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TIME-DEPENDENT RELAXATION OF ALIGNED NUCLEI DUE TO
RADIATION-INDUCED VACANCIES IN SOLID GERMANIUM
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We observe the temperature dependence of the alignment of an isoxneric state in 3As
(426 kev, —,7 =8 @sec), produced by the reaction ~2Gecd, n) 3As in solid Ge. The re-
laxation process can be interpreted with a diffusion-controlled time-dependent quadru-
pole interaction due to radiation-induced lattice damage. A diffusion energy of E = 1.3
+0.2 eV is assigned to the activation energy for excess vacancy diffusion. This result
yields, for the first time, quantitative insight into xelaxation mechanisms associated
with radiation damage in solids, which may occur when implantation techniques and nu-
clear reactions are employed.

A recently published method, the stroboscopic
obsexvation of the nuclear Larmor precession in
connection with pulsed beams, was announced to
be suitable for precise hyperfine measurements
on lsonlerlc stRtes with 1lfetlmes 1Q the 1,0
10 '-sec range. ' Particular difficulty for such
lnvestlgatlons RI'lse8 from the requll ement of
preserving alignment during the lifetime v of the
QucleRI" stRte, Problems relRted to the stopping
process of the recoil, its final position, and ra-
dlRtlon dRDlage of the lRttlce RI'e 1RI'gely unsolved.

In the present mork the B-p,sec, 426-keV state
of "As is produced in a, solid Ge target by the
reaction Ge(d, pl) As a't deuteron energies Eg
= 5 MeV. The rotation of the resultant anisotro-
py of the de-excltlQg p-ray distrlbutlon ln Rn Rp-
plied magnetic field is observed as a function of
temperature, where the stroboscopic method is
used to detect the nuclear Larmor precession.
The g factor obtained by this method is g =1.163
+ 0.003.'

The variations of the anisotropy are interpret-
ed with the time-dependent electric quadrupole
relaxation theory of Abragam and Pound, where
the correlation time is assumed to be governed
by vacancy-diffusion px'ocesses in the radiation-
damaged Ge lattice.

The target was cubic (diamond structure) "Ge
metal» Qlolten onto R cyllndI'leal tungsteIl bRck-
lng, 6 mm ln diameter Rnd 10 Illnl long It mRS
indirectly heated Rnd placed inside R cha, mber
connected to the vacuum system of the accelera-
tor. The target construction provided tempera-
ture stability of +1 C, indicated by a thermocou-
ple which mas introduced into the tungsten cylin-
der.

If relaxation occurs during the lifetime of the
excited states that can be described in the sense
of Abragam and Pound with a time-differential-

attenuation factor G, (t) =e ~' where only k =2
occurs in this experiment, the linemidth 2nd the
anlplitude of the resonance curve are affected as
follows':

+x2 (llnewidth),

R =R'G(T) (amplitude),

1 + 4A, (1)A,(2),

A, (1)A,(2) are angular- correlation parameters,
describing the nucleax reaction mechanism and
the y-ray transition.

Several resonance curves at different target
temperatures (Fig. 1) illustrate the line broaden-
ing Rnd variation of the amplitude. Below 600 C
Qo ITleasuI'Rble I'esoQRnce occul red~ lndlcRtlQg
a relaxation time T„q=-1/A.,& 500 nsec. To de-
termine the relaxation behavior over the entire
temperature range accessible, the attenuation
G(T) of the resonance amplitude was measured
as a function of temperature; this is shown in
Fig. 2. In Fig. 1 the amplitude is given in the
form of the double ratio (Z, /Z, )(F,/Y, ), associat-
ed with a two-counter experiment (Z, 1') at differ-
ent counting times (indices 1, 2), stated in detail
in Ref. l.

The experimental data in Fig. 2 can be ex-
plained with an exponential dependence of X, on
temperature. This dependence of the perturba-
tloQ Q1echRQlsnl on temperature suggests R mod-
el of lattice defects, which diffuse near the final-
site positions of the pxecessing nuclei. Several
authors find evidence that recoils in solids are
subjected to considerable quadrupole fields,
where radiation damage might be responsible
for lattice defects. ' Diffusion then mould intro-
duce a time-dependent electric quadrupole inter-
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FIG. 2. Attenuation factor G (T) of the stroboscopic
amplitude as a function of temperature; the solid line
is a least-squares fit using Eqs. (2), (3), and (5).

position; (2) the precessing nucleus is sensitive
to the dynamic behavior of its enviornment on a
microscopic time scale (about 10 ' sec).

