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Defect migration and accretion are observed in ''In-doped Ni, using perturbed y-y angular corre-
lations. Our samples were damaged by variable doses of proton irradiations and deformation at 200
K, well below resistivity stage III. Subsequent isochronal annealing extended to 900 K. When com-
bined with previous work on ion-implanted Ni, the present work leads to a plausible recovery model
in Ni which assumes vacancies migrate in stage III. The model includes the free migration and
trapping of vacancy defects in the range 270 < T <400 K, enhanced diffusion and trapping of va-
cancy defects in the range 200 < T <300 K, and the formation of at least three, variable-sized mul-

tivacancy clusters above 350 K.

I. INTRODUCTION

As indicated in several recent reviews,!~* perturbed y-y
angular correlations (PAC’s) is a useful method for study-
ing the migration and accretion of lattice defects in met-
als. Through the detection of hyperfine interaction fre-
quencies, PAC provides unique “flagging” of individual
defects trapped on dilute probe atoms injected into the lat-
tice before or during the damage process.

In the present paper we are concerned with PAC stud-
ies of defect recovery in Ni, damaged below room tem-
perature, using the !''In PAC probe. To achieve a fuller
understanding of defect migration and trapping in the
NillIn system, we present the first full account of results
on samples damaged by proton irradiation and deforma-
tion below resistivity recovery stage III (300—470 K).
The most distinctive feature of our measurements involves
observation of at least three different combined-
interaction sites. Thermal recovery of defects is moni-
tored via isochronal annealing curves. We also investigat-
ed the dependence on dose of migration and trapping
behavior. Using these and previous results for Ni, a plau-
sible recovery model for stage III is proposed based on the
assumption of vacancy migration in stage III. The model
includes the free migration and trapping of monovacan-
cies, divacancies, and trivacancies in the range
270 < T <400 K, enhanced diffusion and trapping of va-
cancies in the range 200 < T <300 K, and the formation
of variable-sized multivacancy sites above 350 K. A pre-
liminary discussion of our model has been given earlier.’

Extensive work based on other experimental methods
provides the context for the present work, and some of it
contributes explicitly to the recovery model we propose.
In Table I we classify previous studies of defect recovery
in Ni into eight categories, and indicate briefly the princi-
pal findings for each.>6~2° Thus, throughout resistivity
recovery stage II (70 < T <300 K), successively larger in-
terstitital clusters migrate and accrete, vacancy clusters
reorient, and impurities release trapped interstitials. In
stage III (300—470 K), more than one vacancy species mi-
grates, vacancy loops and clusters form, and smaller inter-
stitial clusters are annihilated by migrating vacancies.
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Earlier PAC studies suggest that trivacancies are freely
migrant near 350 K.2%2° What is not entirely clear is
which other vacancy species migrate in stage III. In un-
dertaking the present work it was therefore our goal to ex-
tend the PAC work to provide a better characterization of
the vacancy species which migrate in stage III.

For reference, in Table II we summarize the Ni!!'In de-
fect sites observed in past PAC work,?%2:27-3* including
their hyperfine-interaction frequency, symmetry, and
structural assignment, using the nomenclature of Pleiter
and Hohenemser.! Sites S and C involve pure magnetic
interactions, and were identified as defect-free substitu-
tional "'In and a trivacancy trap complex with cubic
symmetry. Two others, B; and the “high-frequency site,”
involve mixed magnetic-dipole—electric-quadrupole in-
teractions, and were given a variety of interpretations,
none well established. In the case of the “high-frequency
site,” the estimated quadrupole frequency w, and magnet-
ic (Larmor) frequency w; have uncertainties of about a
factor of 2 caused by the ill-defined character of mixed-
interaction signals.

Experimental data reported here for the first time are
variable-dose-irradiation and deformation studies, with in-
itial damage induced at 200 K, well below stage III. In
earlier irradiation and deformation work (see Table II)
systematic dose dependences for all relevant defect species
were not established.

