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Quadrupolar nuclear resonance in electron-irradiated aluminum:
Electric field ~'adients around vacancies and interstitials
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Nuclear quadrupolar couplings around defects created by electron irradiation in aluminum have been
measured by the nuclear-magnetic-resonance field-cycling technique. The wipe-out numbers are roughly
estimated to be 300+ 100 and 1000+200 for the monovacancy and self-interstitial, respectively. The electric-
field-gradient values on the four first atomic shells around a monovacancy have been determined and are
compared with quadrupolar couplings around impurities in aluminum. The asymmetry parameter q at the
first neighbors of the monovacancy is rather large (q = 0.65). Using existing theory, it is shown that this
value must be associated with a strong relaxation around the monovacancy. The experimental results rule out
the possibility of a spherical symmetry around the self-interstitial, in agreement with other experimental
observations. The quadrupolar couplings measured after the different stages of annealing of defects after
irradiation are well explained with a model in which free interstitials migrate in stage I, small clusters
rearrange themselves in stage II, and monovacancies migrate in stage III,

I. INTRODUCTION

Point defects created in metals by irradiation
or quenching have been studied for many years by
various techniques but little information is avail-
able about the associated electronic perturbation.
Recently, many calculations based on the electron
theory of metals or on the effective interionic po-
tential theory have tried to predict the physical
properties of vacancies and interstitials. Thus,
it is important to check the validity of the inter-
atomic potentials used by comparison of the re-
sults of these calculations with experimental data
from the most direct technique available. Nuclear
magnetic resonance (NMH), which can measure
the electric-field-gradient (E FG) values associat-
ed with the screening charge, is a good technique
for such a test of validity.

Moreover, in the case of vacancy-type defects,
the physical properties observed by different
methods are generally associated with monova-
cancies, divacancies, and larger clusters. Con-
sequently, it is often difficult to analyze the con-
tribution of each defect type. We will demon-
strate that a specific NMR technique allows the
characterization of monovacancies independently
of other vacancy-type defects.

The classical NMR technique is able to measure
the range of the perturbation created by the defect,
while a specific technique which has been used here
(the so-called field-cycling technique) measures
the values of the EFG at the nuclei of the different
shells around the defect, leading to a more detailed

knowledge of the electronic perturbation. ' Sever-
al impurities have been studied in aluminum *'

and the purpose of this experiment was to extend
these measurements to the EFG around vacancies
in aluminum. The preparation of a sample suit-
able for NMR experiments and which contains a
large enough concentration of monovacancies
(- 0.01%) presents serious difficulties if quench-
ing techniques are used. Thus, the creation of
this defect by electron irradiation was chosen;
self-interstitials are created simultaneously and
the interpretation of the spectra takes into account
both types of defects.

The experiments that are presented here give
the values of the EFG for the four nearest-neigh-
bor shells of a monovacancy and give information
about the range of the perturbation created by va-
cancies and interstitials in aluminum. The relax-
ation of the nearest neighbors of the vacancy is
also discussed.

II. EXPERIMENTAL TECHNIQUES AND PROCEDURES

A. Experimental devices

An NMR probe containing the sample is placed
inside a liquid-hydrogen irradiation cryostat con-
nected to a cryogenerator. It is bombarded with
electron accelerated to an energy of 3 MeV by a
Van de Graaff machine; then it is carefully trans-
ferred without any heating to the NMR cryostat
containing liquid helium. The sample is made of
30 99.999% pure aluminum foils 60 um thick pre-
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annealed for 2 h at 250 't. . The foils are electri-
cally insulated from each other by a resinous
coating which remains unaltered by electron ir-
r adiation.

