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"'In atoms which originate from "'Sn decays via electron capture start at the energy of 29 eV
from substitutional lattice sites in otherwise undamaged copper and produce isolated single Frenk-
el pairs at 4.2 K. The observation of yy perturbed angular correlations (PAC's) following the de-

cay of "'In to "'Cd yields the signal of the copper monovacancy of v& ——e Qq/h =117 MHz
{g=0). The thermal annealing behavior of the Frenkel pairs is studied by PAC in an isochronal
(10-min) annealing program between 4.2 and 300 K. Two distinct annealing steps are observed:
Between 35 and 48 K about 60% and between 250 and 293 K the remaining 40% of the monova-
cancies vanish. The first step is due to the recombination of vacancies with their own interstitial
{correlated recombination), while the second one is caused by detrapping and free vacancy migra-
tion. Details of the process of Frenkel-pair production and consequences for defect models are
discussed.

I. INTRODUCTION

The production of single Frenkel pairs is the elemen-
tary process of defect production in metals by particle ir-
radiation. Therefore, considerable theoretical and exper-
imental effort has been devoted to this process and to re-
lated phenomena like thermally activated Frenkel-pair
(FP) annealing. ' The most-detailed studies were per-
formed for copper which thus became kind of a model
substance in this research field. Experimentally, single
FP's can be produced by electron irradiation, and the
number of FP's can easily be monitored by resistivity
measurements. Experiments of such type were used to
determine the threshold energy surface for FP produc-
tion in copper ' and thoroughly to investigate the
characteristic resistivity stages that are observed as a
consequence of different annealing processes.

However, microscopic information on FP production
stems from computer simulations only, which were per-
formed with atomic potentials representing copper. '

These simulations suggest two basic features of the pro-
duction process: mass transport by replacement col-
lisions combined with an efficient energy transport along
close-packed lattice directions due to focusing effects. A
direct experimental verification of these findings is, how-
ever, still outstanding.

Microscopic experimental information is available
from nuclear probe methods like yy perturbed angular
correlations (PAC's) and Mossbauer spectroscopy (MS).
Both these methods have, in the last decade, consider-
ably contributed to the understanding of phenomena re-
lated to point defects in metals. The main advantage of
PAC's (and MS) is the unique possibility to distinguish
and recognize defects by their characteristic hyperfine
interaction with nuclear probes. However, a defect is
usually detectable only if a trapping process occurs dur-
ing the course of thermally activated defect migration.
Therefore, PAC's (and MS) could hitherto not be used to

investigate FP production and correlated FP recombina-
tion, since information on both these processes is lost
when free defect migration occurs.

We have shown that this experimental limitation can
be circumvented if the "'In-'"Cd PAC probe is not
used as a trap but rather as a primary knock-on atom
(PKA) in single-FP production. In this experiment the
monoenergetic knock-on atom is provided by neutrino
recoil in the P decay of '''Sn to '"In via orbital electron
capture. We have repeated the experiment with consid-
erable improvements that allow us to perform a fairly
detailed annealing program and to accumulate PAC
spectra with higher accuracy. Thus we are now able to
follow up the production and annealing of single FP's in
copper from the microscopic viewpoint of the nuclear
'"In-"'Cd probe.

In the following section we describe FP production by
neutrino recoil, the experimental realization of this
effect, and experimental details. The experimental re-
sults, their implications for the understanding of FP pro-
duction and annealing, and a comparison to existing de-
fect models are discussed in Sec. III.

II. EXPERIMENT

A. Frenkel-pair production by neutrino recoil

If a lattice atom in a metal is knocked from its lattice
site with an energy exceeding the threshold Ed, it will
produce a single FP. Above 2Ed multiple-defect produc-
tion becomes possible. It is well known that Ed has not
one fixed value (for one metal), but is rather a function
of lattice direction ( hkl ). In copper, Ed has a
minimum of Ed;„——19 eV and Ed ranges from 19 to 23
eV for PKA momenta along or close to the (110) and
(100) directions. ' Very high values of Ed & 50 eV are
found, e.g. , in or close to (111) directions. ' The low
values of Ed along (110) and (100) are explained by

36 9535 1987 The American Physical Society



9536 H. METZNER, R. SIELEMANN, S. KLAUMUNZER, AND E. HUNGER 36

E,„=E,4m c„m,„/(m c„+m, „) =27 eV . (2)

This energy lies well in the interesting energy window
between Ed;„and 2Ed;„, i.e. , between 19 and 38 eV,
so that exclusively single FP's are produced. The decay
channels of the remaining 39% of '''Sn atoms lead to
"'In recoil energies of maximum 17 eV, so that this
fraction does not contribute to FP production.

Thus all produced FP's can definitely be assigned to
the PKA energy of 29 eV. This is an advantage com-
pared to electron irradiation which is usually employed
for single-FP production. In these experiments it is
difficult to relate a certain type of FP (or a resulting an-
nealing stage) to a certain PKA energy, ' since all recoil
energies of a PKA up to a certain limit occur. More-
over, for exclusive single-Frenkel-pair production a low
electron energy for which the maximum PKA energy
lies below 2Ed;„has to be chosen. For such low elec-
tron energies, however, the cross section for energy
transfers above Ed;„, i.e. , for FP production, is very
low. ' This is one reason why most electron-irradiation
experiments were performed with much higher electron
energies. For example, Corbett, Smith, and Walker used
1.4-MeV electrons corresponding to a maximum PKA
energy of 115 eV.