II. EXPERIMENTAL METHOD

In the PAC technique one studies the angular correla-
tion of successive gamma rays in a y-y cascade. In the
present case we use the (171—245)-keV cascade which fol-
lows the decay of !''In. The first y-ray establishes a
quantization axis for the nucleus and creates an unequal
population of magnetic sublevels in the intermediate state;
as a result the second y ray has an anisotropic directional
distribution with respect to the first, having the form

W(0)=1+A,P5(cosO)+ - , (1)

where the ellipsis indicates negligible higher-order terms
and where 0 is the angle between the quantization axis
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TABLE I. Recovery processes in nickel.

Selected
Method Stage II (70—300 K) Stage III (300—470 K) references®
Resistivity Migration or breakup of Free migration of at least two vacancy (v) 6—8
recovery and interstitial (7) agglomerates; species
stored energy 27’s recover but do not
release dissociate
Diffuse x-ray Motion and agglomeration of Continued agglomeration of /’s; 9
scattering increasingly large i clusters; migration and clustering of v’s
transformation of i agglomerates
into loops upon accretion of more
than 20—30 elementary defects
Magnetic and v clusters reorient; dislocation Free migration of a defect with (100) 10—12
anelastic motion; some free migration of symmetry near 365 K; migration of more
after effects defects; relase of trapped i’s than one species
from oversized impurities
Electron Agglomeration of v’s in loops; weak 13,14
microscopy interaction of v’s with strain fields
Channeling Migration of i clusters; v migration and trapping at impurities; 15—-17
release® of trapped i’s from dissolution® of i traps formed with
oversized impurities undersized impurities
Positron Release of i’s or small i clusters from 18,19
annihilation impurity traps below 350 K; free
migration of v’s above 350 K; trapping
of v’s at impurities; nucleation of
extended v agglomerates by impurities
PAC and Release® of trapped i’s from 3v migration and trapping at In near 2,20,21
Maoéssbauer oversized impurities 350 K; 1v® and 2v migration and
spectroscopies trapping at impurities
Computer Free migration of 1v, 2v, and 3v, with 2224
simulation the 2v being most mobile; nv clusters®

with n >4 are immobile; dissolution® of
i trapped at undersized solutes

2For a complete reference list, see Ref. 25.

YObservations made generally for fcc metals, but specific data for Ni are not available.

and the second ¥ ray. In the presence of extranuclear per-
turbations, the directional distribution becomes time
dependent. For randomly directed interactions it has the
form

W(0,t)=1+ A,G,(t)Py(cosB)+ -+ - , (2)

where G,(t) is known as the perturbation factor. Because
in solids the extranuclear perturbations depend predom-
inantly on the near-neighbor electronic environment, mea-
surement of G,(¢) may be used to “flag” specific lattice
defects on probe atoms, and to distinguish these sites from
substitutional probe atoms. It is in this way that PAC is
used here to identify particular defect trap sites. Detailed
treatments of the theory of perturbed angular correlations
are available elsewhere.>>36

In our work on Ni we used a standard four-counter
spectrometer with two background-corrected PAC spectra
C(0) measured at each of the angles 0= and /2. For
data analysis we obtained the time-dependent ratio

2k +1) C(m)—C(m/2)
34,7y, C(m)+kC(7/2)

G,()= , 3)

where v, accounts for finite detector solid angle,”” and

k=1 or 2 as discussed below. Details of the setup and
the relation between G,(¢) and 62(t) have been given else-
where.3® For the present purposes, three specific forms of
@2(1‘) are of interest:

(1) To describe lattice sites with pure magnetic interac-
tions, resulting from a uniform hyperfine field Hyy,
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TABLE II. Summary of previous PAC work on Ni'''In.
Coupling parameters® Method of
o ) or Structural defect
Site? (Mrad/s) (hkl) 7 (Mrad/s) assignment® introduction® References
S ~0 98.2(3) Substitutional Imp. 21,27—-29¢
Irr. 30,31
Def. 20,32
C ~0 40(1) Cubic symmetry Imp. 21,27,28
trivacancy trap Irr. 30,31
with interstitial In Def. 20,32
B, 53(5) (111) <0.2 39(5) Divacancy trap with Imp. 21,29,33,34
‘ interstitial In, Irr. 30
or faulted loop Def.
High-frequency Other vacancy trap, Imp. 21
combined ~100 ~100 or dislocation, or Irr. 30,31
interaction interstitials Def. 20,32

2Site nomenclature and structural assignments as discussed in Ref. 1.

wo=(37/10)eQV,, /h is the quadrupole interaction frequency; (hkl) is the direction of the principal axis of the electric field gra-
dient; 7 is the asymmetry parameter for the electric field gradient; o, =pH hf[/m is the Larmor frequency.

