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Extended x-ray-absorption fine-structure measurements were used to study radiation-
induced defects for 400-ppm Ag impurity atoms in Al samples after irradiation with 2.8-
MeV electrons at 95 K and after subsequent thermal-annealing treatment. During irradia-
tion, Al interstitials are mobile and annihilate with vacancies or are trapped by the Ag im-
purity atoms. After irradiation about -;— of the Ag atoms have captured an Al interstitial

atom. A very pronounced new Ag-Al distance R =2.35 A is then observed which can be at-
tributed to the Ag-Al distance in a mixed dumbbell that is formed. The observed distances
suggest a (111) orientation of the mixed dumbbell. During thermal annealing this new
structure disappears at about 165 K, and another structure grows at 165 K and disappears

at 185 K.

I. INTRODUCTION

The interaction of point defects with impurity
atoms plays an important role in the stabilization of
radiation-induced defects.’? In pure Al electron ir-
radiation at low temperature produces randomly dis-
tributed vacancies and interstitials (Frenkel pairs),
which may undergo thermally activated migration
and anneal in well-defined annealing stages I (inter-
stitials) and III (vacancies).*~® Trapping of intersti-
tials (vacancies) at impurities or cluster formation
may stabilize the defects so that they become mobile
only at higher temperatures in the annealing stage 11
(stage IV).

The most direct information on impurity-defect
interaction can be obtained from techniques which
use the impurity itself as a probe. This is the case
for a Mossbauer nucleus [e.g., >’Co in Al (Ref. 7)],
and Mdssbauer spectroscopy gives information
about the neighborhood of the >’Co nucleus via iso-
mer shift and/or quadrupole splittings. In a similar
way, perturbed angular correlation measurements of
y rays emitted from a radioactive impurity® give in-
formation on the change of the electric field gra-
dient by the defects. Both methods, however, are
limited to a few favorable isotopes, and the physical
information depends on model calculations of the
local field changes.

Direct structural information on the surroundings
of an impurity can be obtained from extended x-
ray-absorption fine-structure (EXAFS) measure-
ments, since they give information on the local envi-
ronment of the absorbing atom. EXAFS can be a
valuable additional probe to study the local structure
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of an impurity-defect complex on a microscopic
scale. It is hoped that EXAFS can be developed as
a technique to supplement the above-mentioned mi-
croscopic probes. EXAFS measurements are not
limited to certain isotopes and can be used for most
elements in condensed matter. In the following we
report measurements in which the EXAFS tech-
nique has been applied, for the first time, to study
irradiation-induced defects.” In this pioneering ex-
periment, we have selected Ag in Al for several
reasons. Ag is known to trap interstitials in Al, and
some information about this system is already avail-
able from electrical resistivity!~!3 and channeling
experiments.'*~1® The large difference in the nu-
clear charge Z between Ag and Al gives an optimum
EXAFS signal-to-noise ratio. When studying the
Ag K edge absorption, the Al absorption is very low.
Using synchrotron radiation as an x-ray source gives
high signal levels but limits the maximum Z of the
impurity which can be studied.

In Sec. II we briefly describe the principles of EX-
AFS and then give some details on the experimental
procedures and data processing. The results are
presented in Sec. V and are discussed in Sec. VI.

II. PRINCIPLES OF EXAFS

The EXAFS technique allows determination of
the local structure around an absorbing atom in con-
densed matter.!” The structural information is con-
tained in the EXAFS interference function X(k), the
normalized oscillatory part of the x-ray-absorption
coefficient p,
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o2k2 —yR.
e KR (1)

o is the smooth, nonoscillating part of the x-ray-
absorption coefficient. N; is the number of atoms in
a coordination shell j at a distance R;. k is the wave
vector of the photoelectron. F;(k) is the back-
scattering amplitude and (k) the total phase shift,
including a phase shift from the absorbing and from
the backscattering atom. af is the mean-square
fluctuation of the interatomic distance R j»and y isa
damping factor which accounts for the finite life-
time of the photoelectron final state. In Eq. (1) mul-
tiple scattering is not included. In the present exper-
iment it can be neglected since only scattering from
first and second neighbors is considered.