The price of this unique possibility to study the fate of
the PKA microscopically is the use of the "'In impuri-
ty. Thus, we have to keep in mind the impurity charac-
ter of the '"In PKA when comparing both FP produc-
tion and annealing to the case of pure copper, since both

replacement collision sequences accompanied by Silsbee
focusing' or assisted focusing, respectively. The focus-
ing effects ensure a rather e%cient energy transport and
the straight propagation of the collision sequence. As a
result of such a replacement collision sequence a certain
number of atoms including the PKA will occupy former
neighboring sites along one atomic chain. The former
site of the PKA is left as a vacancy. " The last replaced
atom will be part of an interstitial configuration. One
FP is thus produced. It will be stable (at T =0) only if
the interstitial is formed at least a certain minimum dis-
tance away from the vacancy.

The current knowledge about FP production outlined
above refers to pure copper, while in our experiment iso-
lated "'In atoms are used as PKA's. This implies some
peculiarities which we discuss below.

"'Sn (half-life T, z, ——35 min) decays to the ground
state of "'In via electron capture (EC) in 61% of all
cases. ' In this P decay a '"Sn E electron (binding ener-

gy Eb ——29 keV) is captured into the nucleus and a neu-
trino is emitted. ' Because of momentum conservation
the neutrino carries away virtually the whole decay ener-

gy Qzc of the EC decay. The recoil energy E„ofthe re-
sulting "'In ion is only very small:

E„=(QFc Eb ) /2Mc =—29 eV .

QFc/c =2465+12 keV/c is the mass difference be-
tween the neutral "'Sn and "'In atoms' and M is the
'"In mass. The maximum energy E „a 29-eV "'In
recoil atom can transfer to its copper neighbor in an
elastic collision is given by

phenomena could be modified by the impurity.
As far as the production process is concerned, we are

in an energy regime in which only the repulsive part of a
(hypothetical) two-body potential is important, so that a
two-body-collision model might apply. ' If this is the
case, already very simple calculations should yield some
insight into the problem. We performed such calcula-
tions in the hard-sphere approximation (see Appendix).
The hard-sphere radius of a copper atom was taken as
half the distance of closest approach (at 30 eV) for a pair
potential given by Gibson et al. Since a reliable two-
body potential for In in Cu is not available, the hard-
sphere radius of the In atom was then assumed to be
21% larger, i.e., the same amount as the atomic radius
increases if a Cu atom is replaced by an In atom in a Cu
matrix. ' The mass difference was considered as indicat-
ed by Eq. (2). Within this model we considered the
Silsbee case (collisions along ( 110) ) and find better
focusing characteristics due to the oversized In PKA
(see Appendix). However, in the present case these will
be compensated by the reduced energy transfer so that
altogether ( 110) collision chains initiated by the In
PKA should be very similar to those in pure copper.
The large hard-sphere radius of In will, however, be irn-
portant for collisions along ( 100), since the In atom has
to pass a window of four nearest-neighbor copper atoms
in order to hit its next-nearest ( 100) neighbor. This
effect might lead to an increased threshold along (100)
(see also Sec. III 8).

The effect of the In impurity on FP annealing is not a
priori clear, especially if we are dealing with close FP's.
Both Frenkel partners and the oversized impurity In in-
duce lattice distortions which can altogether lead to an-
isotropic attractive and repulsive forces between any pair
of the three constituents. It is known from experiment
that there is a high probability for correlated FP recom-
bination in pure copper, and that In impurities can trap
interstitials as well as vacancies in copper.

B. Experimental realization

The short half-life of '"Sn of 35 min requires a quasi-
on-line production of the probe activity. The experi-
ments were performed using the heavy-ion accelerator
facility VICKSI at the Hahn-Meitner-Institute in Berlin.
Heavy-ion-induced reactions not only allow a rather
selective production of a desired probe nucleus, but also
produce these nuclei at high recoil energies well suited
for recoil implantation techniques.

We used reactions induced by Ne on Nb, because
Ne (up to 100 MeV) is a high-intensity beam of VICK-

SI and niobium has only one stable isotope. Using the
nuclear-physics computer code CASCADE, we obtained
90 MeV as the optimum beam energy. Three relevant
reaction channels lead to nuclei with mass 3 =111 at
this beam energy. The respective reaction cross sections
o., ~, were also calculated by means of cASCADE:

(a) Nb( Ne, 4n)"'Sb, o, =83 mb
(b) Nb( Ne p3n)'"Sn, o.„=204 mb.
(c) " Nb( Ne, 2p2n or u)"'In, o, =32 mb.
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The P-decay chain for A =111 (Ref. 19) is given for
comparison (half-lives in parentheses):

P+, EC
"'Sb - '"S

(75 s)

EC,P+ EC
- "'I - "'Cd

(35 min) (2.8 d)

The experimental time table is essentially governed by
the "'Sn half-life. A reasonable fraction of the probe
atoms was obtained as '"Sn by choosing an irradiation
time of t, =(30+1) min. The half-life of '"Sb can then
be neglected and both reactions (a) and (b) lead to the
desired "'Sn nuclei. In reaction (c) '"In is produced
directly. These '"In atoms therefore only contribute to
the PAC measurement but not to the neutrino recoil
effect. This is taken into account by an experimental
reduction factor which is defined by Eq. (3) (see below).