°Abbreviations for method of defect introductions: Imp., implantation of !!'In; Irr., irradiation; Def., deformation.
9In Ref. 29 -measurements were made by B-y PAC after decay of !!!Ag through the same intermediate state, with wo=32(2) Mrad/s

detected after room-temperature implantation.

directed perpendicular to the plane of the counters, we
used £ =1 in Eq. (3) and
G,()=exp[ —(20.1)2/2]cos(2w, 1) @)

where w; =pHye/I# is the Larmor . frequency, p is the
nuclear magnetic dipole moment, I is the nuclear spin of
the intermediate nuclear state, and o; represents the
width of the frequency distribution.

(2) To describe sites with pure electric-quadrupole cou-
pling, and specifically for a randomly oriented, axially
symmetric electric field gradient, we used k =2 and

Gz(t)——;— 14 3 Syexp[ — (nagn?/2lcos(nag) |, (5)

n=1

where wo=3meQV,_ /10h is the coupling frequency of the
nuclear quadrupole moment Q in an electric field gradient
with principal component V,0¢ is the frequency distri-
-bution width, and the S, are known amplitude factors for
the three frequency harmonics.

(3) To describe sites with combined magnetic-dipole and
electric-quadrupole coupling, we used k =2 in Eq. (3) and
fitted the time-dependent ratio to

62(t)zexp[—-(t/A)2]

near t =0, using A to parametrize the signal. Changes of
A are used below to monitor transformations in
combined-interaction sites. Use of such a phenomenologi-
cal parameter is consistent with the fundamentally ambi-
guous character of combmed-mteraction sites for which

@y, ~y, as described by Pleiter.>®

Figure 1 illustrates each of the three klnds of signals.
The pure magnetic signal was obtained for substitutional
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FIG. 1. Perturbation functions derived from PAC data.
Pure magnetic-dipole interaction in an undamaged sample.

240

300

(a)
(b)

Pure quadrupole signal obtained from Ni sample at 640 K
which was deformed at room temperature. (c) Combined in-
teraction after subtraction of the pure magnetic component in a
sample deformed at room temperature.
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111y in Ni. The pure electric-quadrupole signal, which
includes a distribution of frequencies wy, was obtained for
a defect complex from measurements made above the Cu-
rie temperature Tc. The combined-interaction signal was
measured below T for a different defect complex.

III. EXPERIMENTAL RESULTS

A. Irradiated Ni

Sources were made from 25-um-thick, 99.998%-pure
polycrystalline Ni foils, thinned to 6 um by rolling, and
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subsequently annealed to remove rolling damage.
Thinned foils were doped with carrier-free ''In (concen-
tration <1077 at. %) by electroplating from an acetone
bath, diffusing at 1073 K for 1.5—2.0 h in a H, atmo-
sphere, and rinsing in 1M HCI for 15 s to remove surface
In activity.

The irradiation-damage experiments performed in this
work differ in two ways from previous work in our labo-
ratory. Unlike studies by Suter er al.’° and Allard
et al.,’! the Ni'''In samples were thinned enough to al-
low the 1.5-MeV proton beam to pass through them, thus
avoiding high-density nuclear-stopping damage or the
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FIG. 2. "In-site fractions in Ni during an isochronal annealing sequence after damage. The circles are the defect-free fraction; the
triangles are the C site; the dashed line is the difference between these sites and unity, representing the total combined-interaction
fraction. The squares in the bottom panel represent the B, defect as measured above T¢; the open and solid data points in the top two
panels represent measurements at 77 and 297 K, respectively. (a) Sample irradiated at 200 K with 1.5-MeV protons to a dose of
17 10" p /cm?. (b) Sample deformed to 20% area increase at 200 K. (c) Sample implanted with ''In at 10 K by Hohenemser et al.

