3)
0.21(9) 0.34(3)
0.5109) 0.65(3)
0.86(?) 0.86(3)
1.00(?) 0.97(3)

Al interstitials during the Co implantation and this
fraction increases only slightly to 92(5)% after an-
nealing above 70 K. These numbers are upper lim-
its because a small part of the f fraction is due to
atoms in the v site with a larger f fraction.

In a similar way we analyzed the f fractions of

~ the different components in the sample after an Al

postimplantation to a dose of 10'* atoms/cm?.
They are shown in Fig. 5. The fitted value for the
fraction a, after stage-I annealing was 90(10)%.
The same value was found after an Al postimplan-
tation to a dose of 1.3 10" atoms/cm?.

Figure 3 also confirms that the i and v sites are

09 6p=255K

RECOILLESS FRACTION

s site
i .site Tann < 180 K
Tann ¥ 200K

T T T
200 300
MEASURING TEMPERATURE (K)

FIG. 5. Recoilless fractions of the substitutional and the defect sites in a source of substitutional Co in Al, postim-
planted with 10'* Al atoms/cm?, after annealing to the indicated temperatures, as a function of the measuring tempera-

ture. The f fractions of the s site are fitted to a Debye model.
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really different sites as their recoilless fractions
behave differently in the same temperature region.

E. Thermal annealing behavior

The thermal annealing behavior of Al has been
described extensively (see Schilling®! and references
therein). Differential recovery curves obtained by
resistivity measurements after neutron irradiation
to different doses have been given by Nakagawa.*?
Recovery stage I, at temperatures below 40 K, is
due to correlated recovery as well as to the free
three-dimensional migration of interstitials.!”3%3
Annealing stage II, covering the temperature range
from 40 to 170 K, is rather complex. The
recovery below 100 K, stage II A, is probably due
to the migration or dissociation of small interstitial
clusters (as di-interstitials), the release of intersti-
tials from shallow traps or the recombination of
unstable vacancy-interstitial complexes.!7-3!:34—36
The recovery between 100 and 170 K, stage II B, is
very small in pure Al but there are several sub-
stages if impurities are present in the material %
Stage I A, with peaks mainly around 45 and 80 K,
is probably an intrinsic recovery stage. It increases
with increasing defect concentration.’! Recovery
during stage III, from 170 to 260 K, is due to the
free migration of vacancies and small vacancy clus-
ters®® which recombine with interstitials*? or clus-
ter to form small vacancy clusters at the beginning
of this stage and finally form dislocation loops.
The presence of impurities acting as nucleation
centers increases the loop density.**! No impor-
tant changes occur in stage IV, between 280 and
350 K. During stage V, from 350 to 450 K, large
defect loops become unstable and disappear so that
all damage is annealed out.*

We study the annealing behavior by measuring
as a function of temperature the relative popula-
tions of the s, v, and i sites. It is mandatory to
know the trapping behavior of the Co impurities
for defects to separate the changes of the site po-
pulations due to the migration of defects from
those due to changes in the trapping behavior.

The undersized Co impurity is a strong interstitial
trapper** and this is not due to elastic interactions
only.*? Some oversized impurities, e.g., In, also
trap interstitials.*> Trapped interstitials are gen-
erally released by the impurities around or below
stage ITL,*~* but our measurements show that Co
impurities keep the interstitials trapped to about
300 K. Most impurities in Al, undersized as well

as oversized, also trap vacancies.*® The Co impuri-
ty is once again a strong trapper as it retains the
vacancies to about 300 K, whereas the oversized In
atom, for instance, releases them around 260 K.*
It is not surprising that the same impurity traps
vacancies as well as interstitials. A vacancy (or in-
terstitial) itself also attracts both kinds of defects.
Trapping volumes are temperature dependent, but
this has no relevant influence on our results. Also
important is the fact that the Co atoms stay immo-
bile at all our annealing temperatures.*’ So defects
have to move towards the Co atoms to be trapped
and not vice versa. All this shows that the Co im-
purity is a very suitable probe, as it is sensitive to
vacancies as well as interstitials to temperatures
above those of stage III, above which all defects
are released (which renders the sample usable for
another experiment).

Figure 6 shows the site populations during an
isochronal annealing sequence (30 min/step) of the
sample implanted with Co atoms to a dose of
2 10" atoms/cm® These results reproduce those
which we obtained earlier from a similar sample.'®
Due to the high dose no free interstitials remain
and no stage-I recovery is seen. This also occurs
after fast neutron irradiation to doses around 10"
neutrons/cm?.!® Stage-II recovery occurs between
40 and 80 K. The changes of the i- and v-site po-
pulations, compared to the errors, are rather small
to be really convincing. They suggest between 40
and 60 K a conversion of the v site to the i site,
probably caused by the capture of migrating, small
interstitial clusters, as expected during stage-1I
recovery. Between 60 and 80 K, however, the s
and v sites tend to increase at the expense of the i
site. This means that vacancies or vacancy clusters
are trapped or interstitials are pulled away from
the Co impurities. So vacancies are involved but
no vacancy-type defects are freely mobile at these
temperatures. So this recovery may have to do
with a rearrangement of vacancy clusters, e.g., the
collapse of depleted zones or the elimination of
configurations of vacancies and trapped intersti-
tials which become thermally unstable due to their
mutual interaction. It is to be noted that a strong
recovery of the electrical resistivity around 80 K
has not only been found after high dose irradia-
tions*"32 but also after deformations by compres-
sion,*® torsion,*, rolling,*® and extension.’! The
most important changes in the site populations oc-
cur between 160 and 240 K with a peak around
180 K. This is recovery stage III. The i site is
converted to the s or v sites, and the s site is con-
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FIG. 6. Relative site populations for Co atoms implanted into aluminum (2 10'* atoms/cm?, 85 keV, 4.2 K) after

isochronal annealing steps (30 min).

verted to the v site as freely mobile vacancies and
small vacancy clusters are trapped by the Co im-
purities. The s-site population stays constant due
to the dynamical equilibrium between its produc-
tion and its annihilation. This equilibrium critical-
ly depends on the concentrations of the various de-
fects present in the material. Around 290 K, the
Co impurities release all defects and nearly all Co
atoms end up as substitutional after annealing to
330 K. At this temperature nearly all the irradia-
tion damage is annealed out.>?