The experiment is performed as follows: A copper foil
of 99.999% nominal purity obtained from Materials
Research Company is rolled to 2 pm thickness and well
annealed. This foil is covered with a 2-pm-thin niobium
foil and fixed in a target holder. This target is bombard-
ed with Ne ions of 90 MeV so that the nuclear reac-
tions discussed above are induced in the niobium foil.
The product nuclei receive kinetic energies up to 18
MeV. Therefore the product nuclei leave the niobium
foil and are stopped in the copper foil. Undesired ra-
dioactivity produced in the copper foil as well as Ne
ions that do not suffer any nuclear reaction are stopped
in a thick gold-plated copper backing which is water
cooled. The target area is 0.8 cm, and we use the max-
imum beam current of VICKSI for the Ne beam of
about 3 &( 10' ions/s. After the irradiation the copper
foil is annealed in a tube furnace at 550 C for 2 min in
streaming gas containing 95 mol% Ar and 5 mol% Hz.
This procedure ensures that all defects created during
heavy-ion bombardment (and by preceding P decays) are
annealed. As a result, all probes are located on undis-
turbed substitutional cubic sites as proven in a PAC
check experiment described previously. After the an-
neal the copper sample is taped to a small Plexiglass
vessel which is then lowered into a liquid-helium (LHe)
bath and fixed in a well-defined position. At 4.2 K all
point defects in copper are immobile. The point of time
at which the sample enters the helium bath is the time
zero for observable FP production. The time t2 needed
from the end of irradiation to this time zero is
t2 ——(9+1) min.

We performed two measuring runs for each of which
10 copper samples were doped with "'Sn as described.
This allowed the performance of a PAC-controlled an-
nealing program in which each PAC spectrum is of good
statistical accuracy. In each annealing step the ten sam-
ples were simultaneously drawn up into the He-gas
column until the desired temperature was reached. The
temperature was measured by a calibrated carbon resis-
tor and two calibrated Fe-Constantan thermocouples
which were fixed above and below the resistor in order
to monitor the temperature gradient along the sample
height of 1 cm. Though the temperature could be kept
fairly constant throughout the annealing time of 10 min,
a maximum error of +2 K for all annealing tempera-
tures has to be conceded because of the mentioned tem-

perature gradient. For the sake of simplicity the PAC
spectra of the annealing points above 100 K were mea-
sured at 77 K using a liquid-nitrogen bath, and the an-
neals were performed in the N2 column.

For the correct scaling of the neutrino-recoil effect we
have to calculate the fraction f„of probes which are
capable of producing FP's after the above-mentioned
"time zero" of FP production. This fraction is calculat-
ed as follows:

~a +~I 1 —exp( —«& )fEc exp( —«2 )
Oa+~b+~c

The first factor takes into account the probes directly
produced as "'In by nuclear reactions. fEc denotes the
fraction of '"Sn atoms which decay to the ground state
of '"In via EC. The third factor considers the '"Sn nu-
clei that decay during irradiation, while the fourth factor
describes the radioactive decay of "'Sn between end of
irradiation and time zero. A. is the decay constant of
"'Sn and is given by k=ln2/35 min=1/50 min. By
means of Eq. (3) we obtain f„=0.35+0.04.

C. PAC and data analysis

The PAC is measured for the 171—245-keV y cascade
of "'Cd following the decay of "'In. Thus, the in-
teraction of the 5/2+ iosmeric nuclear state of "'Cd
(T~&2 ——85 ns) with an extranuclear electric-field-gradient
(EFG) tensor can be observed. For polycrystalline sam-
ples the strength (eq) and symmetry (g) of the EFG ten-
sor can be determined. Usually the quadrupole coupling
constant v&

——e qQ/h (where Q is the probe's nuclear
electric quadrupole moment) and the dimensionless pa-
rameter 2) are given. If a certain fraction f &

of the
probes is decorated with a uniform defect with q=0 (ax-
ial symmetry), while the remaining fraction (1 f, ) is-
located on sites with cubic symmetry, the PAC spec-
trum, R (t), takes the following form:

R ( t) = (1 f ) ) 322+f I 3—22622(t)

3

= 322 (1 f &
)+f, g s—2„cos[(3vrl10)nv&t j

n=0

(4)

The anisotropy coeKcient A zz is A z2
———0. 179 in this

case. The experimentally observed 3 z2 is somewhat
smaller mainly due to the finite solid angle of the y
counters. 6,2(t) is the time-dependent perturbation fac-
tor, which in the considered case is the sum of a con-
stant and three cosines with the harmonic frequency ra-
tio 1:2:3. The frequencies are weighted by the ampli-
tudes s2„, which are tabulated. For the fraction (1 f,)—
no modulation is obtained since the EFG vanishes for a
cubic lattice site.