The resonance coil is a 200- p.m-thick copper
wire wound around the foils without contact and
held in place with the same resin. An aluminum
wire 200 p, m in diameter is wound around the cen-
tral foil to monitor resistivity, and hence the ef-
fects of the irradiation and thermal annealing.
Energy losses at the center of the sample due to
the absorption of the different components were
calculated to be only 0.3 MeV; furthermore, the
sample is rotated through 180' halfway through
the irradiation. Under these conditions, the resis-
tivity increase of the central aluminum wire dur-
ing irradiation gives a reasonably good measure
of the defect concentration in the whole sample.
The coil containing the sample is supported by a
brass holder in which a copper-constantan therm-
ocouple and a carbon resistor are fixed to allow
temperature measurement and control. At the end
of the irradiation the sample is raised into a-
shielded reservoir filled with liquid hydrogen and
transferred into the NMR cryostat containing liq-
uid helium. Then it is pushed down into the cen-
ter of the superconducting coil. which provides the
magnetic field. The subsequent thermal treat-
ments are performed by raising the sample into
the gas above the 1'iquid helium.

B. Point-defect creation in aluminuwn by electron bombardment

Irradiation of aluminum with 3-MeV electrons
at 20 K creates an equal, number of metastable va-
cancies and self-interstitials. This increases the
resistivity of the sample by an amount ARO. Some
interstitials are created in the vicinity of their
own vacancy and together they form so-called
close Frenkel pairs . Furthermore, some iso-
lated interstitials are formed and these d'o not
interact strongly with their own vacancies.

During warm-up of a sample irradiated at low
temperature the interstitials migrate in the crys-
tal and are annihilated when they meet a vacancy;
astrong decrease in resistivity is associated with
this mechanism. Other interstitials combine to
form di-interstitials and larger clusters but the
associated resistivity variation is much smaller.

In aluminum, the first resistivity decrease
after a 20-K irradiation is called stage IC and is
centered around 30 K; it is attributed to th|. anni-
hilation of close pairs of a given configuration.
The structure of this close pair is not well estab-
lished but in nickel it has been proposed' that the
stage analogous to IC is due to Frenkel pairs
where the interstitial is centered on' the fifth-

nearest neighbor of the vacancy. Between 30 and
50 K the stages ID and IE, which together account
for 40% to 50% of PRO, are attributed to the anni- .

hilation of interstitials which are not in interac-.
tion with their own vacancy. At temperatures high-
er than 50 K, only vacancies and interstitial clus-
ters remain. Stage II occurs between 50 and 150
K and increases in importance with initial defect
concentration; this complex stage is often associ-
ated with a reorganization of interstitial clusters
and partial annihilatiori by the vacancies. During
stage III, between 150 and 300 K, the resistivity
recovers its preirradiation value. This corres-
ponds to the disappearance of all the remaining
defects created by the irradiation.

C; NMR field-cycling technique

A detailed analysis of this technique and a de-
scription of the apparatus are given in Refs. 6-8.
It is sufficient to note that the rf absorption of
nuclear spins in zero external magnetic field is
detected. Thus, an absorption between 0 and 30 kHz
is always observed with a maximum at around 10
kHz. It is due to the nuclei subjected to the
dipolar interaction of their neighbors. If they ex-
ist, nuclei which experience quadrupolar couplings
larger than the dipolar one also give rise to sev-
eral lines at higher 'frequency.

In the case of a dilute substitutional alloy, a
plot of the number of aluminum nuclei as a func-
tion of. the EFG value to which they are subjected
gives rise to several peaks corresponding to the
various shells of nuclei around the impurity, as a
consequence of the spherical symmetry. Each of
the EFG gives rise to two quadrupolar transitions
in case of aluminum (a —,'-a -,'and+ —2-+ —,) which
in the example illustrated in Fig. 1 will be well
defined for the first shells and hidden by the di-
polar absorption at lower frequencies for higher-
order shells. The detection of these quadrupolar
transitions by the field-cycling technique depends
on an exchange of energy with the dipolar reser-
voir of nuclei subjected to dipolar interactions
only. Below 160 kHz, cross relaxation is usually
good in aluminum and irradiation in zero field is
carried out with one rf field and called the single-
irradiation (SI) technique. Above this frequency a
more sophisticated method with two rf fields is
used and referred to as the double-irradiation (DI)
technique.

