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The quadrupole interaction of ~~~Cd ions following the decay of ~~~In implanted by {0., 2n}
reactions into a cubic {fcc}Ag lattice has been measured with the time-differential perturbed-
angular-correlation method. A nonvanishing quadrupole interaction corresponding to a dis-
tribution of electric field gradients was observed. The "smeared out" quadrupole interaction
frequency has a centroid co from 2.04 to 1.50 MHz depending on the temperature and the time
the irradiated Ag was allowed to "heal." In addition, about 3% of the ~ In-~ Cd ions experi-
ence a quadrupole interaction with a sharp frequency v =157+ 2 MHz. The temperature de-
pendence of the healing process was investigated. At room temperature no further healing
occurs after 6 days once the co =1.50 MHz was reached. Annealing for 12 hours at 600 C

causes the quadrupole interaction to vanish conpletely. Various quadrupole-perturbation and
"healing" mechanisms are discussed. The most likely cause of the quadrupole perturbation
in the cubic Ag lattice are vacancies and/or Ag interstitials.

I. INTRODUCfION

It has been often assumed that the hyperfine
interactions of ions that are implanted by nuclear
reactions or Coulomb excitation into host lattices
are the same as those experienced by ions that
are implanted by more conventional means (diffu-
sion, alloying, isotope-separator implantation,
etc. ) except for transient fields. " Recent exper-
iments, however, cast some doubt on these as-
sumptions. '

The present work describes the time-differen-
tial observation of a nonvanishing static quadru-
pole interaction of "In-'"Cd ions that were im-
planted into a cubic (fcc) Ag lattice by the recoil
experienced in an (n, 2n) reaction. Since the static
quadrupole interaction of ions at regular lattice
sites in a nondamaged cubic lattice would vanish,
the experiments indicate the presence of consid-
erable radiation damage of the cubic Ag host lat-
tice. A preliminary report of this work has been
published.

Earlier studies" of the quadrupole interaction
of ~~~Cd nuclei implanted into Ag by the (o, , 20) re-
actions have been made by observing the attenua-
tion of the time-integrated directional correlation,
a method which provides only crude information
about some average hyperfine interaction exper-
ienced by the implanted ion.

The method of observation employed in this w'ork

is based upon measurements of the directional cor-
relation of y rays emitted byradioactiveimplanted
ions as a function of the time t during which the

intermediate nuclear state I of the ions is exposed
to a perturbing interaction. This time-differential
perturbed directional correlation (TDPAC) is a
very sensitive tool for investigating details of the
perturbing hyperfine interaction.

If the perturbing interaction is polytropic, i.e.
if the perturbing fields acting on the ensemble of
decaying nuclei in a sample do not have any pre-
ferred direction as a whole (e.g. , polycrystalline
sample), the TDPAC function is of the form'

W(e, f) =PG„„(f)A„„P„(cosa),

where the directional-correlation coefficients A.„„
(A» =1) depend on the nuclear decay and G&~(t)

[G»(t) -=I] are the differential attenuation coeffi-
cients which contain all the information about the
perturbing interaction. If no perturbing interac-
tion is present Gz&(t) —= 1. For a static quadrupole
interaction of a nuclear state of spin I = -', involving
an miaHy symmetric electric field gradient (EFG)
y'„, the attenuation coefficient G»(f) is explicitly

G»(t) =0.2000+0.3"l14cosset

+0.2857 cos2+of +0.1429 cos3+ot, (2)

where the quadrupole frequency

is proportional to the quadrupole moment Q of the
intermediate nuclear state. In many papers the
frequency

which is independent of the spin of the nuclear
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III. TIME-DIFFERENTIAL DIRECTIONAL-

CORRELATION MEASUREMENTS

The radioactive nuclei used in the present inves-
tigation are ' 'In nuclei which decay to '"Cd with
a half-life of Ty/2 =65 h The decay is shown in
Fig. 2. The unperturbed directional correlation
of the Cdy rays is given by
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g (8) =1 —(0.180+0.002)P,(cos8)

