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The alignment of impurity nuclei recoil-implanted into copper has been measured as a
function of temperature, At 300 K, %°Ge and ®’Ge impurities lose 50% of the nuclear
alignment within 103 sec after implantation into the copper host, while the full align-
ment is observed for the #'Zn impurity., The temperature dependence of the alignment
can be explained by a simple model which assumes static quadrupole interactions with

lattice defects in the vicinity of the impurity.

With conventional methods, the study of radia-
tion-damage —impurity interactions is made dif-
ficult by the low impurity concentration required
to insure that impurity clustering does not occur.
The perturbed-angular-distribution (PAD) meth-
od has recently been successfully applied to the
study of radiation damage.’ We have used excited
recoil nuclei both to create damage in the host
near the stopping point of the recoil, and then
sensitively to probe the damage with the excited
nucleus on time scales of the order of 1077 sec.
The sensitivity of the method allows experiments
with impurity concentrations of less than 1078 so
that isolated impurity nuclei can be studied. We
have chosen natural copper metal as a host ma-
terial for the initial investigation because of the
convenience of several nuclear probes that can
be produced in copper, and because much knowl -
edge is available about defects in copper from
macroscopic solid-state studies,?

A pulsed beam of 32-MeV "Li ions from the
State University of New York at Stony Brook FN
tandem accelerator was incident on a thick target
of 99.999% pure, natural, polycrystalline copper
metal. The pulse repetition interval was either
8 or 16 usec. The different isomeric probe nu-
clei which were produced are listed in Table I,
with their spins, y-transition energies, lifetimes,
and g factors. Although the absolute quadrupole
moments of these isomers are not known, the
quadrupole interaction frequency in Zn metal
gives an indication of their relative strengths and
is also listed in the table.

The anisotropy of the delayed y radiation was
measured with the time-differential PAD method.
A transverse magnetic field of about 9.5 kG was
applied to the target, and two magnetically shield-
ed NaI(T1) detectors at angles of +135° to the
beam direction were used to observe the spin pre-
cession pattern of the probe nuclei. The ratio

TABLE I, Properties of nuclear probes.

eqQ/n .
E, Tip (Zn,T=630 K)
Probe IT (keV) (nsec) g factor Ref, Reaction Aza (MHz)
fGe 9/2* 734 70(7  =0.210(7 b %Bcu('Li, 3%)%"Ge 0,124(12) 86.8(8) ©
§Zn  9/2* 605  333(14) -0.243(2) ¢  %Scu(Li,an)’'Zn 0.124(7) 39.3(4)
¥Ge 9/2* 398 2840(70) -0.224(7) d  S5cu(’Li,32)%Ge 0.188(10) 71.1(7) ©

#Measured at E('Li) =32 MeV, using a liquid Cuy ¢Sb, , eutectic target.
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R(®)=[N,(t) =N_(t)] /[N, () + N.(¢)] was formed us-
ing the background-corrected counting rates N,.
A least-squares fit to the ratio was performed
with the function

R(t)= [SAsz(At)/(4+A2G2)]
X exp(—t/74) cos2(w t -0).

The nuclear lifetime does not enter into this ra-
tio and is not an important parameter provided

it is long enough to observe the Larmor preces-
sion. The y-ray anisotropy coefficient A, de-
pends on the nuclear alignment produced by the
reaction, and is given in Table I for the different
reactions with 32-MeV projectile energy. These
values were measured in a separate experiment
using a molten Cu, Sb,, eutectic mixture held at
about 1000 K. In solid Cu the attenuation factors
G,(At), which describe the fraction of probe nu-
clei taking part in the Larmor precession at
times greater than Af= 1078 gec after the excita-
tion, were observed to be temperature and probe
dependent. This dependence is shown in Fig, 1
for the probe nuclei °Ge and ®’Zn. In addition,
at temperatures below 750 K, the *°Ge data ex-
hibited some damping of the spin precession os-
cillations which could be fitted with an exponen-
tial decay constant 7, =8 +3 usec for all tempera-
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FIG. 1. Temperature dependence of the attenuation
coefficient G,(At) for ®Ge and ©"Zn isomers in copper
metal. The melting temperature of copper, Ty, is in-
dicated by the vertical line, The data shown above the
melting point were taken with a liquid Cu, Sb, , eutec-
tic mixture at 1000 K.

tures below 750 K. The other shorter-lived
probes, ®'Ge and ®’Zn, were not sensitive at
these long times.