In a conventional four-detector setup ' 12 delayed
yy-coincidence spectra I„(H, t) were recorded (with 9 be-
ing the angle between two y counters). After correcting
the spectra for statistical background the experimental
R (t) spectrum was calculated as follows:
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By means of Fourier analysis the harmonic frequency ra-
tio 1:2:3 was confirmed for all measured spectra. We,

therefore, used Eq. (4) for the least-squares fits to the
time spectra with f, and v& as the only free parameters.
In Fig. 1 the spectra and the fitted curves (solid lines) are
shown. All spectra yield the same v&

—(117+1) MHz.
The fraction f, as a function of annealing temperature is

plotted in Fig. 2.
Some spectra show slight deviations from the fitted

curves. A very careful and detailed analysis including
Fourier transforms shows, however, that it is not possi-
ble to improve the quality of the fit by introducing a
second set of defect parameters (f2, v&2, T)z). We there-
fore conclude that these deviations are either due to
small systematical errors or stem from various additional
defect fractions f2,f3, . . . , f„, which are no longer
resolvable. In the latter case we estimate that the sum

fz+f3+ . +f„ is smaller than l%%uo. Furthermore,
the spectra of run no. 1 show a slight decrease of anisot-
ropy as a function of time. This effect was considered by
a Lorentzian frequency distribution around v& ——0. The
fit yields a value of 0.32+0.02 MHz for the full width at
half maximum (FWHM) of this distribution. Since the
samples of both measuring runs were treated identically
except that the samples of run 1 were simply dropped
into LHe, while those of run no. 2 were slowly lowered
into LHe, we suspect that the rapid cooling down per-
formed in run 1 is responsible for the effect. A compar-
ison of the "no-annealing" spectra of both runs proves
that the FP production is obviously not influenced by
the different cooling rates.
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FIG. 1. PAC spectra of the measuring runs nos. 1 and 2.
The neutrino emission in the electron capture decay
'"Sn-~'"In leads to the production of single FP's at 4.2 K in

otherwise undamaged copper. As a result the signal of the
monovacancy on a nearest-neighbor site with respect to the
'"In-'"Cd probe is observed (v& ——117 MHz, g=0). The fate
of these monovacancies is followed up in an isochronal (10
min) annealing program. The amplitude of the defect signal is
described by the parameter f, which is plotted in Fig. 2.

FIG. 2. The fraction f, of probes decorated with monova-
cancies as a function of annealing temperature. The solid lines
represent weighted averages over the data points in the respec-
tive temperature regions. The low-temperature average off r

is

used to normalize the fraction of monovacancy-probe pairs to
100%%uo. About 60%%uo of the monovacancies are annihilated by
their own interstitial (correlated recombination) in the temper-
ature region of stage ID. The remaining monovacancies detrap
and vanish in stage III. (The locations of the annealing stages
are taken from Ref. 4.)
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III. DISCUSSION

A. Assignment of the defect signal

Before we can discuss various aspects of FP produc-
tion and annealing, we have to make an assignment for
the observed defect-induced signal (v& ——117 MHz,
g=O). The check experiment with the "'In probe"
shows that the signal stems from neutrino-recoil atoms
which start from substitutional lattice sites. We know
from the comparison of the minimum displacement
threshold to the recoil energy of the probe that by each
probe at most one FP can be produced. The extremely
low probe concentration of 10 atomic ppm ensures
that these FP's do not influence each other. Therefore,
the signal is due to either a monovacancy or a monoin-
terstitial. The signal cannot be caused by both defects
simultaneously since there has to be a minimum distance
between the Frenkel partners in order to escape spon-
taneous recombination. This distance together with the
short-range nature of the quadrupole interaction ensure
that the signal is essentially induced by the Frenkel
partner which is closer to the probe. But even a small
possible influence of the distant Frenkel partner is ex-
cluded since we find a clear uniform signal.

Furthermore, the same v& of 117 MHz (g=O) was ob-
served by Wichert et a/. in experiments in which the
"'In-"'Cd probe was used as a trapping agent for point
defects in copper. In these experiments the signal oc-
curred after isochronal anneals in stage III as the result
of a trapping process. We assume, of course, that the
underlying defect is the same as in our experiment. This
is confirmed by the fact that in both experiments detrap-
ping of the 117-MHz defect occurs at 300 K (see also
Sec. III C).

The question of which type of defect is really observed
in our experiment can best be discussed by considering
the possible scenarios for the neutrino-recoil effect (see
also Ref. 8).

Scenario 1. Here we assume that the "'In recoil atom
leaves its lattice site and forms an interstitial
configuration some distance away. The original lattice
site of the probe will be left as a vacancy, which is, how-
ever, invisible in the PAC spectrum. In this scenario the
117-MHz signal is due to the monointerstitial.

Scenario 2. The "'In recoil atom initiates a replace-
ment collision sequence along a close-packed lattice
direction. Such replacement collision sequences are pos-
sibly accompanied by focusing effects and lead to a
monovacancy next to the PKA and a monointerstitial at
a distance. Therefore, in this scenario the 117-MHz sig-
nal has to be assigned to the monovacancy.

In the following we show that a decision between both
scenarios is possible. The argument is based on the ob-
servation of correlated recombination. Annealing of the
samples to 48 K leads to a reduction of the defect signal
of =60%, whereas it remained constant up to 35-K an-
nealing temperature (see Fig. 1). This means that for
=60% of the probes that were originally decorated with
the 117-MHz defect the cubic symmetry is restored by a
thermally activated process in that temperature range.
The low probe concentration combined with the fact

that the dissociation of the probe-defect pair does not
occur below =300 K implies that only correlated recom-
bination of FP's can account for this effect.

Moreover, from the thermal stability of the observed
probe-defect pair we conclude that it is the invisible
Frenkel partner which is thermally activated at =40 K
and which may either recombine with the observed one
or escape. Since only interstitial mobility comes into
question at such low temperatures, the invisible Frenkel
partner is the monointerstitial and the monovacancy is
the observed one. Thus it is the monovacancy which
causes the 117-MHz signal, and scenario 2 is the correct
description of FP production here.