+ (0.002 + 0.003)P,(cos 8) . (8)

PEG. 1. Theoretical time-differential attenuation coef-
ficients 622(t) for an axially symmetric static quadrupole
interaction in a nuclear state E = 2. The solid line shows
622(t) for & =0. The dotted lines show the attenuation co-
efficients for various relative widths 6 of a Gaussian fre-
quency distribution.

state I is used to characterize the strength of the
quadrupole interaction. The quadrupole frequency
&oq is related to the quadrupole strength pq (for
&=-') by

(5)

For a unique sharp value of co+ the time depen-
dence of G»(t) is periodic with a period of Tq
=2n/ruq as shown by the solid line in Fig. 1. A
unique value of co corresponds to the assumption
that the EFG's acting on the nuclear quadrupole
moments are exactly the same at every nuclear
site. For nuclei in an actual crystal lattice slight
variations of the EFG may be expected, e.g. ,
caused by lattice imperfections or impurity ions.

A variation of the EFG from nucleus to nucleus
results in a probability distribution P(~q) of the
quadrupole frequency ~z. The frequency distribu-
tion may be assumed to be represented by a Gauss-
ian distribution

In the following discussion the P,(cos8) will be
neglected, since within experimental error it is
vanishingly small.

The experiments consisted of bombarding poly-
crystalline Ag foils at room temperature with 22-
MeV a particles from the Purdue tandem accelera-
tor and with n particles of various energies (22,
30, 35, 40, and 45 MeV) from the Argonne cyclo-
tron, thus producing, by an (n, 2n) reaction, "'In
nuclei in the Ag lattice with recoil energies in the
MeV range. The '"In ions slow down, mainly by
electronic interactions. Nuclear stopping becomes
important at the end of the slowing-down process
and host atoms are displaced from their lattice
sites by nuclear collisions. After the '"In ions
come to rest somewhere in the cubic Ag lattice,
they decay by electron capture to "'Cd and subse-
quently populate the I=-„247-keV state of '"Cd
of z =123-nsec lifetime whose hyperfine interac-
tion with the atomic and lattice fields can be inves-
tigated by observing the time evolution of the orien-
tation of this state through a TDPAC measurement.

The time-differential directional correlation of
the '"Cd y rays emitted by the implanted "'In-"'Cd
ions was measured by two NaI(T1) scintillation de-

III
In

P(R )dM e-&vq-ru& /2a dN
1

a a q2gg (6)
T[ga =65 h

with a centroid at c» and a width g. The dotted
lines in Fig. 1 show the resulting attenuation co-
efficients

f, G„((oq, t)P((uq)d&uq

G(Q, t) =

I; =7/2+ eV

f, P((uq)d(uq

for various relative widths 5 =o/2. It should be
noted that the time integrated attenuation coeffi-
cients G~~(9~) = J, e "'G~~(t)dt/r (r =lifetime of
intermediate nuclear state) which are observed in
integral correlation measurements are very in-
sensitive to the presence of a frequency distribu-
tion. In fact the G»(gv) for 5 =0 and 6 =0.25 differ
by less than 3% for a given 97.

I =5/2+ 247 keV, T=I23 nsec
Q=-0.5 b

If =I/2+

FIG. 2. Decay scheme of iiiIn iii~d
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C(8, t)dt = Noe "'W(8, t)dt

= No +8 Gyp( )Afy yPy(c o8s) d.t

For the "'Cd cascade with A» =0 for X& 2 the at-
tenuation factor G»(t) is easily obtained from the
measured values of C(v/2, t) and C(m, t):

1 C(v, f) -C(s/2, f)
X„C(s/2, f) + ,'C(v, t)'- (10)

The value A» for the "'Cd y-y cascade is A»
=-0.180+0.002 [see Eq. (7)].