(Ref. 21).
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possibility of hydrogen-defect interactions. Whereas the
irradiations of Suter et al. were done at 300 K and those
of Allard et al. at 77 K, the irradiations reported here
were done at 200 K. This is below stage III and permits
unambiguous observation of thermal migration in stage
I1I, yet it is high enough to circumvent interstitial trap-
ping during irradiation. Irradiation doses ranged from
610" to 170 10™ p /cm?:

All PAC data were obtained with the source foil polar-
ized along its surface and perpendicular to the plane of
the counters, using a small permanent magnet with a gap
field of 3.5 kG. The sample and magnet were submerged
in liquid N, when necessary. Before irradiation, typically
80% of the !''In atoms exhibited a pure magnet signal as
shown in Fig. 1(a), whereas the remainder were associated
with an undetectably high- or low-frequency mixed-
interaction signal of uncertain origin (see below). Post-
irradiation PAC measurements were conducted following
isochronal anneals for 15 min over a range of tempera-
tures. The anneals were performed in isopropyl alcohol
baths below room temperature or in a vacuum oven above
room temperature. Measurements were done in liquid N,
or, when the annealing temperature was appreciably
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FIG. 3. Decay times A of the !'In combined-interaction sig-
nals as a function of annealing temperature of Ni sample after
damage. (a) Sample irradiated with 1.5-MeV protons at 200 K
to a dose of 17X 10" p/cm? (b) Data for three different Ni
samples deformed to area increases of 190% (open circles), 78%
(solid circles), and 83% (triangles), at 200, 297, and 297 K,
respectively. (c) Unpublished data by Pleiter and Hohenemser
(Ref. 43) on Ni implanted at 77 K (open circles) and 297 K
(solid circles).
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higher than 300 K, at room temperature.

Post-irradiation PAC spectra showed four distinct sig-
nals: two' pure magnetic signals, identified clearly with
substitutional '''In and the C site as in previous work
(Table II), and two combined-interaction signals with de-
cay times A of ~5 and ~ 12 ns, henceforth referred to as
MQ, and MQ,, respectively. The latter two signals are ill
defined, and may or may not be the same as the “high-
frequency” or B, sites reported earlier (Table II). Mea-
sured site fractions are shown in Fig. 2(a) as a function of
annealing temperature. (In order to remove an irrelevant
“background” signal due to defect-free probe atoms in the
unirradiated parts of the samples, site fractions were
corrected for the actual foil areas irradiated, which were
smaller than the total foil areas.) The solid lines in Fig.
2(a) represent the amplitudes of the two directly measured
magnetic signals, whereas the dashed line represents the
sum of combined-interaction sites, obtained by subtracting
the sum of the directly measured amplitudes from unity.
The average fitted decay times for the combined-
interaction sites are shown in Fig. 3(a) and a number of

0.3 L (a)

0.2 | c |

0.l

(@]

N
<
O

normalized fraction
O
e
1

+ () |
: ¥
02 ' MQ, +MQ, .
O 1 i L 1
(d)
- % | *TL
0.2 K ’ I MQ, -
(0] 1 L 1 L L
0 4 8 12 16 20

dose  ( IOIs p/cmz)

FIG. 4. Site fraction vs dose for polycrystalline Ni samples ir-
radiated with 1.5-MeV protons at 200 K. (a) Maximum C-site
fraction achieved throughout the annealing sequence, normal-
ized by the defect-free fraction at 300 K. (b) MQ, fraction
formed during irradiation, normalized by the defect-free frac-
tion before irradiation. (c) The increase in the combined-
interaction fraction upon annealing from room temperature to
the temperature where the combined-interaction fraction is max-
imum, normalized by the defect-free fraction at room tempera-
ture. This quantity characterizes the trapping behavior of MQ,
and MQ, between 300 and about 380 K (see text). (d) MQ, frac-
tion at 500 K normalized by the defect-free fraction before irra-
diation.
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dose dependences detected in trapping behavior are shown
in Fig. 4. Examination of these results leads to the fol-
- lowing observations.

(1) The C site forms thermally in the range 340—390 K
and dissociates at 600—650 K [Fig. 2 (a)]. The maximum
C-site population, observed for annealing temperatures in
the range 400 < T, <600 K, increases up to a dose of
~8X10'%p /cm? and saturates thereafter [Fig. 4(a)].