The intensity of the observed quadrupolar lines
depends on the number of nuclei involved; this in
turn helps with the identification of the different
shells around the defect. The intensity also de-
pends on the cross-relaxation process with the
dipolar reservoir and of the technique used for
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After irradiation, the spectrum shows additional
absorption due to quadrupolar couplings around
the defects. Subsequently the sample is heated to
30 K in order to annihilate the close Frenkel pairs,
the effect of this annealing is checked by resistivi-
ty, and the new absorption spectrum recorded.
The same procedure is repeated after heating to
50 K (after stage IZ), to 150 K (after stage II)
and finally 300 K (after stage III).

III. EXPERIMENTAL RESULTS

A. Characterization of the sample before irradiation
Electr ic f'ield gradient value

FIG. 1. Number of aluminum nuclei as a function of
the EFG value to which they might by subjected. Only
some of the closest shells are numbered. Generally,
the EFG to which a given neighbor shell is subjected
depends upon the alloy and the position of the first.
shell could be, for example, at a smaller EFG than the
third shell.

The zero-field absorption spectrum (Fig. 2)
shows only a dipolar absorption. The spin-lattice
relaxation time T„at 1.4 K, is 560 msec in zero
field and 1200 msec in 500 G. The ratio confirms
that the sample contains only a few imperfections"
which cannotbe detected by NMR. The resistivity of
the monitoring wire is 2.4 && 10 Q cm at 4 K and
4.5&& 10 ' Qcm at 20 K.

their detection (SI technique or DI technique).
Furthermore, couplings between near-neighbor
spins give rise to solid-effect quadrupolar lines,
which are rather easily identified and which are
helpful in the classification of the quadrupolar
transitions.

From the frequencies v of the two quadrupolar
transitions + —,—+ —, and + —,'- + —„ the value of the
EFG can be deduced, as well as its asymmetry
parameter q which is a measure of a nonaxial
symmetry'

q =(v„„.-v„„)/v„

where V„„, V„, , and V„are the principal values
of the EFG tensor, with V„~V„~ V„(usually we
shall write V„=eq).

g can vary from 0 for cylindrical symmetry
about the z axis, to 1, and consequently the ratio
P3 /3 5/ 3/vy /3 3/3 varies from 2 to 1.

In the case of a defect with noncubic symmetry,
a plot of the number of aluminum nuclei as a func-
tion of the EFG value experienced does not show
well-defined peaks, since the q values are spread
out; the corresponding quadrupolar transitions
overlap to produce a continuous absorption. Then
the spin energy of each transition can easily cross
relax with the dipolar reservoir. Consequently,
the SI technique will detect this continuous absorp-
tion.

D. Experimental procedure

Before irradiation, the absorption spectrum of
the sample in zero field is recorded at 1.4 K, as
mell as the initial resistivity of the aluminum wire.

B. Electron irradiation

Tests of the increase of the resistivity as a func-
tion of the irradiation current show that an inten-
sity of 15 gA increases the temperature of the
sample by only a few degrees. This intensity was
maintained for about 100 h, The sample was rotat-
ed through 180' after 50 h to ensure a better homo-
geneity of the concentration of defects created in
the foils.

The resistivity measured after irradiation was
89 x 10 ' Q cm at 20 K. After the transfer to liquid
helium, the resistivity was 86' 10 Q cm, which
proved that no significant heating of the sample
occurred dur i' the tr ansfer.

C. Quadrupolar spectra

Z. Spectrum after irradiation

As shown in Fig. 3, the defects created by irra-
diation considerably modify the absorption in zero
field measured by the SI technique. The sharp di-
polar absorption of Fig. 2 has become in a broad
one, up to 160 kHz, and extends to even more than
350 kHz with lower intensity. This absorption is
due to a continuous distribution of quadrupolar
transitions. The closeness of these transitions al-
lows an easy diffusion of spin energy toward the
dipolar reservoir and increases considerably its
"capacity. '" A rather intense and broad absorp-
tion appears at 300 kHz, and weaker absorp-
tions are also detected between 350 and 480
kHz, and between 600 and 800 kHz.