Al atoms have been implanted into this com-
pletely annealed sample to doses of (a) 1 10 and
(b) 1.3 10'° atoms/cm?. Figure 7 shows some site
populations during the isochronal annealing of
these samples. Once again no stage-I recovery is
observed. Not enough points have been measured
to comment on the stage-II recovery. The changes
of the site populations during stage-III annealing
are clearly dose dependent. After a 1X 10'%-Al
atoms/cm? implantation, the s-site population in-
creases by about 20% and the v-site population in-
creases slightly, leading to a large decrease of the
i-site population. After a 1.3 10'°-Al atoms/cm?
implantation, the v-site population increases by
about 15% at the expense of mainly the s-site po-
pulation as the i-site population decreases only
slightly. As mentioned before the s-site population
stays constant at an intermediate dose of 2 10'*
Co atoms/cm? which corresponds to about 5x 10'

Al atoms/cm?, as can be seen from Fig. 8 where
the damage produced by the implantation of an
equal dose of Co and Al atoms at the depth of the
implanted Co atoms is plotted against a common
(arbitrary) scale.”

As this stage-III behavior is strongly dose depen-
dent, it is well suited to test the mathematical
model for the radiation damage that we will
present further on.

F. Dose dependence

As mentioned above, the changes of the site po-
pulations, especially during stage-III annealing,
strongly depend on the implantation dose. The site
populations immediately after the implantations at
4.2 K also depend on the dose, as shown in Fig. 9.
The substitutional site population decreases from
100% to about 50% around a dose of 8 X 10'3 Al
atoms/cm?, and then slowly increases to about
60% around 1.3 10'° Al atoms/cm?. The i-site
population is maximal where the s-site population
is minimal. The v-site population tends to increase
slowly. At doses above 10'* Al atoms/cm?2, most
of the i site consists of Co atoms in the i site as
shown by the f-fraction measurements.

This behavior will be explained quantitatively by
the mathematical model described further on.
Qualitatively, the following processes play their
part. Interstitials and vacancies are produced. The
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FIG. 8. Gaussian depth distributions of Co (m=510,
0=192) and Al (m=1074, 0 =392) atoms implanted
into polycrystalline aluminum to the same dose with an
energy of 85 keV, and the distributions of the damage
they produce (Co: m=358, 0=207; Al: m=765,
0=409) (Ref. 52).

trapping volume of a Co atom for interstitials is
much larger than that for vacancies. So at lower
doses mainly interstitials are trapped. But because
interstitials cluster more easily than vacancies, they
are mainly found, upon further dose increase, in
clusters, while vacancies still survive as monova-
cancies. With its trapping volume for recombina-
tion being lower when an interstitial sits in a larger
cluster than in a smaller one, a further dose in-
crease will concentrate the interstitials in larger
and larger clusters, at the expense of the smaller
ones, finally decreasing the number of interstitial
clusters. The Co impurities which, at the begin-
ning of the irradiation, captured a small number of
interstitials take part in the same process, which
means that the smaller Co interstitial clusters see
their interstitial content readily annihilated by the
newly created vacancies, while only the larger ones
have a fair chance of survival. When the last in-
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terstitial of a small cluster around a Co atom is an-
nihilated by a vacancy, the trapping volume of this
Co site for vacancies decreases substantially. Be-
cause Co atoms in the v site are very effective in-
terstitial trappers, the v-site population increases
too slowly to make up for the decrease of the i-site
population and so the substitutional Co population
increases at higher doses.

III. A MATHEMATICAL MODEL
FOR THE RADIATION DAMAGE
IN ALUMINUM

A. The outlil_les

We want to calculate what the radiation damage
in Al looks like as a function of the irradiation
dose, if the irradiation is performed at a low tem-
perature where all defects are immobile. We
characterize the damage by the concentrations of
interstitials, vacancies, di-interstitials, divacancies,
and interstitial and vacancy clusters and their aver-
age sizes. We assume that during an irradiation
process vacancies and interstitials are produced in
equal numbers and at random places in the materi-
al. The irradiation dose is expressed as the concen-
tration of created interstitials (or vacancies), not
taking into account the spontaneous recombination.
When an interstitial (or vacancy) is created inside

the trapping volume of an already existing defect,
it combines with this defect. With increasing
dosage, more and more defects are present in the
material and the probability for a newly created
point defect of being inside the trapping volume of
another defect increases. The following reactions
are possible during the irradiation process: I +1,
L+ LIc+L VAL Vy+L Ve+L V4V, V,+V,
Vc+V, I,+V, and I+ V, where the abbreviations
I, 1I,,Ic,V,V,, and V; stand for interstitial, di-
interstitial, interstitial cluster, vacancy, divacancy,
and vacancy cluster, respectively. The probability
that, for instance, ¥, when created, reacts as I, + V'
is proportional to the product of the trapping
volume of a di-interstitial for a vacancy and the
concentration of di-interstitials in the material.
Thus, the radiation damage as a function of the
dose is described by a set of rate equations with
the trapping volumes of all defects as parameters.
These parameters have to be adjusted by fitting the
calculated values to experimental results.

