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The isothermal recovery of a quenched Ag foil doped with '''In has been studied through the time-differential
perturbed-angular-correlation technique. A nearest-neighbor-vacancy configuration has produced a quadrupole
interaction frequency, v, = 166+3 MHz, and a detrapping vacancy process has been detected with '

E, =1.09%0.05 eV. The results are discussed and compared with previous measurements.

I. INTRODUCTION

During the last few years hyperfine interaction
methods have been extensively used in micro-
scopic investigations of radiation damage in vari-
ous metals. In particular, the time-differential
perturbed-angular-correlation (TDPAC) technique
has been applied to study the radiation damage in
Ag (Refs. 1,2) and Pd (Refs. 3,4) doped with In
impurities. In this kind of experiment equal num-
bers of vacancies and interstitials are produced;
however, it has usually been assumed that vacan-
cies were the trapped defects at the impurity site.
No direct evidence of vacancy trapping was ob-
tained in the above experiments; moreover, in
Ref. 3 it was assumed that the trapped defects
were interstitials.

In order to clear the controversy it seems im-
portant to perform measurements in systems
where only one kind of defect is produced. For
this purpose a quenching experiment appears to
be a better approach.

In the present paper we report an experiment in
which we have produced only vacancies or vacancy
clusters, by first annealing and then quickly
quenching an Ag foil. Then, using the TDPAC
method and following the isothermal recovery of
the Ag foil doped with radioactive 'In nuclei, we
were able to measure the quadrupole frequency
interaction at the !''In site and determine the de-
trapping vacancy energy. By comparing the pres-
ent results with those published previously we are
able to determine the nature of the trapped defects
produced in Refs. 1 and 2.

The TDPAC measurements were performed
through the well known 173-247-keV gamma-
gamma cascade in *'Cd. The radioactive impurity
nuclei of !In (which populate nuclear levels of

H1Cd by electron capture) were produced in the
high-purity Ag matrix by using the alpha beam of
the Buenos Aires Synchrocyclotron through the
nuclear reaction Ag(a,2x) *'In (the estimated
concentration of **In in Ag is of the order of
107%). Then the samples were annealed at 1070 K
in argon atmosphere, and quickly quenched by
dropping into a bath of acetone cooled to 200 K.

II. DATA ANALYSIS AND RESULTS

The analysis of the TDPAC data was made in
the usual way, by extracting the perturbation fac-
tor
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where the various parameters are defined in Ref.
5. The frequencies w, specify the nuclear quadru-
pole coupling constant vy and the asymmetry para-
meter 7
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Here V,, V,,, and V__ are the principal compo-
nents of the electric field gradient (EFG) and eQ
is the electric quadrupole moment. The term
exp(—30w,¢) in the expression (1) gives the Lor-
entzian distribution of frequencies having a width
dw,.

The experimental A,,G,,(¢) curves in Fig. 1 show
more than one frequency. As a consequence, the
results were fitted with a function of the form
G,,(t)=23;a;G(t), where a, is the fraction of
probe nuclei which do not feel any hyperfine field
and a; is the fraction that feels the quadrupole in-
teraction frequencies w{?. Each G,,(f) factor is
given by the expression (1) and 2,4, =1.
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FIG. 1. A»Gy(t) curves obtained at room temperature,
for an annealed sample and 1, 4, and 7 d after the
quenching,

The set of room-temperature measurements
shown in Fig. 1 was performed as a function of
the time £,, elapsed since the fast quenching at
200 K up to the end of each measurement. The
time required to obtain each A,,G,,(t) curve was
24 h; therefore the parameters presented in
Table I are averages in this time. The quadrupole
parameters obtained from the computer fittings
of the A,,G,,(t) curves are shown in Table I. Also
in Fig. 1 is shown the result for an annealed Ag
sample after the alpha bombardment and before
the quenching, which, as is expected, corres-
ponds to the unperturbed A,,G,,(t) value. This re-
sult shows that the annealing procedure, following
the-alpha-particle bombardment, was effective in
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removing any irradiation-induced defects.

The data obtained at room temperature show that
the interaction is characterized by two quadrupole
frequencies. The first one, v,, is smeared out hav-
ing an amplitude a, and the second one, v,, is
well defined and has an amplitude a,. In addition,
there is a percentage a, of the '*!Cd nuclei which
does not feel any electric field gradient (back-
ground).

A second set of measurements was performed
with samples cooled at 80 K immediately after
quenching at 200 K. The results of this experi-
ment are also shown in Table I. The measured
frequencies are, within the errors, the same as
the ones observed at room temperature. How-
ever, at the beginning v, presents a large distri-
bution of frequencies (5,=0.20) which decreases
with time becoming almost zero after £, =9 d.
Finally, we observe that after {,=9 d, the para-
meters obtained from the fitting are very similar
to those initially observed in the room-tempera-
ture measurement.

III. -DISCUSSION AND CONCLUSIONS

By comparing our results with those of Refs. 1
and 2 one can observe that for all the cases, in
addition to a sharp quadrupole frequency, a sec-
ond one appears, lower and with large dispersion.
In the present work this frequency is centered
around 100 MHz and in the previous experiments
was a value near zero. )

From our present theoretical and physical un-
derstanding of the TDPAC technique, we can only
relate sharp quadrupole frequencies with lattice
defects of well defined symmetry. Broad distri-
bution of frequencies, though distinctively identi-
fied, can only be related to random distribution
of defects around the probe, or lattice distur-
bance. Therefore it is rather difficult to infer
from ill-defined frequencies any relevant defect
information, and in the following we will confine
our discussion to the behavior of the well-defined
v, quadrupole frequency.