Narrow (-3-mm) strips of the irradiated Ag foils
were used as sources for the TDPAC measure-
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FIG. 3. The time-differential attenuation coefficients
G22(t) of the ~ Cd y-y directional correlation observed
at room temperature. Curves a, b, and c were observed
at 72, 108, and 132 h after the end of the a bombardment.

tectors in conjunction with a time-to-amplitude-
conversion (TAC) electronics. The coincidence
counting rate C(8, t) was observed at two angles
8 =v/2 and 8 =v between the two detector axes as
a function of the time delay t between the forma-
tion of the 247-keV state (i.e. the emission of the
172-keV y radiation), and the decay time of the
247-keV state (i.e. the emission of the 247-keV

y radiation). The pulses caused by the 172-keV

y ray in the scintillation detectors after amplifica-
tion by several nsec amplifiers initiated the start-
ing signal for the time-to-amplitude converter
(TAG) and the 247-keV y rays provided the stop-
ping signal. The delay-time-analog output pulses
of the TAC were observed in a multichannel ana-
lyzer that was gated by single-channel analyzers
which selected the energies of the y rays (fast-
slow coincidence electronics). The time resolu-
tion of the equipment for prompt y rays was 5 nsec.
The normalized time-differential coincidence count-
ing rate C(8, t) is given by

ments. For the measurements with the source at
77'K the Ag foils were placed in liquid nitrogen in
a Dewar vessel specially designed to avoid absorp-
tion and scattering of the "'Cd y radiation.

The measurements were started about 24 h after
the n irradiation to allow shorter-lived radioactiv-
ities to decay. A typical run lasted only about 12 h,
since it was immediately discovered that the
TDPAC depended on the time elapsed between the
end of the irradiation and the beginning of the run.
This time interval, the "healing" time, is denoted
by T„. In some cases the average of several runs
was taken for better statistics in order to explore
details of the time dependence of G»(t).

Figure 3 shows the observed G»(t) coefficient
measured at zoom temPexatuxe for different val-
ues of T„. The curves a, b, c, clearly show the
presence of a perturbation and also show that the
perturbation decreases [i.e. , G»(t) increases]
with increasing time T„("he ali ng" effect). After
T„=10 days, however, no further "healing" was
observed and the G»(t) curves were the same, in-
dependent of T„. In addition to the smooth de-
crease of G»(t) with delay time t, small peaks at
periodic intervals were observed. These peaks
seem to be more pronounced for Ag foils irradi-
ated with cyclotron n beams (I„=10 pA/h) than
for those obtained with tandem a beams at the
same o. energy (E„=22 MeV, I„=0.5 pA/h). This
effect may be caused by the different time struc-
ture of the pulsed (frequency modulated) cyclotron
beam as compared to the dc-type e beam of the
tandem or it may be related to the higher beam
intensity of the cyclotron beam. No clear-cut in-
fluence of the a-bombarding energy on the differ-
ential G»(t) was observed.

Annealing of the Ag for 24 h at 600'C before the
a irradiation showed no effect. On the other hand,
annealing the Ag foils for 12 h at 600'C after bom-
bardment had a dramatic effect in completely re-
moving the perturbation, i.e. for these annealed
foils, G»(t) -=1 was observed (curve a in Fig. 5).

In order to obtain more information about the
"healing" effect, i.e. the reduction of the pertur-
bation with increasing T„, the TDPAC was mea-
sured with the irradiated Ag foil at liquid nitrogen
temperature (Fig. 4). It is clear that the "healing"
effect is considerably slowed down at the lower
temperature as compared to the room temperature
measurements shown in Fig. 3. This fact is em-
phasized by the G»(t) curves in Fig. 5 where the
room temperature and the liquid nitrogen tempera-
ture curves are plotted for the same "healing"
times Taa.