This reasoning is in perfect agreement with the classi-
cal work of Corbett, Smith, and Walker (CSW), who
have shown that free interstitial migration leads to corre-
lated recombination of FP's in stage ID (between 33 and
48 K) of pure copper. The fact that correlated recom-
bination in our experiment takes place in just that tem-
perature interval supports the fact that the probes do
not have a considerable influence on the correlated an-
nihilation process but that the latter is an effect of the
thermally activated migration of the monointerstitials.

The above assignment of the 117-MHz defect is fully
independent of the interpretation of Wichert et al. , who,
nevertheless, came to the same result. They conclude
the vacancy character of the 117-MHz defect from its
appearance after quenching. By way of comparing
different irradiation experiments they then identify it as
the monovacancy.

Deicher et al. observed PAC signals due to interstitial
trapping at "'In at the end of stage I in copper. Those
signals are completely different from the signal we ob-
serve so that their result yields another independent sup-
port that we definitely do not observe the defect mobile
in ID z but rather its antidefect.

B. Mechanism of Frenkel-pair production

We now discuss the correct scenario 2 of the foregoing
section in some detail. It is essential for this discussion
that in the present experiment the monovacancy-probe
pair occurs in the same configuration as in the trapping
experiments of Wichert et al. These authors also per-
formed PAC experiments using copper single crystals
and thus determined (110) as the symmetry axis of the
EFG tensor of the 117-MHz defect. (A PAC single-
crystal experiment combined with the neutrino-recoil
effect is hampered by serious experimental difficulties. )

Therefore, in both experiments the monovacancy is lo-
cated on a nearest-neighbor site relative to the '"In-
"'Cd probe. However, there is an important difference
between both experiments: Wichert et al. observed a
thermally activated trapping process while we are con-
fronted with an athermal recoil process. Therefore, the
observed configuration does in our case contain informa-
tion on the FP production process. This becomes evi-
dent when we turn to the monovacancy-PKA
configurations that are expected for pure copper at low
PKA energies. Two configurations, A and B, should
occur.
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Configuration A is the result of a replacement collision
sequence along a ( 110) direction. This collision se-
quence is accompanied by Silsbee focusing and is also
called "dynamic crowdion. " The ( 110) collision se-
quence is expected to lead to the most distant FP's in
the low-energy regime. The PKA comes to rest on a
former nearest-neighbor site, while the original site of
the PKA is left as a vacancy. " Obviously configuration

corresponds to the experimentally observed probe-
monovacancy pair. This suggests that we also observe
FP production via replacement collisions along (110).

Configuration B occurs as a result of a replacement
collision sequence along a ( 100 ) direction. Atoms
along this direction are too widely spaced for Silsbee
focusing. A possible explanation for the fact that the
threshold energy for (100) is as low as for (110) is
based on the effect of assisted focusing which was found
by computer simulation. ' Configuration 8 consists of a
second-nearest-neighbor mono vacancy with respect to
the PKA (probe).

In our experiment this configuration would lead to an
EFG with axial symmetry (il =0) around ( 100) and

v& =( I/i/2) (117 MHz) =41 MHz. The given estimate
for v& is based on the point-charge model. Due to
screening effects the real value will very likely be even
lower. Obviously, configuration 8 is not observed in

our experiment.
We discuss possible explanations for the fact that

configuration 8 is missing, while 3 occurs. First one
might argue that assisted focusing is an artifact of com-
puter simulations. In fact, early measurements with
polycrystalline copper could be explained by considering
(110) replacement sequences only, or either (100) or
(110) replacement sequences only. However, various
experiments with single crystals show that both (100)
and (110) directions exhibit the same low displacement
threshold, indicating that both types of replacement se-

quences really occur in pure copper. '

So if we postulate that the In impurity also produces
FP's via replacement collisions both along (110) and
(100), we have to assume that configuration B is initial-
ly formed but relaxed' into configuration 3 as an
aftereffect of the recoil process. This appears to be quite
plausible, since configuration 3, in contrast to 8, is also
observed in trapping experiments, indicating its favor-
able energetic position.

Another explanation for the absence of configuration
B is that no stable FP's are formed by (100) replace-
ment collision sequences due to the impurity character
of the PKA (probe). The reason could be an increased
threshold along ( 100). Thomson has shown that the
threshold for FP production along ( 100) is mainly
determined by the potential energy of the PKA within
the window of four nearest neighbors which the PKA
has to pass in order to hit a (100) neighbor. This po-
tential energy will be considerably increased —compared
to a copper atom —for an oversized impurity like the In
atom, so that the given recoil energy might be too low to
produce a stable FP in that manner.

Thus our experiment alone does not allow us to decide
which is the correct explanation for the absence of

configuration 8. However, some preference for the
latter explanation follows from the low probability Ppp
of FP production by the '"In PKA. P„p is given by

P„p f,——(4.2 K)/f =0.125(5)/0. 35(4)=0.36(4) .

f, (4.2 K) is the fraction of probes initially decorated
with the monovacancy, while f„denotes the fraction of
probes that are capable of producing a FP (see Sec. II B).
If we assume that the probe behaves like a copper PKA
of 27 eV we would expect a Pzp value of 0.5 (Ref. 3) or
even 1.0 (Ref. 2).