Thermal quenching of the sample will partially

TABLE I. Parameters extracted from the fitting of A,,G4,() curves, measured at 300 and

80 K.
tab
@ ay® ay %) vy (MHz) &y v ay (%) vy (MHz) 6
1 55+2 29x2 1063 0.25+0.05 16+1 166+ 3 0.02
300 K 3 571 352 103 +2 0.30+0.05 8x1.5 1663 0.01
4 57+2 37+3 100 +3 0.32+0.06 62 160+3 0.01
7 641 343 101 +£3 0.27 0,04 2x1 166+ 3 0.01
1 51 +2 21+1 1002 0.15+0.06 282 1533 0.20
80 K 5 52+2 24 +2 1002 0.40+0.06 243 160+3 0.13
9 522 302 106+3 0.56 +0.03 18+2 1663 0.04
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confine the high-temperature vacancy concentra-
tion. Some thermal stress can also be produced,
but certainly no significant interstitial population
is expected to be found. Therefore the sharp and
strong frequency interaction v, observed at room
temperature can be associated with the EFG pro-
duced by single-vacancy configurations trapped at

a nearest-neighbor (NN) position to the '*'In probe.

The results of Table I show evidence of vacancy
detrapping processes, since the a, population de-
creases and at the same time the g, and a, popula-
tions increase with the time f,. The detrapping
energy can be calculated following the isothermal
recovery of the sample. Assuming (a) that the
change of a, is due to single-vacancy detrapping,
and (b) if there is more than one vacancy as NN .
of *!In, they interact weakly among themselves,
one can use chemical rate theory. Then the amp-
litudes a, related to the impurity defect complex
can be written as

a,= alexp[—ft,z exp(—E,/kT)],

where af is the initial NN defect population, z is
the number of combinations for the complex dis-
sociation, f is the defect jump frequency (f= 10"
sec™), and E, is the detrapping energy. Figure 2
shows a plot of Ina, as function of £, (note that all
the points are shifted half a day to the left since
each measurement is an average over 24 h). As
can be observed, a straight line fits the experi-

" mental points very well and a value E,;=1.09
+0.05 eV is obtained from the slope, assuming a
value of z=10. This assumption is not critical
since a change of a factor of 100 in 2z will only
produce a AE,=0.1 eV variation.

With respect to the second set of measurements,
no annealing processes are expected to occur at
80 K. Since the annealing has exponential depen-
dence on the temperature, a few seconds of the
sample at 200 K (quenching temperature) are
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FIG. 2. Logarithmic plot of the amplitude @, as func-
tion of the time elapsed after quenching (room-tempera-
ture experiment).

equivalent to almost infinite time at 80 K (mea-
suring temperature). Table I shows, however,
that for the measurements at 80 K, immediately
after the quenching, v, presents a large distribu-
tion, which decreases and approaches zero as the
isothermal recovery time {, increases its value.
After t,,=9 d, not only §,~ 0 but also v, reaches
the value observed in the first set of measure-
ments at room temperature. One explanation for
this behavior is to assume that the sample is af-
fected by thermal stress, by going from 200 to
80 K, and this stress relaxes after ~9 d. If this
is the case, the situation after 9 d has to be the
same as the one observed at ¢, =0 for the room-
temperature measurement. In fact, one can ob-
serve that the a, population measured for #,,=9d
at 80 K agrees very well with the population ex-
trapolated for ¢, =0 at room temperature (see
Fig. 2), giving further support for the above-
mentioned idea.

By comparing the results of the present experi-
ment with those of Behar and Steffen' and Thomé
and Bernas? we can single out the following facts:

(a) The present high-frequency interaction v,
=166.0 MHz is equal to the one measured in the
experiment of Ref. 1, v,=166.0 MHz (note that in
Ref. 1, w,=v,/1.06 is quoted).

(b) From Ref. 1 data, one can estimate the de-
trapping energy. The obtained value E,=1.12
+0.03 eV agrees fairly well with the present re-
sult of 1.09+0.05 eV. This is also the case of
Ref. 2 where E;=1.17+ 0.2 eV is obtained.

From all the above facts we can conclude that
vacancies are the basically trapped defects in the
Ag radiation-damage experiments of Refs. 1 and
2. Moreover, since we have obtained the same
v, frequency as in the experiment of Ref. 1, in
both cases the same vacancy configuration has
been produced. This is not the case of Ref. 2
where v,=87 MHz was the measured quadrupole
frequency interaction. The presence of different
NN vacancy configurations in different experi-
ments is not unusual since in the same experi-
ment,? by changing the temperature, the frequency
dropped to 37 MHz indicating a rearrangement of
the defect configurations. On the other hand, if
87 MHz is the frequency generated by a single
vacancy, then 166 MHz would correspond to the
one created by two vacancies situated in opposite
sites with respect to the '!'In probe (see Ref. 6).

Finally, it is interesting to note that different
amounts of vacancy clustering, and different kinds
of vacancy clusters can be found with different
quenching temperature rates. More systematic
work on this subject is needed, changing not only
the quenching rate but also the temperature of
measurement.
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