There are indications in Fig. 3 that, at room
temperature, the small peaks referred to earlier
disappeared with increasing T„. To further in-
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vestigate this effect the averages of several room
temperature measurements were taken for T„
=1-12 days and for T„=12-20days. These aver-
ages are plotted in Fig. 6, which shows clearly
that the peaks disappear with increasing "healing"
time T„.
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IV. ANALYSIS OF THE DATA

It is well known that the atomic shell of the '"Cd
ion recovers within a short time (&10 "sec) from
the preceding electron capture in a metallic en-
vironment. ' Time-dependent electric field gra-
dients due to vacancy diffusion may produce small
perturbations. Within the time range of interest
here (100 nsec) and since the relaxation times are
of the order of several p, sec at room temperature, 9

these perturbations can be neglected. :Magnetic
hyperfine interactions can be excluded since both
Cd and Ag are diamagnetic. Consequently' only the
interaction of the electric quadrupole moment Q
of the 247-keV "'Cd state with possible static-
electric field gradients V„(which for simplicity
are assumed to be axially symmetric) are expect-
ed to cause a perturbation of the '"Cd directional
correlation. In a perfect cubic lattice the EFG's
of substitutional ions vanish. Lattice defects
caused by the recoiling "'In ions and by the pri-
mary e particles, however, may cause the pres-
ence of EFG's in the cubic (fcc) Ag lattice. Simi-
larly, "'In-'"Cd ions coming to rest at interstitial
sites may be exposed to EFG's.

The observation of the quadrupole frequency &
of the 247-keV "'Cd state serves as a probe of the
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FIG. 5. The time-differential attenuation coefficients
622(t) of the Cd y-y directional correlation. Curve a
shows the attenuation coefficient after 1 day of annealing
at 600'C temperature. Curves b and c show the room
temperature and liquid N2 temperature results for the
same healing time T,b.

symmetry of the site where the parent ' In nucleus
has come to rest. Hence, the G»(t) were analyzed
on the basis of an axially symmetric static quadru-
pole perturbation of the '"Cd y-y directional cor-
relation. The presence of the small peaks on top
of the gradually declining G»(t) curves seemed to
indicate the presence of a small component with a
sharp quadrupole frequency ~ in addition to a
smeared-out quadrupole interaction with a cen-
troid at 9 and a relative spread of 6. Thus the
G»(t) curves were analyzed on the basis of a main
component of intensity (1 —r) which is given by
Eqs. (6) and (7), superimposed on a small com-
ponent of intensity r that is given by Eq. (2). Com-
puter fits for the three parameters 9, +, 5, and
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FIG. 4. The time-differential attenuation coefficients
622(t) of the Cd y-y directional correlation observed
at liquid N2 temperature. Curves a, b, and c were mea-
sured for healing times T~ of 1-8.5 days, 13.5-12.5
days, and 17.5-20.5 days after the end of the G. bom-
bardment.
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FIG. 6. The time-differential attenuation coefficients
622{t) of the Cd y-y directional correlation at room
temperature. Curves a and b were observed at healing
time T~b =1-12 days and T~ =12-20 days. The peaks
clearly disappear.
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r are shown by solid lines in Figs. 3-6. Table I
summarizes the results of the various measure-
ments.

Whereas 9 and r change considerably with heal-
ing time T,» 5 is essentially independent of T,»
within rather large limits of error, and +& is in-
dependent of T,b within small limits of error. At-
tempts to fit the G»(t) curve on the basis of the
assumption that a fraction e of the '"Cd nuclei
experience a unique quadrupole interaction with a
sharp frequency &oo while the fraction (1 —e) is un-
perturbed, failed. Similarly, attempts failed to
fit the observed G»(t) curves to an exponential,
8 ~', which is characteristic for a relaxation per-
turbation.