Our experimental results are Co-site populations.
So we calculate the Co-site populations using the
calculated defect concentrations. We treat the Co
atom just as an atom probing the volume of the
material. We set the fraction of Co atoms which
have trapped two interstitials equal to the probabil-
ity that a Co atom at a random place in the lattice
is situated inside the trapping volume of a di-
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interstitial for a Co atom; or put another way, set
it equal to the fraction of the volume occupied by
the trapping volume of all di-interstitials for Co
atoms. We believe that this approximation is justi-
fied because the Co atoms remain immobile in the
lattice and have to undergo all the defect creation
and annihilation reactions, and because our max-
imum Co concentration of about 500 ppm is small
enough not to have an important influence on the
calculated defect concentrations. In reality, howev-
er, the Co atoms will compete with the other de-
fects present to trap the newly produced point de-
fects, thus lowering our calculated substitutional
site populations. The Co impurities introduce
some additional trapping volumes as parameters to
be fitted.

Once the structure of the damage at a certain
dose is calculated, a thermal annealing simulation
can be started. We assume that only I, I,, ¥, and
V, are mobile and allow each of these defects to
react with each of the six monitored defect types.
Changing the concentration of a defect C due to a
reaction 4 +B—C is assumed to be proportional
to the product of the concentrations of 4 and B
and the sum of the jump frequencies of 4 and B.
All influences due to reactions with impurities,
rearrangements, or breakdowns of defect structures
and thermally produced defects are neglected. In
this way only the main features of stage-I and
stage-III recovery are simulated. To reproduce the
experimentally measured Co-site populations, the
four migrating defect species are allowed to in-
teract with the existing Co sites. In principle, the
migration enthalpies of the defects appear as addi-
tional parameters in the model, but because they
are known well enough and because we are not
really interested in the thermal positions of the
recovery stages and only in the changes they inflict
on the site populations, they are not to be fitted.

The model outlined here is of course a substan-
tial simplification of real nature, where, for in-
stance, trapping volumes are temperature depen-
dent and overlap at higher doses, where the pro-
duced damage and the Co impurities are not distri-
buted homogeneously, where there are small equili-
brium vacancy concentrations, where defects react
with impurities, where the lattice structure influ-
ences cluster forms, etc. We believe, however, that
the mechanisms that dominate the damage produc-
tion and annealing through stage I and III are in-
cluded. Apart from a description of the radiation
damage and different trapping volumes other in-
formation will be gained, such as the number of

Frenkel pairs produced by one implantation cas-
cade. The following section describes the model in
detail and the next one lists the results. Different
uses of rate equations in connection with radiation
damage have already been proposed in the litera-
ture, 33—

B. Detailed description
1. Damage production during the irradiation

The temperature is low enough for no defects to
be freely mobile. An irradiation creates damage in
a volume of N atomic volumes. A single irradiat-
ing particle creates inside this volume, P Frenkel
pairs, not taking into account the spontaneously
recombining interstitials and vacancies. These P
interstitials and P vacancies are supposed to be
produced in an uncorrelated way at random places
inside the volume of N atoms. P® is the total
number of Frenkel pairs produced inside the
volume of N atoms, when the fluence of irradiating
particles is ®. Irradiation doses will be expressed
as P®/N which represents the total number of
created defects per atomic volume (cipa for created
interstitials per atom). & is a continuously chang-
ing variable in the calculation. With regard to
heavy-ion implantation, the calculation is only use-
ful when the fluence is high enough for the total
volume to be filled with damage cascades (a dose
of 10" to 10'? atoms/cm?).

Calculated are the concentrations of interstitial
defects: n;/N, the number of I per N atoms;
n,/N, the number of I in I, per N atoms; n /N,

the number of I in I¢ per N atoms; N, /N, the

number of I per N atoms; and the corresponding
concentrations for vacancies: ny/N, ny,/N,

ny, /N, and n,p C /N. The average size of clusters
of three or more interstitials is A;=n;_/n,;_ and
for vacancies Ay =ny_/nyy,..

Parameters are the following trapping volumes,
which are all expressed in aluminum atomic
volumes: vg, the recombination volume for an I
and a V; vy, I for I; vy g, I, for I per I of I (=-;-
of the total trapping volume of the I); vy s, Ic for
I per I of the cluster; vy, 1, ¥ for I per V of Vy;
vy.1, Ve for I per V of the cluster; and the corre-

sponding trapping volumes for vacancies: vyy,
UVZV’ UVCV, UIZV’ and vIcV' Of those only VR V11,
Uy, Uy,1, and vy y are independent parameters to
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be fitted. We assume, as a simple model to ac-

-
count for overlapping trapping volumes, that the g ) “:?
trapping volume of a defect in a cluster decreases 2 ' +
as the square root of the cluster size. This choice - - ~
will be discussed in Sec. IIIC1. So the trapping £ “I* “_p
volume of a cluster of j interstitials for an intersti- =
tial is j (v, ;)= j i /i) =j"%y;. This leads to § 5
V1,1 =y ()17, vrr=vp(1/Ap)"2, s 3
= 172 - 12 = > 3
UVCI—UVZJ(Z/)»V) s UVZV—UVV( ) ), g f ‘\l‘ ey
vy r=vy(1/Ay)'2, and vy =vr,r(2/A)'"2 % g g 5 §
Two additional parameters a and S are included to 2 I+ [ l
allow the creation of larger vacancy clusters during =
one implantation cascade (depleted zones). « is the < .
fraction of the vacancies produced as single vacan- o N N
cies in one cascade and f3 is the average size of the 2 § °|' <
formed vacancy clusters and has to be equal or g bS] N kS 3
larger than three. | + | !
The probability for a newly produced I (or V) to *?3 5 o
react with an existing defect X is equal to the frac- o} € ¥ 3 3
tion of the volume covered by the trapping volume g ? T e _?_
of X for the I and can be written as nyvy; /N, o
where ny /N is the concentration of defects X and = - ;§ 3 -
vyy is the trapping volume of X for I. The possible ; .? | i .T.
overlap of trapping volumes vy; is neglected. 5
Eleven different clustering reactions make the fol- § § 2 8
lowing probability terms appear in the rate equa- g' b ? ‘?‘
tions: V +1, ai =nyvg /N; I +V, av =n;vg /N; &
I+I1I,, bi =nu /N; V+V—V,, g -
bv =anVV/N; V2+I~—>V, ci=nV2vV21/N; =1 Ia i ¢&l!)
I,+V—I, cv=n12v12V/N; ILy+I—Ic, §
di =n,20121/N; Vo+V—Ve, dv =nV2UV2y/N; % 3 S
Ve+I—V or Vs, ei =ny vy 1 /N; Ic+V—I¢ or g <$ 5
I, ev =n1cv,CV/N; Ic+I->1g, fi =nICUICI/N; Ep
and Vc+V—Vg, fv =ny y.y/N. The result of _§ 3 3
the cluster annihilation reactions Vo +1I and Ic+V 2 o+
is distributed over the di-defect and defect clusters o
by assuming that the probability of formation of £ 8 8
the di-defect is inversely proportional to the cluster & ? ?
size. 3
The rate equations describing the damage pro- § R
duction are listed in Table III. These equations are g Fol
numerically integrated. All defect concentrations :3;
are put equal to zero for zero irradiation dose. 2 3 §
s |- B
5] - _L
3 z
2. Co-site populations during the irradiation E Gl
4 l8g55988% ¢
Calculated are the fractions of the Co atoms 2= | 8 s E & & &g o o
which are associated with an I (ny), an I, (ncy), =8 3 E SEFys S
=] ITIT "I I ™S T