A search for other lines has been carried out
using the DI technique up to 2 MHz but without
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success. Even if such lines exist, they could
hardly be detected; the small amount of energy
transferred by this method to the dipolar spin re-
servoir, compared with the large heat capacity of
this reservoir after irradiation, leads to a small

increase of the spin temperature and thus to a
very weak line in the spectrum. Ty at 1 4 K is 400
msec in zero field and 1200 msec in high field.
Their ratio of about 3 confirms the existence of
strong quadrupolar interactions in zero field.
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2. First annealing ut 30 E

In order to anneal out the stage IC, the sample
is heated at 30 K for 15 min. The residual resis-

tivity does not change, and the quadrupolar spec-
trum remains unmodified. It is probable that this
temperature has been reached during irradiation,
and this stage already annealed out.
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3. Annealing at 50 E

4. Annealing at l50E

In order to anneal out stage II, the sample is
heated to 150 K for 30 min. The residual resisti-
vity decreases to 34x 10 'Q cm. The continuous
absorption is again reduced, leading to a more
accurate recording of the lines at 50+ 5, 75+ 3,
105+3, and 140+ 3 kHz using the SI technique
(Fig. 5) and at 305+5 and 405+ 5 kHz using the DI
technique (Fig. 6). The decrease in the continuous
absorption also permits the observation of a weak
and rather broad absorption around 215 kHz, when
high rf fields are used. Search for other lines has
been carried out up to 2 MHz (the highest frequen-
cy for a —.'.- —,

' transition in an aluminum alloy has
been found' in ALTi, at 674 kHz). '
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FlG. 6. Double-frequency-irradiation recordings of
the aluminum sample between 250 and 550 kHz after
annealing at 150 K. 6 is the frequency separation be-
tween the two rf fields. When ~ = 0, double-irradiation
technique is equivalent to the single-irraditation tech-
nique.

The sample is. then heated for 25 min at 50 K, in
order to anneal the stages ID and IF.. The residu-
al resistivity measured at 4 K becomes p=55x 10 '
0 cm. Several modifications of the quadrupolar
spectrum observed after irradiation can be seen:

(a) The continuous absorption is considerably
reduced (Fig. 4) and the dipolar absorption is in-
creased; this means that many nuclei which exper-
ienced quadrupolar couplings larger than dipolar
couplings are now subject only to weak quadru-
polar per turbations.

(b) Slightly more intense absorptions appear
around 50, 70, 100, and 140 kHz. They could be
due to quadrupolar transitions of nuclei situated
on shells around a specific defect.

(c) The lines in the SI spectrum at 300 kHz and
around 400 kHz have completely disappeared to-
gether with the absorption between 600 and 800
kHz.

(d) The DI technique allows the observation of
two weak but well defined lines at 300 and 400 kHz.

5. Annealing at room temperature

After 3 h at 300 K, the resistivity at 4 K is the
same as before irradiation (2.4&& 10 ' 0 cm) and
the quadrupolar spectrum is identical to that re-
corded before irradiation (Fig. 2).

IV. INTERPRETATION

It is useful to estimate the concentrations of
vacancies and interstitials at different stages of
the experiment. Choosing a value of 4x 10 ' Q cm
per unit concentration of Frenkel pair" one ob-
tains 0.021% of such pairs after irradiation,
0.013% after annealing at 50 K, and 0.008% after
annealing at 150 K. Only 40% of Frenkel defects
disappear at stage I, when 60% to 70/o should have
disappeared for such an irradiation at 20 K. This
observation confirms that the stage IC has been
annealed during irradiation. Since the same re-
sistivity and identical quadrupolar spectra are
obtained before irradiation and after the annealing
at 300 K, all the modifications observed at the
various stages of the experiment must be assigned
to defects created by irradiation and annealed out
by the thermal treatments.

A. Quadrupolar spectrum after stage II

Since after annealing at 150 K, the defect popu-
lation consists mainly of interstitial clusters and
isol, ated vacancies, the well-resolved quadrupolar
lines obtained must be assigned to monovacancies.
Their intensities are consistent with a concentra-
tion of the order of 0.008%. The quadrupolar
spectrum is very similar to that obtained for sev-
eral impurities in aluminum' and the identification
of the lines is rather easy.