III. EXPERIMENTAL PROCEDURES

EXAFS from the impurity element gives infor-
mation on the sum of all impurity-defect complexes
present in the sample. As it is difficult to separate
the various contributions, the concentrations of im-
purities and radiation-induced defects were chosen
to yield well-defined impurity-defect complexes.
First, the Ag concentration in Al was kept low such
that mainly single impurities were present. The typ-
ical impurity concentration was about 400 ppm.
This is far below the solubility limit for Ag in AL!®
Assuming a random Ag distribution on substitution-
al sites, the concentration of Ag pairs or higher ag-
glomerates is expected to be less than 1 ppm. If
atoms on second-nearest-neighbor sites are also
counted as pairs, this number may at most double.
More distant pairs cannot be observed in this experi-
ment and therefore are not considered.

During electron irradiation single interstitial-
vacancy pairs are formed. The interstitials are
mobile at the irradiation temperature and recombine
with vacancies or are trapped at impurities. In or-
der to have mainly single interstitials trapped at Ag
impurities, the irradiation dose was such that
C;: =130 ppm, i.e., only one-third of the impurities
has trapped an Al interstitial. In order to estimate
the probabilities p(n) for an impurity having
trapped n interstitials, a Poisson distribution was as-
sumed, following similar considerations by Mansel
et al.” for Co in Al,

. e
p(n)= g (2)

n is the number of self-interstitials trapped at one
Ag atom, and 7 is the average ratio olf interstitials to
impurities 7 =Cjp/Ciymp. For =7, p(1)=6p(2)
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~54p(3). Since the contribution of impurities
which have trapped two interstitials is hardly detect-
able in this experiment, the EXAFS spectra consist
essentially of two contributions. One comes from
isolated Ag impurities on substitutional sites, and
the other comes from the irradiation-induced defect
structure in which a Ag atom has trapped an Al in-
terstitial. The first structure does not change during
irradiation and thermal annealing, whereas the
second one is created upon irradiation and should
disappear during thermal annealing. Thus the two
structures can be easily separated.

Samples were prepared from 99.9999%-pure Al
and 99.999%-pure Ag in a high-frequency (HF) vac-
uum furnace. After etching, the samples were cold
rolled to a thickness of about 1 mm. This thickness
was a compromise between a thin sample necessary
for creating a homogeneous defect distribution from
electron irradiation and the optimum thickness
d=2.6/u,=4 mm (u, is the total x-ray-absorption
coefficient) for an x-ray-absorption experiment. The
samples were cut to a proper shape and, after anoth-
er etching, homogenized at 580°C for 24 h in air
and slowly cooled to room temperature. The actual
Ag concentration of the final sample was deter-
mined by neutron activation analysis to be
Cimp=400%5 ppm. The samples, clamped in vacu-
um to a liquid-nitrogen—cooled finger were irradiat-
ed by 2.8-MeV/20 uA electrons. The temperature
during irradiation was always below 95 K as mea-
sured by thermocouples. Simultaneously, a 0.1-
mm-thick foil prepared from the same material was
irradiated and its electrical resisitivity measured in
order to determine the defect concentration. A
value of Apf=480 uQcm (Refs. 10 and 19) was
used for the resistivity change per unit concentration
of trapped Frenkel pairs. Irradiation doses were
used so that the trapped Frenkel defect concentra-
tion was 130+ 15 ppm.