an IC (nCIC), a V(ncy), a Vz (ncyz), and a
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Ve (ney,). The fraction of substitutional Co

atoms (nc) contains all other Co atoms. Defects
are produced and annihilated throughout the lat-
tice. The Co atom does not migrate to seek out
the defects but has to wait until defects are pro-
duced inside its trapping volume. If Uc, represents

the trapping volume of an interstitial for a Co
atom (or vice versa) then a fraction n;vc; /N of the
total volume is covered by the trapping volume of
Co impurities for I. The probability of a randomly
placed Co atom of being associated with an I is
equal to this volume fraction. In this way the Co
impurities (whose concentration is small) just act
as observers without any influence on the damage.
In reality the Co atoms compete actively with the
other defects already present for the possession of
the newly produced defects. Neglecting this
phenomenon will probably render our substitution-
al Co-site population a little bit too high.

Once again trapping volumes appear as parame-
ters. v¢y is the trapping volume of an I for a Co
impurity, 2!/2v; that of an I,, A]’%v¢; that of an
I, and correspondingly for vacancies we have vcy,
21/ZUCV and )\.i//ZUCV.

The site populations are not described by rate
equations but are directly proportional to the de-
fect concentrations:

ner=npucy /N,
nC,2 =n12vCI /21/2N ’
ner.=nivcr/ AN,
ney=nyvcy/N ,
nCV2=nV2vCV/21/2N ;
nCchnVCUCV/A{//ZN )
nc=1—(ne+nc,+nc,
+ncy+ncy,+ncv,) -

These site populations, like the defect concentra-
tions, can be fitted to experimental results to ob-
tain the values of the parameters.

3. Damage evolution during a thermal
annealing simulation

The damage was produced by irradiation at a
temperature where all defects are immobile (i.e., 5
K). When the temperature is raised some defects
start wandering through the lattice until they

penetrate the trapping volume of another defect
and then they combine. The evolution of the de-
fect concentrations clearly depends on the initial
defect concentrations. Four defects are allowed to
migrate: I, I,, V, and V,. We express their jump
frequencies as

vy =voexp(—E["/kT) ,

v,2=v0exp(——E,"2' /kT) ,

vy =voexp(—Ep /kT) ,
and

vy, =voexp(—Ey, /kT) ,

where k is the Boltzmann constant, T the tempera-
ture, v, the attempt frequency, and EJ", E }'2', E7,
and E ,'}'2 are the migration enthalpies of the various

defects. In principle the five additional parame-
ters, vo, and the migration enthalpies can be fitted
to the experimental data. They determine at what
temperatures the main concentration changes oc-
cur. However, their values are known well enough
and in this work we are interested not in the tem-
peratures at which the concentration changes occur
but in the magnitude of the changes. So we treat
them as constants with values: v,=10",
E"=0.115 eV, E}'2'=0.135 eV, Ey'=0.60 eV, and
E,’;‘2 =0.45 eV.

The probability of occurrence for the reaction
X +Y—Z, which we denote as X*Y, is proportion-
al to the product of the concentrations of X and Y,
nyny/N2. It is also proportional to the relative
migration velocities of X and Y. Whichever of
both is mobile is not important. Setting X*Y
~(vy+vy)ngny/N? simplifies the notations
without doing any harm. The proportionality fac-
tor depends on factors as the magnitude of the
trapping volume vyy, on the amount of correlated
jumps and on the heating rate. As we do not want
to fit vy and the migration enthalpies, kvyy will do,
with k fitted to the experimental results to put the
recovery stages in the right temperature ranges. So
the concentration changes due to the reaction
X +Y are

an * 2
"]\}E{=—X Y= —kvyy(vy +vy)nyny/N°,
dny

—X__x*v,

Nadt

dnz

—Z_ XY

Nar~*
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An isothermal annealing sequence is simulated