Introducing the concept of enhanced diffusion,
which in metals genera, lly occurs via excess va-
cancies, the diffusion coefficient can be written
as'

FIG. 1. Stroboscopic resonance curves of the y-ray
intensity at different target temperatures. At T =845 C

and T=925 C the target is solid Ge; at T=960 C it is
in the liquid phase.

action, and X(0=2) is expressed as'

= ((u o')~„
mhere angle brackets denote averages. Every
change in the lattice configuration surrounding
the recoil, caused by a jump of an atom to a dif-
ferent lattice site, will change the perturbing
configuration considerably; the inverse of this
jump frequency may be interpreted as the corre-
lation time 7, .

Taking T,-e~ ~, and therefore X-e ', a
least-squares fit using Eq. (2) yields E =1.3 +0.2
eV. The whole temperature dependence in this
model is assigned to ~, . The activation energy
E =1.3 eV fits mell with several experimental
and calculated diffusion data, which associate
this value with the activation energy for migra-
tion of a vacancy E~".' The fact that this activa-
tion energy can be observed in this experiment
is based on the following reasons: (1) The re-
coil affects excess vacancies near its final-site

D V(C th+ Ci rr)

D„'exp(-E-„"/kT) (c,h+ c,„), (4)

where D~ is the vacancy-diffusion coefficient, c,h

the atomic fraction of vacancies in thermal equi-
librium, and c;„the radiation-induced atomic
fraction of vacancies near the final-site posi-
tion of the recoil nucleus. c,h is not larger than
1D ' even at high temperatures. It is given by
exp(-E„ /kT), where Ev is the energy required
to form a vac.ancy and E„+E~"=-E =3 eV is
the self-diffusion energy in Ge. ' c;„may easily
be larger by several orders of magnitude; then,
if c;„does not change considerably during the
lifetime T of the excited nucleus, i.e., the life-
time 7 of the vacancy is larger than T, the first
term of Eq. (4) can be neglected.

The temperature dependence is given by E~".
A constant fraction of vacancies c;„during the
lifetime of the nucleus is assumed for the follow-
ing reasons: The lifetime of an excess vacancy
can approximately be calculated to be not shorter
than about 10 ' sec (at 900'C), which is comput-
ed by using data of excess vacancy diffusion in
proton-bombarded Ge. ' On the other hand, over-
all radiation effects can be neglected because of
the rapid annealing of the lattice defects.

The correlation time 7, nom is defined as the
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inverse of the jump frequency of a vacancy in a
region near the recoil times the number f of va-
cancies in this region, because each of them con-
tributes independently to a change of the lattice
configuration. This can be expressed in terms
of the vacancy diffusion coefficient

where a is the distance between adjacent lattice
sites, and f can be related to c;„byf=nc;„,
where n is the number of atoms near the recoil
po sit ion.

The quadrupole interaction [Eq. (3)] is a func-
tion of c;„, (vo') =(vo')(c;„); in general (V«')
will increase with increasing radiation damage.

To calculate the order of magnitude for 7, and
the mean quadrupole coupling constant, we take
Dr=2(-1.3/kT) ' and f=1. Then, v, =10 "sec
(900'C), and inserting this value in Eq. (3), we
obtain (eQ/R)[(Vzs')(c;„)]'i'=10' MHz, where
(ceo')g, results from the least-squares fit using
Eq. (2). The quadrupole intera, ction frequency
reflects the radiation-induced charge asymmetry
round the recoil nucleus; a Sternheimer anti-
shielding factor may significantly contribute to
the effective field gradient.

The requirements of Abragam and Pound's the-
ory, 7,«7. and (uo)7.,«1, are satisfied over the
entire temperature range observed. The lower
temperature limit is given by the ratio T/T„,
[Eq. (2) ]; the remaining amplitude R is no long-
er observable for 7 /T„&~ 20. At high tempera-
tures, Fig. 2 clearly indicates the influence of
melting on the relaxation time. The lattice col-
lapses, and no measurable relaxation is present
any longer; however, a lower limit can be given
from the width of the stroboscopic resonance,
T„&&80 p.sec.

From the well-defined activation energy which
is obtained in this experiment, it is concluded
that radiation damage near the final-site posi-
tion in this temperature region results in point

defects rather than in extended amorphous zones.
Radiation-created interstitials are highly mobile
compared with vacancies (Ez —-0.4 eV)'; thus
they do not contribute to the relaxation mecha-
nlsn1 ~

Concerning the value of 1.3 eV, some remarks
seem to be of interest: Some evidence is given
that this energy might be the energy for migra-
tion of a divacancy, bound together by an attrac-
tive potential of about 2 eV. ' The formation time
of this divacancy would be less than 1 p. sec as
follows from this measurement. This method
seems to provide a possibility of getting some
insight into diffusion mechanisms on a micro-
scopic time scale.

Experiments on the 160-p, sec, 473-keV state
in "As are in progress: Values concerning the
relaxation time in liquid Ge and information on
the ratio of the quadrupole moments of "As/"As
seem attainable.

*Present address: Physikalisches Institut der Uni-
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