Even though the %"Zn and ®°Ge probes were in
the same target and the temperature dependences
shown in Fig. 1 were measured simultaneously,

a clear difference in their behavior is observed.
For the ®Zn nuclei, the nuclear alignment is un-
attenuated in the solid, while for the *Ge and *"Ge
nuclei at temperatures below 700 K, (48+ 3)% and
(40+ 7)% of the nuclear alignment, respectively,
is lost in a time less than A#~107® sec. Two pos-
sible mechanisms have been considered to ex-
plain this loss of alignment. Either a fast relaxa-
tion of the alignment occurs because of strong
fluctuating field gradients for a short time, or a
weaker static interaction occurs for a longer
time. In the Abragam-Pound® model for rapid
fluctuations, one expects the strength of the re-
laxation to be proportional to the square of the
quadrupole moment and one would expect to see
1.5 times more dealignment for ®’Ge than for
%Ge, while the observed loss is equal within the
experimental error. For the static mechanism,
the loss of alignment arises from the static quad-
rupole interaction of the nuclear probe with the
electric field gradient from a nearby lattice de-
fect, and therefore the fraction of atoms of a
given type with a nearby defect governs the frac-
tional loss of alignment. The different loss of
alignment for Ge and Zn probes indicates a dif-
ferent fraction of nearby defects for these dif-
ferent impurities.

In order to understand better the temperature
dependence of the Ge impurities in copper, shown
in Fig. 1, a simple model was made. After the
recoil atom has dissipated its energy through
atomic-collision cascades, the impurity atom
sits in a limited volume of high lattice disorder,
Because of the high temperature in such a colli-
sion spike, annealing takes place typically® be-
tween 107'%2 and 107'° sec. If the implanted im-
purity presents an attraction to the lattice de-
fects, e.g., vacancies or divacancies, a certain
fraction, f, of the excited nuclei may end up with
a nearest-neighbor defect after the annealing of
the thermal spike. At lower temperatures this
fraction of the nuclear alignment is not allowed
to take part in the Larmor precession, because
of the strong electric quadrupole interaction with
the defect. At the higher target temperatures
used, the defects are mobile and can diffuse
away before significant nuclear dealignment has
occured. Assuming an activation energy E® for
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the defect to migrate away from the impurity, the mean jumping frequency is given by v=yexp(—-ES/
k;T). The probability for a defect to jump at a time ¢ after production is P(¢)=v x exp(- vt); taking
this into account, a temperature-dependent attenuation factor G, can be derived (the presence of the
external magnetic field is neglected here):

G,(t, V)= =f)+120, Sk,,{fotP(t’) cosnwyt’ dt’ + [exp(~ vt)| cosnw,t},

where the S,, are calculated coefficients® depending on the nuclear spin I, and w,=3e2Qq/2I (21 - 1)%
for half-integer I If vAf{>>1, then most of the defects have jumped before the spin precession is ob-
served and G, converts to a simple form:

Go(At, T)=(1 =)+ f 20, Senil+ {(nw,/v,)exp(ES/kyT)| %} 7.

A least-squares fit of this function is shown with I

the %°Ge data in Fig. 1, and gives f=0.48+0,03, large loss in nuclear alignment for AZ =3 probes
vo/w,~3x10° and E®=0.64 +0.14 eV. The migra- (presumably due to the mechanism described .
tion energy obtained here, 0.64 eV, equals the here) has been observed” for ''3Sn in Ag and 2*°Pb
migration energy of the defect plus the defect- in Au.

impurity binding energy. If we assume the bind- The striking difference observed in the same
ing is 0,1-0.2 eV, then the free-defect migration target for two different probe nuclei clearly in-
energy is 0.5 eV, somewhat smaller than the dicates a dependence of the loss of nuclear align-
value of 0.8-1.0 eV usually quoted? for vacan- ment on the chemical nature of the impurity, A
cies in Cu., This may indicate that the defect as- quantitative explanation of the temperature depen-
sociated with the impurity is a divacancy which dence of the anisotropy indicates that a static

is known to have a smaller migration energy, quadrupole interaction with lattice defects is re-
and a high probability of formation in high-ener- sponsible for the loss of alignment,

gy collisions. The fit is not sensitive to the quad-
rupole interaction frequency w, or to the attempt
frequency v,. Since the attempt frequency?® is
between 10'3 and 10'* Hz, the quadrupole pertur-
bation frequency is most probably around w,= 2 *Work supported in part by the National Science Foun-
x10% sec”. The observation of a damping of the dation. :
9Ge oscillations at all temperatures below 750 K tMax Kade Fellow. Present address: Tandem Lab-
is attributed to weak static quadrupole interac- oratory, Erlangen, Germany.
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