by the integration of the rate equations with con- —_ «T‘U }N ?N =
stant jump frequencies corresponding to the an- a Nogooow
nealing temperature. The experimental isochronal = o i
annealing sequence is not simulated by a discrete 8
number of isothermal annealing steps but instead (2 o )
by a constant heating rate 6=dT /dt. Then, at any -§ ;~ ;~
moment, the temperature T is proportional to the 8= I I
time ¢ elapsed since the start of the annealing treat- el
ment and the jump frequencies at any moment are ° o
written as s IO
g A N
vy =wvoexp(—Ey /k06t) . % I+ 1+
The set of rate equations describing the evolution )
of the damage during the thermal annealing simu- % NN
lation is listed in Table IV. ] DN '&. ;N
Some additional approximations are made. The = T3 |+
number of clusters is kept constant during anneal- g
ing, unless the average cluster sizes A; or A, drop g
below three. In that case the number is put equal 8 oS =
to ny_/3 or ny_/3. The average cluster size is L;.) ‘T :T :T »'kt
needed to evaluate some trapping volumes. As yet §
undefined trapping volumes for I, are approximat- g
ed as V1,1, = V1,05 V1.1, = V115 Vv, 1, =VUR> Uy 1, —3 g gl :'N
=Uy,s, and correspondingly for ¥,. E Ny NN
2 | + |
©
4. Co-site populations during a thermal .%0 ~ =~
annealing simulation 3 :T ;I
7]
=}
The Co-site populations change during the ther- -é
mal annealing because the mobile defects are = | > A
trapped when they meet a Co atom. The Co atoms 8 :E’ E, S
stay immobile at all temperatures. So the probabil- 8 | + +
ity of occurrence for a reaction X +CY —CZ can -8
be written as ?Q
_g ~ B~ N 5 }
X*CY=chyx‘VXancy/N2 . *é‘o :,: £ :‘? ;N § §
The trapping volume of the Co site CY for the 2 PE+ 0+
mobile defect X, vcyy, is vy or vey when CY 2
represents substitutional Co and is otherwise as- o iy R
sumed to be equal to the trapping volume of the § *'T :_'T_ A
defect that is formed if the Co atom is substituted 3 Lt
with an Al atom (i.e., vey =V, Vopr =Ug,. . ). g
The Co-site concentrations are proportional to the 2 ) -
total Co-impurity concentrations. We performed «; ‘E ~ E
the calculations assuming a very low Co concentra- 3 + 1 |
tion of 20 ppm. This Co concentration or the cor- m
responding trapping volumes are of little impor- 2
tance as they mainly influence the thermal posi- E 2 TR I % %
tions of the recovery stages which are not to be fit- EIE = § g g § Z 5
ted to experimental results. The concentration E g B = :A Oy
R SIS SIS SRS

changes of the seven different Co sites are
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described by the set of rate equations listed in
Table V.

Separating the damage annealing from the Co-
site annealing, as we did, is only allowed when the
Co concentrations are much smaller than the de-
fect concentrations. We believe that the Co con-
centration of maximum 500 ppm in our experi-
mental samples is small enough to justify this as a
rough approximation.

5. Fitting procedure

All sets of equations have been integrated nu-
merically. Good results have been obtained by as-
suming that no depleted zones are formed in a
one-collision cascade, this means a=1 and 8 of no
importance. The results are rather insensitive to a
and B as long as @ >0.5. Mainly four calculated
curves have been used to determine the seven other
parameters of the model, namely the substitutional
Co-site populations as a function of the dose and
as a function of the annealing temperature after
three irradiation doses. The corresponding experi-
mentally measured curves (Figs. 6, 7, and 9) are
the most accurate ones. Emphasis has been put
not on the absolute magnitudes but on the magni-
tudes of the changes. The calculations have been
done using a large number of parameter sets. The
results obtained with the parameter sets giving the
best agreement with the experimental results, are
presented in the next section.

C. Calculated results
1. Trapping volumes

Table VI shows the trapping volumes giving the
best agreement between the calculated and the ex-
perimental results. The results are more sensitive
to the ratios of Vrrs Upy, UVZI’ vIZV’ Ucrs and Ucy
than to their absolute values, and rather insensitive
to the value of vg. vg _300 also produces a good
fit. The error on the ratios of the trapping
volumes is estimated to be about 10% and the er-
ror on the magnitudes to be about 20%.

The assumption that the trapping volume of a
defect in a cluster decreases as (cluster size)” with
1]=% is rather arbitrary. We also performed some
calculations with 17=-;— and % The results with
7]=% and —:— do not differ much and seem slightly
better for n= —;— However, really fitting this value

TABLE V. Set of rate equations describing the Co-site populations during a thermal annealing treatment. The abbreviations are explained in Secs.

IIIB1—IIIB4.

+V*CI(;—I*C12 —-Iz*CIz
+1,*CI —V*CIc +I*CI, +I1,*CI,

+I*CV, —1L,*CV +V,*CI +1,*CV —V*CV —V,*CV

+V*C' —I*CV,

+V,*CIc +I*CI
—2V,*CI¢

+V*CI, +1,*CV —V,*CI + V,*CI —I*CI —I,*CI

—V*CI,

+I1,*C

+I*C

+V*CI +I*CV +V,*CI, +1,*CV, —I*C—V*C—1,*C—V,*C
—V,*CI,

dnc/Ndt

dncr/Ndt = —V*CI
dnCIZ/th
dnCIC/th
dncy/th
dncyz/Ndl
dchC/th

+I*CVe —V*CV, —V,*CV,

+ Vo *CV —I*CVc +V*CV, + V,*CV,

+1,*CVe +V*CV
—2I,*CV¢

+V*C

—I,*CV,

—I*CV
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TABLE VI. Trapping volumes determined by fitting
calculated Co-site populations to experimentally mea-
sured ones, expressed in Al atomic volumes or related to
other trapping volumes.

UR( =UIV) 400

1J74 200 UR/2

Vyy 133 UR/3
UVZI 210 3/2 1)121
ulzy 140 3/2 vVZV
UC' 250

Ucy 50 ch/s

makes sense only when more realistic models are
used as the influence of this parameter is compar-
able to that of some approximations used. The un-
saturable trap model (yp=1) cannot account for the
dose dependence of the Co-site populations.