The measured lower value is consistent with ( 110) re-
placement collision chains as the only FP production
mechanism (see Appendix). Moreover, replacement col-
lision chains along (100) are assumed to lead to close
FP's. ' The absence of this production process would
therefore help to explain the total or nearly total absence
of close-pair recovery which is discussed in the following
section.

It would be very instructive to compare our experi-
mental results concerning FP production to a computer
simulation with an oversized PKA. To our knowledge
no such calculations have yet been performed.

C. Frenkel-pair recovery

We now turn our attention to details of the annealing
curve (Fig. 2). These are best discussed in connection
with the classical work of Corbett, Smith, and Walker
(CSW), who extensively investigated stage-I recovery of
pure copper following electron irradiation. CSW deter-
mined five substages, I~ E, of stage I and presented evi-
dence for the following interpretation.

In the stages I~, I~, and I& different types of close
FP's undergo correlated recombination. Close-pair
recombination is assisted by elastic forces, and thus
occurs at lower temperatures than free interstitial migra-
tion. The interstitial of a close pair cannot escape
recombination. CSW found close-pair recovery for
25.6% of all produced FP's. In stages ID and IE free in-
terstitial migration takes places and leads, in stage IL„ to
correlated and, in stage IE, to uncorrelated recombina-
tion of FP's.

As the PAC method does not allow us to measure an-
nealing curves of an accuracy comparable to resistivity
measurements (that were done by CSW), we let our an-
nealing temperatures coincide with the upper tempera-
ture limits of the annealing stages of CSW. The inten-
tion was to find out whether similar annealing processes
occured in our experiment. The result is shown in Fig.
2. The straight lines represent weighted averages over
the data points in the respective temperature regions,
while the dashed lines only serve to guide the eye. It is
apparent that both straight lines describe the data quite
well, which means that the data are compatible with no
change in f, , i.e. , no FP recovery, in the respective tem-
perature regions. For the right-hand scale of Fig. 2 the
low-temperature average of f, was set to 100%. Using
this scale, the experimental error of both plateaus is
+4%, which means that the maximum recovery in the
plateau regions is 8%. At the top of Fig. 2 the recovery
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fcR ( 100fcp+ 65. 6fDp )% (6)

The value of 65.6'Po is given by the recovery in ID
(48.8%) relative to 74.4%, which is the total (100%)
minus close-pair recovery (25.6%). Therefore, the
chance of an interstitial of a distant FP to find its own

stages of CSW are indicated. Within the discussed limits
of our experimental errors we can state the following.
There is no recovery comparable to CSW in the close-
pair region up to 35(2) K. Only in a stage of free inter-
stitial migration, ID, does approximately 60% of the
FP's undergo correlated recombination. Also, there is
no uncorrelated recombination in stage Iz, or a consid-
erable recovery process in stage II. In stage III the
remaining =40%%uo of the monovacancies detrap and van-
ish via free migration. As mentioned before, the absence
of uncorrelated recombination is readily explained by the
low probe concentration of 10 atomic ppm, which
yields a FP concentration of 10 atomic ppm. For the
same reason a stage-II process in which, e.g. , an intersti-
tial is detrapped from another impurity and then recom-
bines with an observed vacancy, is excluded.

The fact that there is no significant close-pair
recovery, however, is at first glance somewhat surpris-
ing. As has already been mentioned briefly in the fore-
going section, this is readily understood if no close pairs
are produced by the "'In PKA. In fact, we believe that
this is the correct interpretation, although two objec-
tions can be raised.

First, one might think that the lower the PKA energy
becomes the shorter the distance between the partners of
the produced FP should be. Consequently, in our exper-
iment, in which the effective PKA energy is only =40%
above the minimum threshold for displacement, prefer-
entially close pairs should be produced. However, this
simple view neglects peculiarities of FP production at
low energies intimately connected with lattice structure
and focusing effects. '

Second, one might argue that the recovery process of
close pairs is different from the one in pure copper due
to a modified elastic interaction induced by the "'In im-
purity. This could then lead to a temperature shift of
close-pair stages either to higher or lower temperatures.
In the latter case the data could be explained if one as-
sumes that the close-pair stages are shifted to =4.2 K or
below. This leads, of course, only to a semantic
difference to our interpretation given above, namely, that
no close pairs are produced at 4.2 K.

We now consider the possibility that close-pair stages
are shifted to higher temperatures and accidentally coin-
cide with stage ID. This interpretation would require a
rather complicated microscopic situation which we do
not intend to speculate about. We rather show by a
quantitative comparison with the data of CSW that
close-pair recovery can largely be excluded for our ex-
perirnent. The argument is based on the fractions of
recovery given by CSW for the different stages, and the
fact that close pairs undergo 100% recovery. We can
calculate the fraction of correlated recombination, fcR,
from the relative numbers of close (fcp) and distant
(fDp) FP s (fDp+fcp= 100%):

vacancy in the experiment of CSW is 65.6'7o. Compar-
ison with our value of fcR ——60(4)% immediately yields
fcp-0%, which means that we observe no close-pair
recovery. Otherwise, we would expect a larger amount
of recovery at low temperatures.

An independent support for the above interpretation
stems from the experiments of Lennartz et al. , which
also show that in pure Cu =60% of those FP's that sur-
vived close-pair recovery undergo correlated recombina-
tion via free interstitial migration.