The constant value of co+ is of particular inter-
est. The observation of this sharp quadrupole fre-
quency seems to be caused by a vacancy in one of
the (100) sites closest to the decaying '"In-"'Cd
ion which is assumed to be in a substitutional site.
An estimate" "of the EFG produced by such a
single vacancy gives a gradient of t/„=6x10"
V/cm'. The electric quadrupole moment of the
247-keV state of "'Cd is Q = (0.44 +0.07) x 10 "
cm'. '~ From these values the quadrupole frequen-
cy eo can be computed from Eq. (2) and one ob-
tains & =10' sec ' in good qualitative agreement
with the observed value of ec = (1.57+ 0.02) x 10'
sec ',

The main component of the perturbation is clear-
ly caused by EFG's that have a probability distri-
bution. The results reported here are consistent
with a Gaussian distribution of the EFG's, although
it should be pointed out that the form of the G»(t)
curves is quite insensitive to the detailed shape
of any smeared-out distribution. In any case, the
experiments show that the iuCd nuclei experience
a smeared-out EFG in the cubic Ag lattice. The

EFQ's may either be caused by vacancies or inter-
stitials produced by the recoiling ions and/or by
the primary n beam, thus destroying the cubic
symmetry near the "'In-"'Cd impurity ion or, the
EFG, are the result of a random occupation by the
"'In-"'Cd ions of various interstitial sites of non-
cubic symmetry.

The temperature dependence of the "healing"
effect, i.e. of the reduction of the average quadru-
pole frequency 9 with increasing time T„may
shed some light on the cause of the quadrupole
perturbation. Figure 7 shows the rate at which
the frequency co decreases with increasing T„.
It is quite clear that the "healing" effect at room
temperature has several components; after T„&6
days no further healing takes place.

If the assumption is made that the healing effect
is caused by the migration of vacancies or normal
Ag interstitials to some sink (lattice defects, im-
purities, etc.) several atomic distances away from
the decaying "'In-'"Cd ion in a substitutional site,
or by a migration of the "'In-"'Cd ion from an
interstitial site of noncubic symmetry to a substi-
tutional site, the healing effect can be character-
ized by an activation energy E. If one assumes
that the healing effect can be characterized by a
single activation energy E the annealing rates 8,
and 8, at temperatures T, and T„respectively,
are related by"

E 1 1
ln —'= —————

R2 k' T, T2

A comparison of the room-temperature and the
liquid-nitrogen-temperature healing curves in
Fig. 7 indicates that the fast component of the
room-temperature healing curve corresponds to
a 5 times larger annealing rate than the liquid-
nitrogen-temperature curve. From this informa-

TABLE I. Parameters from the analysis of the G22(t) curves.

Temperature
of Ag foil

Time after
irradiation

(days)

Centroid
frequency

(MHz)

Relative
spread

6

Fraction
of sharp
frequency

Sharp
frequency

GOq

(MHz)

298'K 3
4.5
5.5
6.3
7.5
8.5

13
16

1.88+ 0.04
1.68+ 0.04
1.52 ~ 0.04
1.50+ 0.10
1.50 + 0.08
1.52 ~ 0.07
1.50 + 0.07
1.50 + 0.10

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35

0.040
0.035
0.030
0,025

-0.02
&0.02
&0.02
&0,02

157+ 2
157+2
157~ 2
157+2
157+2

77 K 4.5
15.2
19

2.04*0.04
1.64 + 0,08
1.57 + 0.07

0.35
0.35
0.35

0.035
0.035
0.027

157+3
157+3
157+3
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the e bombardment is the c'enter of the fcc ele-
mentary cell of Ag, a site which due to its cubic
symmetry is not expected to be exposed to EFG
fields. The complete disappearance of the quadru-
pole frequency 9 after annealing at 600 C for 12 h
is easily explained by a migration of vacancies or
Ag interstitials to sinks, since for an activation
energy of E =0.8 eV the migration rate is about
10 times higher at 873'K than at room tempera-
ture.
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5 io ls 20

T b(days)

FIG. 7. Rate at which the frequency cu decreases with
healing time T~ at room and liquid N2 temperatures.

tion an activation energy of the "fast" healing pro-
cess of about E~ =—0.01 eV can be computed from
Eq. (11). This value of the activation energy is
orders of magnitude smaller than would be ex-
pected for normal interstitial Ag or vacancy mi-
gration (-0.5 eV)." Hence, it is unlikely that the
observed healing effects at room temperature and
at 77'K are caused by a simple vacancy migration
process with a single activation energy.