2. Damage production during the irradiation

Figure 10 shows the radiation damage calculated
with the trapping volumes of Table VI. Intersti-

REMAINING DEFECTS/1000 ATOMS

3ZIS  ¥3LsSN0

04 ( b ) Hso

!
[
(SWOLY)

0.2 Y

NUMBER OF CLUSTERS /1000 ATOMS

1 10 100 -
DOSE (CREATED DEFECTS /1000 ATOMS)

FIG. 10. Calculated damage (using the parameters of
Table VI) as a function of the irradiation dose, charac-
terized by the numbers of interstitials and vacancies
present as point defects or as clusters of two or more de-
fects (a) and by the number of clusters of three or more
interstitials and their average size (b).

tials have a strong tendency to cluster. Only at
low doses (0.005 cipa) do I or I, dominate. Of 100
created interstitials per 1000 atoms (0.1 cipa), three
interstitials remain and they are all present as clus-
ters of three or more interstitials with an average
cluster size of about 15. At doses above 0.02 cipa
the number of interstitial clusters decreases and the
cluster size starts to increase more rapidly. Most
of the vacancies, however, survive as single vacan-
cies even at doses above 0.1 cipa and the average
size of the vacancy clusters does not increase. Fig-
ure 11 shows the damage calculated with vz =300.
The defect concentrations reached are about 15%
higher than the corresponding concentrations for
Ur =400.

3. Co-site populations during the irradiation

Figure 12 shows the Co-site populations which
have to be compared to the experimental values
shown in Fig. 9. This comparison allows a dose
calibration; 0.02 cipa corresponds to 1 10'* 85-
keV Al atoms/cm?. The i,-site populations which
forms part of the i-site population is shown also.
As determined experimentally by f-fraction mea-
surements the calculations indicate that at doses
above 0.02 cipa most of the i site is made up by
Co atoms associated with more than one Al inter-
stitial. If in the model the Co atoms would be al-
lowed to compete with the defects for the posses-
sion of the newly produced defects, the slope of the
s-site population would always be somewhat more
negative which would improve the agreement with
the experimental results.

Figure 13 shows the populations calculated with
vg =300 and vy =200. The results are nearly
identical and the same dose calibration can be
used. At doses around 10'* atoms/cm?, cascades

REMAINING DEFECTS/1000 ATOMS

1 10 100
DOSE (CREATED DEFECTS 1000 ATOMS)

FIG. 11. Calculated defect concentrations (using
vg =300) as a function of the irradiation dose.
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FIG. 12. Calculated relative site populations for Co
atoms in Al, initially substitutionally placed, as a func-
tion of the irradiation dose (using the parameters of
Table VI).

heavily overlap and the results are determined by
the trapping volumes governing the clustering pro-
cesses.

4. Damage evolution during a thermal
annealing simulation

Figure 14 shows the number of defects as a
function of the irradiation dose and the annealing
temperature. The curves on the extreme right are
those of Fig. 10 (defects against irradiation dose).
At various dose points an isochronal annealing se-
quence up to 300 K is simulated.

The changes of the interstitial defect concentra-
tions [Figs. 14(a)—14(c)] first increase to doses of
about 0.005 cipa. Then they decrease and at doses
above 0.1 cipa no stage-I recovery remains to be
seen. The changes of the vacancy defect concen-
trations [Figs. 14(d)— 14(f)] become larger and

100

Co SITE POPULATION (%)

o

1 0 100
DOSE (CREATED DEFECTS /1000 ATOMS)
FIG. 13. Calculated relative Co-site populations as a
function of the irradiation dose (using vy =300 and
Vg = 200).

larger with increasing dose. The recovery stages
shift to lower temperatures with increasing dose.

5. Co-site populations during a thermal
annealing simulation

Figure 15 shows the substitutional Co-site popu-
lation as a function of the irradiation dose and the
annealing temperature. The curves corresponding
to doses of 1 10™, 5x 10", and 13 10" Al
atoms/cm? are to be compared to the experimental
results of the Figs. 6 and 7. Using the formerly
derived calibration, 0.02 cipa=1X 10" Al
atoms/cm?, these doses are 0.02, 0.1, and 0.26 cipa
(they are marked by arrows in the figure). The
strong suppression of stage-I annealing and the
unorthodox behavior of the s-site population dur-
ing stage-III annealing are in good agreement with
the experimental results which are unable to
separate the changes due to mono- and divacancy
migration.

Figure 16 shows the corresponding defect associ-
ated Co-site populations iy, i, vy, and v. As experi-
mentally measured hardly any changes in the i-site
population occur after high-dosage irradiations and
at our experimental doses nearly all Co atoms in
the i site are associated with more than one Al in-
terstitials. It is also apparent that the v, site
remains rather small at all doses and all annealing
temperatures. The increase of the v-site population
during stage-III annealing is nearly completely due
to the increase of the v, -site population.

IV. DISCUSSION

The correspondence between our calculated and
experimental results is quite satisfactory. This is
not sufficient proof for the rightness of the model
because a large part of the correspondence results
from a fitting procedure. To evaluate the model
we compare the obtained results to some data from
the literature. If our calculations reproduce experi-
mentally measured facts that have in no way been
used to adapt parameters of our model, we may
hope that also the predictions which have not yet
been verified experimentally, are sound.

A. Trapping volumes

Many values have been reported for the recom-
bination volume vg. In most cases they have been
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derived by measuring resistivity changes as a func-
tion of the irradiation dose. The resistivity in-
crease per unit concentration of Frenkel defects is
about 4.4X10~* Qcm.*® So the defect concentra-
tion as a function of the dose is measured and this
is fitted to models containing the recombination
volume vg. Obtained values range from 100 to

150 after electron irradiation,® 170 to 240 after
heavy-ion irradiations,®! and after neutron irradia-
tions, 115 (Ref. 62) or 150 to 450.32 The large
spread in vy is not due to uncertainties in the data
but results mainly from the differences in the
models used to analyze the data. Computer calcu-
lations put 74 atoms inside the recombination



5116

E. VERBIEST AND H. PATTYN

wn
£ 100
m
e
e
IS
=]
e \
*
g 0 Y
L N
° - s
& \ -
A0
™
o
?
T 100

) 100

200

ANNEALING TEMPERATURE (K)

FIG. 15. Calculated population of Co atoms substitutionally placed in Al after irradiations to different doses fol-

lowed by isochronal annealing sequences (using the parameters of Table VI). Arrows indicate the curves corresponding

to the experimentally measured values shown in Figs. 6, 7, and 9.

volume.?” Larger values have also been reported,
i.e., a sphere of 3.5 lattice units radius containing
about 680 atoms.” The values of 300 and 400
which we propose are on the high side of the vy
values. Our results are rather insensitive to the
value of vg.