D. Consequences for defect models

In the preceding sections we have given an interpreta-
tion of our data without making use of specific features
of the one-interstitial model ' or the two-interstitial mod-
el, which we shall henceforth call OIM and TIM, re-
spectively. Since we only observe the monovacancy, we
cannot decide in which configuration the copper
monointerstitial occurs at low temperatures. However,
this is the main difference of the convicting models. En
the TIM it is assumed that at low temperatures (stage
ID z ) only one form of the self-interstitial —the
crowdion —is mobile. Crowdions may under certain
conditions be converted into ( 100) dumbbells which
only become mobile in stage III. According to this mod-
el vacancies get mobile only above stage III.

In the OIM the only stable form of the self-interstitial
is the (100) dumbbell, which is mobile in stage ID@.
Stage III is interpreted in terms of vacancy migration.

Our experimental observations, namely, the recovery
of part of the observed monovacancies induced by freely
migrating interstitials in stage ID and the detrapping of
the remaining vacancies in stage III, are in perfect agree-
ment with the OIM.

Nevertheless, based on the limited data of our previ-
ous publication, Frank has interpreted our experiment
in terms of the TIM as follows. The 117-MHz signal is
induced by the rnonointerstitial, and the low-
temperature recovery is of close-pair type. The elastic
forces that act during this type of recovery explain, in
Frank s opinion, that correlated recombination is al-
ready possible at very low temperatures although the
monovacancy alone is immobile and the 117-MHz
probe-defect pair alone is thermally stable up to 300 K.
Frank s interpretation requires a very high binding ener-
gy of =0.7 eV between the interstitial and the oversized
'"In impurity. This cannot be explained by a hypotheti-
cal conversion of a crowdion into a dumbbell
configuration, since the hyperfine parameters including
the (110) symmetry axis of the observed probe-defect
pair do not change irrespective of different measuring
(4.2 or 77 K) or annealing temperatures. It must furth-
ermore be assumed that this strong bond is easily broken
by a monovacancy located out of the spontaneous
recombination volume, i.e., outside the region of strong
elastic interaction.

In light of the new recovery data presented in this pa-
per, three assumptions or predictions, respectively, made
by Frank have turned out to be unfounded. First, we do
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not find close-pair recovery as predicted by Frank, but
rather correlated recombination via free interstitial mi-
gration. Second, the annealing curve (Fig. 2) does not
show a recovery spectrum up to 300 K as expected by
Frank, but rather two well-defined stages fully consistent
with the OIM. Third, the thermal stability of the
probe-defect pair (117 MHz) is not altered by the unob-
served Frenkel partner, since the detrapping occurs at
the same temperature (300 K) as in the experiments of
Wichert et al. In the framework of our interpretation
the latter is not surprising since the monointerstitials all
vanish in stage ID z and thus do not aAect the probes
(decorated or not with the monovacancy) at higher tem-
peratures.

In Frank's picture, the monovacancy as the antidefect
of the observed one is present at all annealing tempera-
tures. Therefore the question arises, why part of the
monovacancies should so strongly act on the assumed
probe-interstitial pair without, however, affecting the
sensitive hyperfine parameters, while for the remaining
FP's the monovacancy acts as if being absent.

Frank also argued that the fraction of 117-MHz de-
fects that survived stage-I recovery was too large from
the viewpoint of the OIM, which he thus excludes. We
have already shown (see Sec. III C) that this argument is
not valid in the absence of close pairs.

Another important point makes it difficult to believe
that our experimental findings can be brought into ac-
cord with the TIM. Our experiment yields clear evi-
dence for dynamic crowdions, i.e., focused replacement
collision sequences along ( 110). Thus (meta)stable
crowdions, as they are postulated by the TIM, can, a
priori, not be excluded. However, a replacement col-
lision sequence leads to an interstitial formed at the end
of the sequence. The interstitial can therefore not in-

clude the PKA. On the other hand, if the 117-MHz sig-
nal was induced by the monointerstitial, this interstitial-
probe complex would have to be present in a crowdion-
like configuration due to the (110) symmetry of this de-
fect. Since the probe is the PKA, this leads to a con-
tradiction in terms for the TIM: To save the concept of
the (meta)stable crowdion, the concept of the dynamic
crowdion, which is required for the production of the
(meta)stable one, has to be given up.

IV. CONCLUSIONS

We have shown that "'In neutrino-recoil atoms can
be used to create isolated single FP's in copper. Thus
FP production and annealing could be investigated on an
atomic scale. In detail, the following self-consistent in-

terpretation was obtained. The FP's are produced via
focused replacement collision sequences along ( 110) .

This production process leads to rather distant FP's and
a monovacancy being the nearest neighbor of the ' "In
PKA (117-MHz signal). The monointerstitials are pro-
duced at a distance so that they do not aff'ect the "'In-
"'Cd PAC. The relatively low FP production probabili-
ty of 0.36(4), and the fact that no probe-vacancy pairs
with (100) symmetry axis appear, suggest that (100)
replacement collision sequences (possibly accompanied

by assisted focusing) are hampered for the oversized
PKA, the '"In probe. This concurs with the fact that
we find no significant close-pair recovery (for which our
experiment yields 8% of the total FP recovery as an
upper limit), since ( 100 ) replacement collision se-
quences are believed to lead to close FP's. ' In stage ID
correlated FP recombination via free interstitial migra-
tion takes place and leads to a recovery of =60%%uo of the
initially observed monovacancies. This amount of
recovery is in good agreement with data for pure
copper ' if again a more or less total absence of close
pairs is assumed. In stage III the remaining monovacan-
cies detrap from the probes and disappear via free mi-
gration.