(2) The combined-interaction site MQ,, characterized
by a mean decay time of A~35 ns, as shown in Fig. 3(a),
traps athermally during irradiation [Fig. 2(a)] and detraps
or is transformed in the range 380—410 K. The fraction
of athermally trapped MQ; site increases up to a dose of
~4x10%p /cm? and saturated beyond [Fig. 4(b)]. (Be-
cause of the small value of A, the amplitude of MQ, could
not be determined directly with reliability, and was there-
fore deduced from the observed change in the substitu-
tional fraction during irradiation.)

(3) The combined-interaction site MQ,, characterized
by a mean decay time A ~ 12 ns, forms thermally between
350 and 410 K, and dissolves in the range of 600—700 K.
Estimates of the amplitude of MQ,, obtained by direct fit-
ting of the signal, are shown in Fig. 5. (The absolute am-
plitude obtained in this way is sensitive to method of fit-
ting and subject to a potential systematic error of +20%.)

(4) The total combined-interaction fraction, shown as a
dashed line in Fig. 2(a) has a thermal trapping stage at
320—380 K. In contrast to the C site, the fraction of !'In
involved in thermal trapping here appears to saturate at
low dose [Fig. 4 (c)]. Additional analysis of variation of
the mean decay time A indicated that both the MQ; and
MQ, signals are present in that range of temperature.

(5) Two possible decompositions of the combined in-
teraction sites are illustrated in Fig. 5. The first assumes

T 1 T T

04 |- .

T T T

04 | -

site fraction
(@]

B MQ
02

T, (K)

FIG. 5. Two plausible schemes for breaking the combined-
interaction sites into components for the Ni sample irradiated
with 1.5-MeV protons at 200 K to a dose of 17X 10" p /cm?.
The data points are the site fractions of MQ, obtained by fitting
the signals to a Gaussian decay. The sum of drawn lines in each
panel represents the total combined-interaction fraction obtained
by subtracting the pure magnetic signals from unity.
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MQ); involves only one defect which traps athermally at
low temperature and thermally in the range 320—380 K
[Fig. 5(a)]. The second assumes that MQ; involves two
distinct complexes, one which forms athermally at low
temperature and another which traps thermally at
320—380 K [Fig 5(b)]. It is not possible to distinguish the
two cases from the available data.

(6) The ~20% of '''In atoms found in undetectable
sites before irradiation appears to remain undetectable
after subsequent irradiation and annealing to 700 K. The
most plausible explanation for these permanently missing
sites appears to involve grain boundaries or dislocation
structures which do not change during irradiation or an-
nealing.

B. Deformed Ni

Samples, 25-um-thick, consisting of 99.998%-pure
polycrystalline Ni foils, were doped with !'In as
described above. Deformation was done using a jeweler’s
roller either at room temperature or at 200 K when im-
mersed in a mixture of methanol and solid CO,. The dose
of deformation was characterized by the increase in the
sample area and ranged from 6% to 190%. Isochronal
annealing studies were performed after different deforma-
tions, in the same way as for the irradiated samples. One
PAC spectrum was obtained above the Curie temperature
in a vacuum of 10~ Torr with no applied magnetic field
[see Fig. 1(b)].

As for the irradiated samples, the PAC spectra showed
four different signals: The substitutional and C site, and
two combined-interaction signals with decay times A of
~5 and ~7 ns, henceforth referred to as MQ; and MQ;.
Whereas we identify the short decay site with a similar
site found after irradiation, neither of the combined sites
are well-defined, and both could involve a superposition
of different sites.

Site fractions are plotted in Fig. 2(b) for a sample de-
formed to 20% area increase at 200 K. As in Fig. 2(a),
solid lines represent the amplitudes of the directly mea-
sured magnetic signals, and the dashed line the sum of the
combined-interaction sites obtained by subtraction. The
decay time A for combined-interaction sites is shown in
Fig. 3(b), and several dose dependences of trapping
behaviors are given in Fig. 6. Examination of these fig-
ures leads to the following observations.