Values of other defect-defect trapping volumes
are harder to obtain. v;; has been reported to be a
sphere of 9 lattice units radius.”® Compared to our
results this value is much too large. Attempts
have been made to obtain values such as v; N but

experimental errors are too large to allow a definite
determination.

More is known about the trapping volumes of
impurities for interstitial Al atoms. Channeling
measurements using Ag in Al indicate that at 70
K, vg is 4 to 5 times larger than this trapping
volume,*>% but more frequently ratios between 1
and 2 are reported.*>%—%" A value of ve; =200
has been derived by Mansel'® by comparing the

change of the i-site population measured by
Mossbauer spectroscopy to the change of the elec-
trical resistivity after neutron irradiations. By fit-
ting the same data after calculating the number of
produced Frenkel pairs to a rate equation model

vcr =195 has been obtained.®® So the value of 200
to 250 and the ratio of vg /vy =1.5 to 2 which we
propose seem to be realistic. Less information is
available on the trapping volume for vacancies. In
any case v¢y is much smaller than vy because im-
mediately after an irradiation the v-site population
is always much smaller than the i-site population.
The trapping volumes in our model are those
during the irradiation at 4.2 K and take into ac-
count dynamical effects. A possible explanation
for the fact that the trapping volume for an inter-
stitial is always larger than the corresponding one
for a vacancy is that the interstitial is displaced by,
for instance, a focused collision sequence. Thus, it
scans a part of the lattice, has a better chance of
meeting a reaction partner, and acquires a larger

trapping volume.

B. Calibration of irradiation doses

Results of irradiations by electrons, neutrons,
and heavy ions can only be compared if their doses
are expressed on a common scale. A suitable scale
is the total number of Frenkel pairs produced in a
volume divided by the total number of atoms in
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annealing temperature (using the parameters of Table VI). The populations are expressed as percentages, the doses in
created defects/1000 atoms and the annealing temperatures in K.

that volume, abbreviated cipa (defects per atom).
As mentioned in Sec. III C 3, a dose of 110
85-keV Al atoms/cm? corresponds to 0.02 cipa.
According to Wurm the resistivity increment per
unit dose for a 3-MeV electron is about 1.08

X 1072 Qcm® and 0.6 X 10726 @ cm? for a 1-MeV
electron.® So 10'® 3-MeV electrons/cm? corre-
spond to 10'¥ 1.08 X 10726/4.4 X 10~*=25% 10
cipa. 10" 1-MeV electrons/cm? is about 15% 10~°
cipa. However, Mansel!” associates 10'® 2.8-MeV
electrons/cm? to 5 10~° cipa. 0.7 10'® fast neu-
trons (E >0.1 MeV)/cm? induce a resistivity
change of 1.8 1077 Qcm.!” So 10 fast
neutrons/cm? correspond to 58 X 10~ cipa.

The number v of Frenkel pairs produced by one
incoming 85-keV Al atom in aluminum is now
easily determined. As Fig. 8 shows, 85-keV Al
atoms produce their damage in a layer of about
1500-A thickness containing 9 10!” atoms/cm?.
.Calculating v,

vX 10" cascades/cm?
9% 10'7 atomic volumes/cm?

—0.0p—defects 180

atomic volume
About 40 keV of the energy is lost by nuclear stop-
ping (E,) and produces Frenkel pairs.”? 16 eV (E,;)
is needed to displace an Al atom.”®’! According
to the modified Kinchin-Pease rule,”? 0.8E, /2E,
=1000 atoms are displaced in one cascade of a
85-keV Al atom in aluminum. Only 180 of those
remain. Thus, about 20% of the displaced atoms
are removed outside the volumes for recombination
with their own vacancies and can remain as inter-
stitials in the lattice. By resistivity measurements
effective displacement energies of 45 to 60 eV have
been found after electron irradiations, and around
60 eV after neutron or deuteron irradiations.’%%
With E;=16 €V, this means that about 30% of
displaced atoms do not recombine with their own
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vacancies. So 20% for heavy ions is a reasonable
number. One neutron would produce 0.0035
remaining Frenkel pairs per micron in aluminum.

C. Comparison of our calculated results
to other experiments

Mansel measured Co-defect-site populations
(i site+v site) for different neutron irradiation
doses between 0.2X 10'® and 7.3 X 10'®
neutrons/cm? as a function of the annealing tem-
perature.!® His measured populations 3%, 10%,
20%, and 55% for doses of 0.0001, 0.0004, 0.0013,
and 0.0042 cipa, respectively, agree well with our
calculated 3%, 10%, 23%, and 36%. Two differ-
ences are found in the annealing behavior: First,
stage-I recovery is suppressed at doses somewhat
lower; and second, the changes during stage-I an-
nealing are somewhat smaller for a dose of 0.0001
cipa than for 0.0004 cipa. These differences are
not so important, but might indicate that our ratio
of vy /vy is somewhat too small.

Mansel also measured the i,- and i, -site popu-
lations as a function of the annealing temperature
after a neutron irradiation of 0.7 X 108
neutrons/cm?.!7 They are reproduced by the calcu-
lations.

Kalish implanted 4 X 10'* 100-keV Al atoms/
cm? in aluminum with a low Co concentration and
studied the annealing behavior using backscattering
and channeling.*’ His results agree with our exper-
imental and calculated results.