It is well known that annealing processes in
metals may proceed in several stages" "with
several values of activation energies. In fact our
data are consistent with three stages of the anneal-
ing process. Above T =- 400 K the activation ener-
gy seems to be fairly large ("hard core"). Around
T =300'K the activation energy for vacancy migra-
tion is about 0.8 eV." If one takes this value for
the analysis of the present data, one finds an ac-
tivation energy of 0.2 eV for the annealing process
at 77'K. This value is in very good agreement with
the observed activation energy for the recovery
process for lattice point defects (e.g. , interstitials,
crowdion type) of Ag in this temperature range. ""
Hence, the observed change in co with healing time
T„ is completely consistent with the expected re-
covery of the Ag lattice from vacancies and/or Ag
interstitials.

Another possible mechanism which could possi-
bly explain the "fast" healing component is the
migration of "'In-"'Cd ions that sit in interstitial
sites of noncubic symmeAy to the nearest isolated
vacancies. Being then in a substitutional site, the
ion would not experience a quadrupole interaction
in the cubic Ag lattice. The activation energy for
this process may be small enough to explain the
observed data. The most likely initial interstitial
site, however, for an In ion to come to rest after

V. CONCLUSIONS

Several conclusions can be drawn from the re-
sults of the present experiment.
(1) '"In-'"Cd ions recoiling after an (n, 2n) reac-
tion into a cubic Ag lattice experience a nonvanish-
ing quadrupole hyperfine interaction.
(2) The quadrupole perturbation can be described
by two components:

(a) A weak (about 3%) component with a sharp
frequency co+. This frequency & is independent
of temperature T and "healing" time T,b.

(b) A main component that corresponds to a
"smeared-out" quadrupole frequency with a cen-
troid 9 which decreases with healing time T„.
(3) The "sharp frequency" component with &vo can
be interpreted as caused by EFG's resulting from
vacancies in the closest neighbor (100) site of the
In-Cd impurities that occupy substitutional sites
in the Ag lattice.
(4) The temperature dependence of the decrease
of 9 with increasing healing time T,b seems to
indicate that the healing effects cannot be solely
attributed to a simple vacancy or normal Ag inter-
stitial migration with a single activation energy.
(5) The observed rate of healing of the lattice de-
fects gives activation energies which are in good
agreement with the activation energies observed
in isothermal recovery of point defects in Ag."
Hence, it seems very likely that the observed
quadrupole interaction is caused by vacancies
and/or Ag interstitials in the cubic Ag lattice.
(6) A possible alternate, but less likely explana-
tion of the healing effect may be the migration of
the "'In-"'Cd impurity from a noncubic interstitial
site to an isolated vacancy.
(I) The quadrupole interaction can be removed
completely from the neighborhood of the In impur-
ity sites by annealing at 600'C for several hours.

For nuclear physics experiments designed to
determine nuclear magnetic moments and electric
quadrupole moments by implanting recoiling nuclei
into suitable hosts, it is important that the assump-
tion that ions recoiling into a cubic metal lattice
experience small or nonvanishing quadrupole in-
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teractions is often not correct. The presence of
this "induced" quadrupole interaction must be con-
sidered in g-factor measurements where the ex-
cited nuclei are recoiled into ferromagnetic hosts,
if the lifetime of the excited nuclear state is in the
several nsec region. Similarly, the use of elec-

trostatic gradients in noncubic crystals for mea-
surements of electric quadrupole moments in nu-
clear reaction or Coulomb-excitation recoil-im-
plantation experiments must be very carefully
scrutinized for the existence of the EFG-produc-
ing or EFG-modifying effects revealed in this work.
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