(1) As for irradiated samples, the C site forms thermal-
ly in the range 325—400 K and dissolves at 600—650 K
[Fig 2(b)]. The maximum C site population, observed for
annealing temperatures in the range 400 < T, < 600 K, in-
creases with dose up to about 30% area increase, and then
levels off [Fig. 6(a)]. With increasing dose, the formation
temperature of the C site shifts downward by as much as
12 K (not shown), as would be expected if the number of
jumps needed for defect trapping decreases.

(2) The combined-interaction site MQ,, characterized
by a mean decay time of ~5 ns, forms athermally during
deformation above a threshold of 10% area increase [Fig.
6(b)], and transforms or detraps in the range 370—420 K;
unlike the irradiated sample, however, additional trapping
occurs between 200 and 350 K, possibly due to enhanced
diffusion along dislocation lines. A similar effect has
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FIG. 6. Damage-dose plots for polycrystalline Ni samples de-
formed at 200 K. (a) Maximum C-site fraction achieved
throughout the annealing sequence, normalized by the defect-
free fraction at 300 K. (b) MQ); fraction produced by deforma-
tion at 200 K, normalized by the defect-free fraction before de-
formation. (c) The increase in the combined-interaction fraction
upon annealing from room temperature to the temperature
where the combined-interaction fraction is maximum, normal-
ized by the defect-free fraction at room temperature. This
quantity characterizes the trapping behavior of MQ; and MQ;
between 300 and about 380 K (see text). (d) MQ; fraction at 500
K normalized by the defect-free fraction before deformation.

been observed for Al by Miiller* using PAC and by Sassa
et al.*! using Mdssbauer spectroscopy. As in the case of
irradiation there is evidence that the athermal formation
of MQ; does not saturate until large doses are reached
[Fig. 6(b)].

(3) The combined-interaction site MQ;, characterized
by a mean decay time A~7 ns, forms in the range
350—420 K, and appears to replace MQ;. A measure-
ment above the Curie temperature (631 K) showed MQ;
to have a mean quadrupole interaction frequency of
@wo=67(8) Mrad/s and a frequency distribution width
0g=15 Mrad/s [Fig. 1(b)]. Subsequent measurements at
T=295 K showed no change in A, indicating that MQ,
. persists to above T¢ and therefore has high thermal sta-
bility. The dissociation temperature of MQ; was
750—850 K after light deformation, but decreased gradu-
ally as the dose was increased, becoming about 650 K
after heavy deformation. This may be understood as
thermal detrapping at low dose and premature dissocia-
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tion at high dose due to recrystallization. (It is known
that heavily deformed Ni recrystallizes at a lower tem-
perature than less heavily deformed material.*?)

(4) For samples deformed below 20% area increase, the
combined-interaction sites show a thermal trapping stage
between 340 and 375 K, whereas for deformations larger
than 80% this stage can not be distinguished from a gra-
dual trapping stage extending from 200 to 400 K. Figure
6(c) demonstrates that the mixed-interaction site popula-
tion that forms thermally at 340—375 K saturates rapidly
with increasing dose, as in the case

of irradiated samples.

(5) As after irradiation, decomposition of the
combined-interaction sites is ambiguous because it is not
clear that the site MQ; formed athermally at 200 K is the
same as the mixed-interaction site formed thermally at
340375 K.

(6) Just as for irradiated Ni, ~20% of the !''In atoms
which are undetectable before deformation remain so after
deformation and annealing to 900 K. -

C. Comparison to ion implantation

It is interesting to compare the results of the present
work to earlier data for which initial damage consisted of
collision cascades surrounding implanted !!'In atoms. In
work published in 1977,%! only the substitutional, C-site,
and B;-site populations were analyzed, with results shown
in Fig. 2(c). More recently, samples implanted at 77 or
295 K permitted distinction between combined-interaction
signals observed below and above stage III [Fig. 3(c)].*
Overall, as shown in Figs. 2 and 3, implantation results
are found to be quite similar to the present work on irra-
diation and deformation, and lead to the following com-
parative findings.

(1) The C site appears after all three ways of damaging
with essentially the same trapping and detrapping tem-
peratures.