Using perturbed angular correlation the structure
of the impurity-vacancy (In instead of Co) site in
Al has been investigated.”>™ The structure mainly
shows a (111) symmetry, pointing to impurities
associated with two or more vacancies. This can
be explained. The substitutional impurity has a
small trapping efficiency for vacancies, so it is dif-
ficult to form the v, site. As soon as a vacancy is
trapped, the trapping efficiency increases drastical-
ly due to the vacancy. This enables the conversion
of most of the v, site to the v, site [see Figs. 16(c)
and 16(d)].

The vacancy concentration in Al after irradia-
tions at 4.6 K with fast (1 X 10'® neutrons/cm?)
and thermal neutrons (1.6 10'® neutrons/cm?),
and after annealing to 125 K, has been measured
by the muon spin-rotation technique as 30 107>
and by resistivity measurements as 25X 107°.7
Our calculations give 15X 107> at 0.001 cipa and
25% 1075 at 0.0015 cipa, which deviates by at
most a factor of 2 from the experimental results.

Transmission electron microscopy shows that
during electron irradiation interstitial loops grow,
whereas vacancy loops are annihilated by trapping
interstitials.** The calculations predict large inter-
stitial clusters at high doses and no large vacancy
clusters.

A good fit to our measurements was possible
without taking into account a certain amount of
vacancy clustering in the cascade (@=1). This
agrees with experiment.”®”’

D. Possible further developments

Although many approximations have been made,
the calculated results reproduce the experimental
results remarkably well. The method outlined here
serves as a base suitable for further refinements.
The sets of rate equations describing the damage
production and the annealing are easily combined
by expressing the dose as a function of time and
adding both sets. A more detailed description of
the damage production at a certain irradiation tem-
perature is obtained by taking the thermal equili-
brium defect concentrations into account.’*’® The
overlap of trapping volumes during the irradiation
can be taken into account. A newly produced I
can land inside the trapping volume of, i.e., both
an I and a V,. The inclusion of this phenom-
enon, which becomes more important with increas-
ing dose, would increase the concentrations of V'
and I. It can be done by writing the trapping
volumes as a function of the volume fractions oc-
cupied by the trapping volumes of the various de-
fects. Less important during the irradiation are
the reactions between defects which occur when a
cluster grows until its trapping volume reaches
other defects. The temperature dependence of the
trapping volumes can be included by substituting a
trapping volume vy by, for example, voT" in a cer-
tain temperature range.” Fitting to experimental
results then allows to test models for this tempera-
ture dependence. The trapping volumes during the
irradiation and the annealing can be made different
to include dynamical effects by, i.e., using (deymmic
+vaﬁc) in the damage production equations and
V0, e in the annealing equations. More refined
models for the dependence on the cluster size of
the trapping volume per clustered defect than the

.square root of the size that we used can be ela-

borated. When heavy-ion implantations are inves-
tigated the depth dependence of the produced dam-
age or the implanted impurities may be included.
The model can be extended to describe in detail the
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formation of clusters of three, four, or more de-
fects. Impurity-defect-site populations during irra-
diation and annealing can both be written as sets
of rate equations and both can be combined with
the sets of equations for the damage production.
This is necessary to investigate the dependence of
the damage structure on the impurity concentra-
tions.

This list of refinements is not exhaustive. Most
refinements are easily included as they only require
the addition of certain terms to the equations or
the substitution of variables by functions in the
computer programs. All rate equations are numer-
ically integrated and as fast digital computers are
nowadays readily available the complexity of the
equations is of little importance. It is however
most important to have enough accurate experi-
mental results to check the calculated results or to
determine unknown parameters by a fitting pro-
cedure. Model calculations will point out which
experiments are most sensitive to certain effects,
thus increasing the experimental efficiency.

An advantage of this method over the more clas-
sical technique of resistivity measurements to
determine trapping volumes is that nothing has to
be known about the resistivity increase per unit
concentration of Frenkel defects. Results obtained
by this method can be used to check various as-
sumptions about these resistivity increases.

V. CONCLUSIONS

We have proposed a simplified mathematical
model to describe the evolutions of the defect con-
centrations in Al during an irradiation and a subse-
quent thermal annealing treatment. This model
also describes the population changes of various
impurity-defect agglomerates. Experimentally we
have measured in an accurate way such population
changes using Mdssbauer spectroscopy and we
have used these results to determine the unknown
parameters in the model and to check it. We have
also compared our calculated values to other exper-
imental results. The very good agreement between
theory and experiment is partly due to the fact that
the fit was run with many fit parameters and that
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a number of other parameters was suitably fixed.
We feel, however, that this number of parameters
is not too large considering that many curves have
to be reproduced simultaneously. In this way re-
sults obtained by quasimicroscopic methods sensi-
tive to the atomistic environment of probe atoms
can be used to study macroscopic properties such
as the various defect concentrations.

The calculations indicate that during an irradia-
tion interstitials cluster more easily than vacancies.
At high doses (about 0.1 cipa) nearly all intersti-
tials are present in clusters which decrease in num-
ber but grow in size, whereas most of the vacancies
still survive as single vacancies. Large vacancy
clusters are not formed. Various trapping volumes
have been determined and those for interstitials are
larger than the corresponding trapping volumes for
vacancies.

To compare results obtained after irradiations
with electrons, neutrons and heavy ions we ex-
pressed their doses as the number of defects (inter-
stitials or vacancies) produced per atom (cipa).

10" 3-MeV electrons/cm?=25X 10~ cipa, 10'®
fast neutrons/cm?=580% 10~ cipa, and 10'? 85-
keV Al atoms/cm?=200X 10~ cipa. Of the Al
atoms displaced during the collision cascade of one
85-keV Al atom, about 20% are moved outside the
recombination volume of its own vacancy and can
remain as interstitials in the lattice.

In view of the success of this simple model,
more detailed models should be constructed and
their skeleton computer programs distributed so
that various models to describe various influences
can be easily inserted. The models can then be
tested as comparable experimental results become
available and vice versa calculations can predict
which experimental results are most sensitive to
which parameters.
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