The irradiated samples were transferred into a
liquid-nitrogen Dewar and transported to Hamburg
for the experiment. The EXAFS measurements
were performed at the EXAFS setup of the Europe-
an Molecular Biology Laboratory outstation at
DESY, Hamburg. It uses synchrotron radiation
from the positrons stored in DORIS. It was operat-
ed at 4.5 GeV with a typical current in the 10-mA
range. The monochromator consisted of two
separately mounted Si (220) single crystals. A slight
deviation from the exact parallel arrangement al-
lowed rejection of higher harmonics.?*?! An ioniza-
tion chamber filled with Kr and He was used to
monitor the primary intensity after the monochro-
mator. The sample could be transferred into the
measuring cryostate at liquid-nitrogen temperature
without warming up. Measurements were always
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performed at 77 K. Intermediate annealing was
done for 5-min periods at each given temperature.
The experiment was done in the fluorescence mode
with a Nal scintillation detector. The sample was
positioned at 45° with respect to the incoming beam,
and the detector was at 90°. Owing to the polariza-
tion of the synchrotron radiation beam, this arrange-
ment reduced Compton scattering background.
Measurement control and data collection were per-
formed by a PDP 11 computer.

IV. DATA PROCESSING

The data evaluation for EXAFS experiments has

been described by Lee et al.!” We closely followed.

this procedure, using a computer program developed
by Kincaid.??> From the raw data the background
was determined by fitting to polynomials. The re-
sulting X (k) was then Fourier transformed. The real
and imaginary parts of the Fourier transforms were
multiplied by a smooth window function, so that the
contribution of only one shell could be selected. The
backtransformed X;(k) gives an amplitude function
Aj(k) and a phase function ¢;(k), where j is the
number of the shell under consideration,

Xj(k)=Aj(k)sin¢j(k) . (3)

For a proper correction of the energy threshold the
phase function is

$,;(k)=2kR; + (k) . )
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FIG. 1. Absorption coefficient u of a 400-ppm AgAl
alloy vs x-ray energy E close to the Ag K edge. Irradia-
tion with 2.8-MeV electrons at 95 K produced 130-ppm
trapped Frenkel pairs. All measurements were at 77 K.
Annealing at each temperature was for 5 min.
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FIG. 2. |G(r)| Fourier transform of the EXAFS in-
terference function X(k) obtained from the curves given in
Fig. 1.

Theoretical values from Teo and Lee?* were used for
Y(k), since no suitable model substance was avail-
able to determine the AgAl phase function experi-
mentally. The desired R; were thus obtained.

V. RESULTS

Typical u(E) EXAFS curves are shown in Fig. 1.
The absorption coefficient u in arbitrary units is
plotted versus x-ray energy for a sample after irradi-
ation (95 K) and after subsequent thermal annealing
treatments at the indicated temperatures. Figure 2
shows the Fourier tranforms of X(k) for the data
given in Fig. 1.

Table I gives results for the radial distances R; to
the Ag neighbors. Of the four observed distances
given in Fig. 2 and Table I, two are present in all
data sets. First, there is a very strong maximum
corresponding to a mean distance of R;=2.84+0.02
A (second row of Table I). It is present in all mea-
surements and shows no systematic shift of its posi-
tion or amplitude. As it occurs also in an unirradi-
ated sample it cannot be caused by an irradiation-
induced effect. The observed value is in close agree-
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TABLE I. Distance R; of Al atoms from the Ag atom
after irradiation (95 K) and thermal annealing at the
given temperature 7. (Numbers in parentheses are less re-
liable.)

L]

T (K) R, (A) R, (A) R; (A) R, (A)
95 2.34 2.86 (3.60) (4.08)
120 2.35 2.85 (3.60) (4.20)
165 2.83 3.62 4.29)
185 2.87 4.13
210 2.82 4.10
270 2.82 4.15

ment with the nearest-neighbor distance in pure Al,
which is R, =2.85 A. Indeed, we must expect to ob-
serve this agreement since from measured lattice
parameter changes upon Ag admixture in Al one
can calculate that this distance may increase at most
by 0.01 A due to the slightly larger size of the Ag
atom.?* To a very good approximation the nearest-
neighbor distance is the same in pure Al and in
Al,_,Ag,. The question arises whether the second
fce nearest-neighbor distance of R, =4.03 A can be
observed, too. We attribute the weak maximum in
the data (fourth row in Table I) to this distance, al-
though it is not always clearly distinguished from
noise.