(2) The MQ; site appears through athermal trapping at
low temperature in all three cases. After ion implantation
or proton irradiation, MQ, also has a clearly defined
thermal trapping stage at 270—350 and 320—380 K,
respectively, followed by dissolution or transformation in
the range 380—410 K. After deformation or ion implan-
tation there is, in addition, a continuous increase in MQ,
over a broad range of temperatures below 300 K, suggest-
ing enhanced diffusion of defects in damage zones.*>*!

(3) After proton irradiation or deformation new
combined-interaction sites appear in the range of tempera-
tures in which MQ); is observed to dissociate. In measure-
ments below T, it takes the form MQ, or MQ; after pro-
ton irradiation and deformation, respectively, with decay
times A~ 12 or A~7 ns, respectively. The same transi-
tion in decay times is suggested by the (incomplete) im-
plantation data [see Fig. 3(c)], with the combined-
interaction site taking the form B; when measured above
T but having a decay time A ~9 ns when measurements
are made at 7 =295 K. In measurements above T¢, MQ;
has frequency wo=67(8) Mrad/s and distribution width
15(3) Mrad/s, partially . overlapping the frequency
wo=53(5) Mrad/s and width 8(2) Mrad/s observed for
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B;.2! In the following we designate B, the site which has
the parameters listed in Table I when measured above T
and A ~9 ns when measured at room temperature.

(4) After all methods of damaging, no evidence of free
migration and trapping was observed above 410 K. (The
slight growth and decay of the mixed-interaction site frac-
tion near 600 K is believed to result from partial breakup
of the cubic trivacancy trap.)

IV. INTERPRETATION

The PAC results we have described may be compared
to resistivity recovery stages outlined in Table I and illus-
trated for electron-irradiated Ni in Fig. 7.** Whereas
stages I and III are both attributed to free migration of
defects, the focus of the present study is stage III (only
the implantation data span stage I, and show no trapping
there). ,

Free migration in stage III has been given two alterna-
tive interpretations, one based on a second interstitial
species,* 8 the other on vacancies.”**~5! The vacancy
character of stage III appears to be more strongly sup-
ported for most fcc metals. Some of the supporting data
have been cited in Table I, and various arguments are
summarized in the review article by Balluffi.”> For Ni,
perhaps the best single argument is based on the lack of
any free-migration stage above stage III in resistivity ex-
periments where samples were damaged by low-dose elec-
tron irradiation: this indicates that vacancies must mi-
grate in stage III if stage I is attributed to interstitials.

Assigning a vacancy character to stage III in Ni leaves
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FIG. 7. Isochronal resistivity recovery curve (top) for
electron-irradiated Ni with its numerical derivative (bottom),
measured by Khanna and Sonnenberg (Ref. 44). The approxi-
mate ranges of the resistivity recovery stages in Ni are indicated
in the top panel.
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open the question of which vacancy defects are involved
and how. Previous PAC studies already summarized in
Table II have established a partial answer to this question:

(1) The cubic site C is interpreted as a trivacancy trap
in which an "'In atom has relaxed to the center of a
tetrahedron of vacancy lattice sites,?! a structure that
conforms to ion-channeling experiments!>!¢ and comput-
er calculations.?»> For deformed samples Collins and
Schuhmann?®?® find that this site forms predominantly
via direct trapping of migrating trivacancies on substitu-
tional !'In, and not via multiple trapping of smaller va-
cancy clusters.

(2) The noncubic site B;, with the principal component
of the electric field gradient in the (111) direction, is be-
lieved to be either a divacancy trap or a vacancy loop of
variable size with formation temperature variously speci-
fied as 280 K (Ref. 1) or 550 K (Ref. 21). The vacancy-
loop structure was proposed for similar complexes in Ni,
Cu, and Au.**

(3) The high-frequency combined-interaction site, corre-
sponding to MQ; in the present work, has unclear forma-
tion and dissolution temperatures, and several possible in-
terpretations. ' v

The present measurements monitor the site C, distin-
guish four combined-interaction sites, MQ;, MQ,, MQ);3,
and By, via different decay times A, and survey isochronal
annealing and dose-dependent behavior for each. This
leads to an extension of previous work in the following
ways.

