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%'ith time-differential perturbed angular correlations on '"In implanted in Ni, trapping and

detrapping of vacancies has been observed in the temperature interval 20 & T & 400'C via isochronal
annealing studies.

Nuclear techniques for measuring hyperfine in-
teractions have proven to be useful for microscopic
studies of radiation damage in solids. The most
detailed lnfox'mRtloD on defect, configurations Rnd

theix annealing behavior has so far been obtained

from Mossbauer-effect measurements. For in-
stance, the measurements of Mansel et al, ' on 'VCo

in Al subjected to fast-neutron irradiation have

given clear indications of interstitial trapping and

detrapping of Al atoms by Co impurities. Moss-
bauer measurements on implanted sources of l35I,
' 'I, and 3 Xe in Fe by de %'aard et al. a'3 gave
yieMed information on vacancy trapping, which for
these insoluble impurities is an irreversible pro-
cess. Thus, annealing studies of I'e ~' Xe have
shown that trapping increases with annealing tem-
perature until all implanted Xe atoms. ax'e associat-
ed with VRcRncles.

In this paper we report the first results of per-
turbed-angular-correlation measurements that give
clear evidence of vacancy trapping by impurities,
followed by detrapping at higher annealing tempera-
tures. Our experiments employed implahted
sources of l In in Ni, and involved observation of
the time-differential-angular-correlation (TDPAC)
spectrum of the well-known 1'75-24V-keV y-y
cascade of ~a~Cd Conclusions about trapping and

detrapping were derived from the growth and sub-
sequent disappearance of a low-frequency component

in the spectrum.
Sources were made with the Groningen isotope

separator by implanting 2. 8-day In into 25- p, m-
thick 99.998%-pure Ni foils at energies ranging
from 5 to 130 ke7, and total indium doses ranging
from 10+ to 10)4 atoms/cm . TDPAC spectra were
obtained with three counters; for unmagnetized
sources the quantity

R(t) = [C(s, t) —C(-,')), t)]/[C()), t)+2C(&)(, t) —SB]
(1)

was derived; for sources magnetized perpendicular
to the plane of the detectors

R'(t) = C(g)(, t) —C(- 4 x, t}/[C(gs, t) + C( —g w, t) —28]
(2)

was obtained. Here C(&, t) is the coincidence rate
as a function of angle and delay and B is the acci-
dental background.

For a single static magnetic hyperfine interaction
of strength p,IIhf =8+JI, we expect, using conven-.
tional notation, ' that

R{t)= (QA2, ) (2 cos2(o~t+2 cos(o~t+1},

R'(t) = [SAI,/(4+4, ~}]sin2(a~ t,

(S)

(4)

withA, A*, 8, 8", )(, X*, ~~, u&~, to, and const as
free parameters. The amplitudes A. and A~ de-
scr'ibe the fractions of "~Cd atoms associated with

+I, and v*1., respectively, B, B describe the mag-
netic texture (for random magnetization we should

where A.22, = 0. 18 and terms in A.44 are suppressed.
A typical result for a magnetized source at room

temperature is shown in Fig. l. Both R(t) and its
Fourier transform indicate the presence of two
sharply defined frequencies 2+1 and 2~~. These
are found to recur to within statistical error in Rll

soux'ces lDvestlgRted, and were shown to be Rssocl-
ated with negative hyperfine fields IIhf = —66. 9
+0.03 kG Rnd IJhf = —27. 3 +0.7 kG, respectively.
The former corresponds closely to results with dif-
fused sources, and is attributed to substitutional
"'In; the latter is assumed to arise from defect
associated sites, the nature of which will be dis-
cussed below.

A total of five different sources were subjected
to isochronal annealing sequences. In these, the
sources were measured at room temperature di-.

rectly after implantation, heated ln vacuum to a
temperature I'„ left there for I h, cooled, and re-
measured at room temperature. Shown in Fig. 2
is part of a series of such measurements, in this
case for an unmagnetized source. Multiparameter
least-squares fits were made with the form

R{t)=&[Bcos~ ~(t —to) 8 ~" 'o' + (1 —B)cos2a&~(t —to)

&&
e%)(t )o)]+AS[~-cos&4(t t ) 8-x+(( to)-

(1+B)cos2&u~)-(t - t,) e~'*" '0']+ const,
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FIG. 2 Time-domain data for an gunma netized source
of In impl ante in,o ' N' illustrating the variation ob-
served in an isochronal annealing sequence.
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FIG. 3. Top and middle: Dependence of high- and

low-frequency amplitudes on annealing temperature for
two different sources. Bottom: Resistivity data for
quenched Ni as given in Ref. 7.

be experienced by the defect-associated impurities,
for which the cubic symmetry of the crystal is de-
stroyed. Apparently the magnitude of this interac-
tion is too small, compared with the magnetic in-
teraction, to be observed.

The variation of A* with T, can be compared to
the work of Scherrer and Deviot, who measured
the resistivity of quenched Ni in isochronal annealing
sequences similar to our own. As seen in Fig. 3,

the first of two discrete resistivity changes occurs
at the place where we find rapid growth of A*.
Scherrer and Deviot assign this change to migration
of divacancies which, because of a lower activation
energy, become mobile at lower temperature than
monovacancies. If Scherrer and Deviot are right,
it is likely that our ~~ component is due to '"In
atoms associated with divacancies. Though present
models for the hyperfine field' do not permit a
quantitative interpretation of 8*„„ the large reduc-
tion in field (Hhf/H„, = 0. 4) observed for our defect-
associated site lends qualitative support to this con-
clusion. The second resistivity change seen in the
quenching data increases with impux'ity content of
the sample, and is thus interpreted by Scherrer
and Deviot as vacancy detrapping from impurities.
It is striking that their detrapping temperature co-
incides so well with ours, considering that their
impurities were Cu and ours In.

Recently, another TDPAC measurement of de-
fect association for '«' In in Ni has been reported by
Andreeff et al. In this case, recoil implantation
at - 1 MeV was effected through the reaction ~ Ag

(n, 2n)"'In, using a Ni target on which a thin layer
of Ag had been evaporated. After implantation, a
spectrum much more complicated than ours was
found. An annealing treatment shows no evidence
for trapping and detrapping, but simply a cleanup
of the spectrum, which at 600'C resulted in ob-
servation of only the substitutional frequency.

We conclude that the study of magnetic hyperfine
interaction strengths and amplitudes by TDPAC
provides in the case of Ãs'"In a sensitive indicator
of defect migration. In order to make a unique as-
signment of defect sites, however, further inves-
tigations are required.
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