The remaining two distances change with irradia-
tion and annealing, so they must be impurity-defect
distances. The distance R;=2.34 A given in the
first row of Table I is very pronounced after irradia-
tion at 95 K, becomes smaller after annealing at 120
K, and has disappeared at 165 K. A second defect-
related distance R;=3.62 A is very weak up to 120
K, becomes stronger at 165 K, and has disappeared
at 185 K (third row of Table I). This second
defect-related structure grows when the first defect
structure vanishes. Whether this is due to a change
of the defect structure or defect reaction cannot be
decided so far.

VI. DISCUSSION

The observed distances will now be compared
with some reasonable models for the impurity-defect
complex. The first defect-related distance R|=2.35
A can be well explained as being due to a mixed
dumbbell formed by a Ag atom and an Al intersti-
tial on one lattice site. It is quite plausible that the
Ag-Al distance for such a dumbbell is smaller than
the nearest-neighbor distance in the lattice. The
orientation of the dumbbell in the lattice cannot be
determined directly. The number and magnitude of
the additionally expected distances depend, however,
on the orientation of the dumbbell.

The structure of the interstitial in electron-
irradiated pure Al has been investigated by diffuse
x-ray scattering.!”?* Here dumbbells are formed in
(100) - orientation. The distance between the two
dumbbell atoms is 2.42+0.2 A, and the nearest
neighbors of the dumbbell are shifted outwards by
0.1ag (ay is the lattice parameter). This shift can be
assumed to be the same for all 12 neighbors of a
dumbbell as the distortion field has almost cubic
symmetry.19

If we assume that the lattice distortions around a
mixed dumbbell are not much different from those
in pure Al and that in a mixed dumbbell the Al and
the Ag atom have the same distance from the lattice
site, then a (100) orientation of the dumbbell is not
consistent with the EXAFS data. One would expect
another pronounced distance of R=2.56 A which is
not observed.

For the (111) orientation, however, we expect
within the accessible range no additional maxima,
which is in accordance with the experimental find-
ings. Similar considerations for the (110)-oriented
dumbbell are much more complicated, but one
would expect for this case much shorter distances,
which are actually not observed.

Quite different models are possible and might also
give reasonable results. Further investigation of this
problem is necessary to determine the orientation of
the mixed Al-Ag dumbbell.

An annealing behavior from the EXAFS results is
compared in Fig. 3 with other results from the
literature. The remaining percentage of the property
change under consideration is plotted versus anneal-
ing temperature. The temperature range where a
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FIG. 3. Annealing behavior of electron-irradiated di-
lute AgAl alloys. Each property change is normalized to
its value after irradiation. O, X, EXAFS structure, 400-
ppm Ag, 130-ppm Frenkel defects by 1.4 < 10"°/cm? elec-
tron irradiation; , lines joining data points, to guide
the eye; — — —, electrical resistivity change (Ref. 10) 50-
ppm Ag, 25-ppm Frenkel defects by electron irradiation;
——— , displacement fraction observed in a channeling
experiment (Ref. 14), 800-ppm Ag, defects produced by
He-ion bombardment.
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strong recovery of the EXAFS changes occurs is in
good agreement with the partial annealing of the
electrical resistivity change in a more dilute
electron-irradiated AgAl alloy'®!! in this tempera-
ture range. It disagrees, however, with the annealing
behavior after He-ion irradiation reported'#—!¢ by
Swanson and Howe, who observed a strong anneal-
ing only around 200 K. They also favor a (100)
dumbbell structure.

The present EXAFS data show no annealing
around 200 K. The corresponding Al-Ag distance
therefore must be larger than about 4 A and thus
merge into the noise or accidentally coincide with
the strong maximum R, in Table I, which has been
identified with a lattice distance and is unchanged
with annealing temperature.
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