The experimental findings confirm the interpretation
of trapping experiments with "'In-'"CdCu. All de-
tails of the FP recovery process are in perfect agreement
with the one-interstitial model. An attempt to interpret
the data in terms of the two-interstitial model leads to
serious inconsistencies.

APPENDIX: EFFECT OF AN OVERSIZED PKA
ON SILSBEE FOCUSING

In a collision sequence in a straight chain of equally
spaced hard spheres of equal mass and radius, the angle
at which the spheres leave the chain axis may either in-
crease (defocusing) or decrease (focusing) in successive
collisions. The focusing condition is D/R ~2 with spac-
ing between centers of spheres, D, and sphere diameter
R. If the focusing condition is fulfilled, focusing occurs,
if the first sphere leaves the chain axis at an angle po
smaller than P,„with P,„=arccos(D/2R). The fol-
lowing equation (Al) describes how the kinetic energy
E„+, transferred from the nth sphere (with kinetic ener-

gy E„) to the (n +1)th sphere depends on the focusing
parameter D/R and the starting angle p„:

E„+, E„[1—(D/R——) sin P„] . (Al)

One easily sees that the energy transfer increases for de-
creasing P„and decreasing D/R. Since in our experi-
ment the '"In impurity plays the part of the PKA, we
need only consider the first collision event and compare
it to one in pure copper. For the latter case we can
readily apply Eq. (A 1):

Ei =Eo[1 (Dc /Rc ) sin Po] (A2)
0

Dc„——2. 55 A is the nearest-neighbor distance in copper
and Rc„ is the hard-sphere diameter of a copper atom.
Rc„which is energy dependent can be calculated from a
two-body potential V(r) by the condition
V(Rc„)=Eo/2. ' For the potential used by Gibson
et al. and Fo ——30 eV, we get Rc„——1.44 A and thus
Dc„/RC„=1.77, i.e., focusing. For the case of the "'In
atom acting as PKA, Eq. (Al) has to be modified as fol-
lows:

E, = 4mc„mi„(mc„+mi„) —2

X Eo [ 1 —[2Dc„/(R,„+Rc„)]sin Po} . (A3)
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The first term considers the different masses of copper
and indium atoms and has a value of 0.93. For the
modified focusing parameter we assume that the lattice
spacing Dc„ is not aff'ected by the impurity. For R&„we
insert R&„——1.21RC„, a value taken from the table of
King. ' The focusing parameter is now 1.60, i.e., focus-
ing is improved. The reason why the angle dependence
can be retained from Eq. (Al) is that in hard-sphere col-
lisions the recoil angle of the target sphere is indepen-
dent of the mass ratio of the colliding spheres. Equa-
tions (A2) and (A3) can now be used to calculate the rel-
ative energy transfer .E&/Eo in the first collision as a
function of starting angle Po. In Figure 3 we have plot-
ted the result. For Po&16' the first collision is more
effective in pure copper (solid line) because of the equal
masses. For Po~ 16' the In PKA (dashed line) transfers
more energy, since the positive effect of the larger atom-
ic radius then dominates. The latter effect is also re-
sponsible for the higher value of /3, „, the starting angle
up to which focusing occurs. While for pure copper
P,„ is 28', P',„=37 for the impurity case is obtained.
It is apparent from Fig. 3 that if all first collisions with

Po smaller than /3, „or P',„, respectively, finally led to
the production of a stable Frenkel pair, an In PKA
would be more efticient in FP production than a Cu
PKA of the same starting energy Eo. However, in our
experiment Eo has the fixed value of Eo ——29 eV, a value
too low to allow for FP production at high starting an-
gles. This becomes evident if one looks at the right-hand
scale of Fig. 3, where the absolute values of Ej are given
for EO=29 eV. It is reasonable to assume that a stable
FP is produced only if E, lies above or close to the
threshold of 19 eV. This is only true for starting angles
below =20', a region where the better focusing charac-
teristics of the In PKA are of no importance.

From the above considerations in the hard-spheres ap-
proximation we can therefore conclude that the In PKA
should largely behave the same as a Cu PKA of compa-
rable kinetic energy, and that both PKA's will produce
FP s via Silsbee focusing with about the same probabili-
ty.

It is interesting to note that the condition 13o(20'
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FIG. 3. Relative amount of energy transferred in a Cu-on-
Cu (solid line) and a In-on-Cu (dashed line) collision as a func-
tion of starting angle Po in the hard-spheres approximation.
The oversized In atom cannot transfer all its kinetic energy to
a Cu neighbor, but it shows better focusing characteristics.
The (absolute) energy scale on the right-hand side refers to the
present experiment (Eo ——29 eV). 19 eV is the minimum
threshold energy for FP production in copper.

which corresponds to an energy transfer of more than 19
eV in the first collision leads to a probability of FP pro-
duction of PFp ——0.36. This value agrees amazingly well

with the experimental PFp of 0.36(4) (see Sec. III B).
Therefore, (110) collision chains combined with Silsbee
focusing can indeed account for all observed FP's.
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