(1) The observation of thermal formation of site C al-
ready after low-dose proton irradiation (a situation expect-
ed only to produce small vacancy clusters) confirms the
earlier hypothesis that site C involves at most a few va-
cancies.

(2) The C-site population saturates at higher doses than
those needed to saturate the MQ; populations, implying
that the latter must involve even fewer vacancies.

(3) Athermal and thermal formation of site MQ, after
all three methods of damaging further suggests that sim-
ple, common defects are involved.

(4) It is possible to assign rough values for the coupling
frequencies of MQ,, characterized by A~35 ns. For this,
we compare A to widths of initial anisotropy decays com-
puted by Pleiter et al. [see Fig. 1(a) of Ref. 39]. Assum-
ing reasonably that w; for MQ; is less than 98 Mrad/s,
the Larmor frequency of substitutional In, we deduce a
value of wq in the range 100—150 Mrad/s. Whereas this
signal is consistent with that expected for a near-neighbor
monovacancy ’trap,1 it could also involve more than one
site. We can therefore envision the following alternatives
to apply for all methods of damaging:

(a) MQ, arises only from athermal and thermal trap-
ping of monovacancies at the probe site.

(b) Athermal formation of MQ; involves monovacan-
cies, but thermal formation of MQ; (and observed
enhanced diffusion) involves divacancy trapping.

(c) Monovacancies and divacancies are both involved in
athermal and thermal formation of MQ);.

Furthermore, we cannot exclude that the involvement of



monovacancies or divacancies in MQ; could differ be-
tween methods of damaging, or between low and high
doses of damage.

The assignment of monovacancies to athermal forma-
tion of MQ); is supported by analogy to nonmagnetic fcc
metals, for which implantation experiments systematically
show athermal formation of monovacancy traps, but not
other defect complexes.! The assignment of divacancies to
enhanced diffusion or thermal trapping is suggested by
the fact that divacancies have the lowest calculated migra-
tion energy in Ni,?? and because divacancies have already
been observed as enhanced diffusers after deformation in
. other fcc metals.*>*35 For these reasons, possibility (b)
above seems the most plausible explanation of the ob-
served behavior of MQ);.

(5) The very high dissociation temperatures of sites
MQ,, MQs, and B, show that they are all highly stable
complexes. Small vacancy clusters in fcc metals typically
have much smaller binding energies with In (Refs. 1 and
20) (~0.2 eV) than would be inferred from the present
measurements ( ~1 eV). Therefore, all three sites are like-
ly to involve larger defect clusters. A common origin is
suggested by the fact that all three sites are observed to
form near 400 K, the temperature at which MQ; dissoci-
ates, and from the measurements of MQ; and B, above
Tc, indicating an overlap between the distributions of wy.
The different values of A and the different detrapping
temperatures of MQ,, MQj3, and B; are then understood
in terms of the eventual size of the resulting defect clus-
ters.

V. CONCLUSION

Based on a comparative analysis of PAC data for irra-
diated, deformed, and implanted NilllIn, we arrive at a
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plausible model for vacancy trapping and migration in or
below stage III. The model includes the following
features.

(i) Monovacancies trap athermally at low temperature
after all methods of damaging to form a combined-
interaction state, MQ);.

(ii) For high doses of damage, as occurs for heavily de-
formed and implanted samples, MQ; forms through
enhanced diffusion of divacancies below 300 K.

(iii) Monovacancies and/or divacancies migrate, trap,
and cluster in the range 320—380 K for irradiated and de-
formed samples, and 270—350 K for implanted samples,
forming four combined-interaction sites, MQ;, MQ,,
MQ);, and By, and possibly the cubic C site.

(iv) Trivacancies, formed directly by the damaging pro-

.cess, or through accretion of monovacancies and divacan-

cies, migrate and trap to form the C site in the range
320—400 K for irradiated and deformed samples, and
280—400 K for implanted samples.

(v) Whereas MQ,; always dissociates in the range
380—450 K, implying a detrapping process, MQ,, MQ;,
B;, and C all have high thermal stability and dissolve in
the range 600—850 K.

Stage-III recovery in Ni therefore involves at least two,
and possibly three, freely migrating vacancy defects.
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