No pure-quadrupolar transitions are observed
between 150 and 300 kHz and above 405 kHz.
Consequently, the two lines at 305 and 405 kHz
are identified as the + —,'-x -', and * —,'-+ -', transi-
tions of nuclei in the same shell. Since their fre-
quencies are much higher than those of the other
transitions, give a high-asymmetry parameter g,
and are similar to those observed in aluminum
alloys, they are assigned to the 12 nuclei in the
nearest-neighbor shell of the vacancy; this leads
for these sites to

q, =2.8x 10'3 cm ', q, =0.65.

The absorption at 215 kHz presents all the char-
acteristics of a "quadrupolar solid effect" transi-
tion' associated with the two lines at 75 and 140
kHz which are paired off. Because of the intensi-
ties of these two lines and of the 215-kHz absorp-
tion they are assigned to the 24 nuclei in the
third-nearest-neighbor shell of the vacancy, for
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which + —,'- + —,
' transition probability is large in the

solid effect. Thus, we have

q3 =9.3 x 10 em

The two transitions at 105 kHz and around 50
kHz are assigned to the 12 fourth-nearest neigh-
bors by a comparison of their intensities with
those of the corresponding transitions of the third
neighbors. This leads to

q4=6.9x 10'2 em

The six second-neighboring nuclei are not de-
tected, either because the intensity of the lines is
too weak or because their transitions are situated
below 50 kHz. There are two very weak absorp-
tions near 65 and 125 kHz which could be assigned
to the second-neighbor shell, but the signal-to-
noise ra, tio is of the order of onet

The wipe-out number" is a rough mea, sure of the
number of nuclei which experience EFG's greater
than a critical value for which the quadrupolar
Splitting is of the order of the dipolar linewidth.
Although the field-cycling technique is not the
best one to determine these wipe-out numbers, it
gives a rough estimate. It is clear that the nuclei
which give well-resolved quadrupolar lines are in-
cluded in the wipe-out number, but nuclei expe-
riencing quadrupolar couplings only slightly larger
than the dipolar value also participate. These nu-
clei increase the dipolar absorption on the high-
frequeney side, particularly since there are more
of them. It results, for example, in the fact that
the number of well-resolved qu/drupolar lines,
and the shape of the dipolar absorption are com-
pletely different for A/Mn (wipe out: 1600) than
for A/Zn (wipe out: g()).

In irradiated aluminum, comparing the quad-
rupolar spectra obtained after stage II to those
for several aluminum alloys for which wipe-out
numbers have been measured, it is possible to
estimate a wipe-out number of 300+ 100 for the
monovacaney. The comparison also clearly shows
that a weak continuous-absorption extending up to
400 or 500 kHz is superimposed on the quadru-
polar lines due to the monovacaneies, we have
attributed it to the nuclei around the clusters of
interstitial atoms; although clusters are not nu-
merous, the perturbation around them is probably
very strong and the quadrupolar eouplings perturb
a large number of nuclei. %e shall see how this
is confirmed by the spectrum obtained just after
ir radiation.

B. Quadrupolar spectrum after irradiation

The concentration of vacancies is now approxi-
mately 0.02%, or three times the concentration

after annealing at 150 K. Interstitials are present
at the same concentration, but they are isolated
from each other, and not in the form of clusters
as was the case after stage II.

The main difference compared with the spectrum
obtained after stage II is the strong continuous
absorption and a relative decrease of the dipolar
absorption. These modifications are not due to
the vacancies because, as mentioned above, they
give rise to mell-defined quadrupolar lines mhile
causing a moderate decrease in the dipolar inten-
sity. Thus, they must be attributed to the exis-
tence of interstitials. It is not surprising that
these interstitials do not give rise to well defined
lines, as it is usually accepted that they are in a
dissociated form. Such dissociated defects lead to
a continuous absorption (see Sec. IIC).

Furthermore, the large modification of the di-
polar absorption with such a smaJ. l concentration
of defects is noteworthy. By comparing the gen-
eral form of the spectrum to those for aluminum
alloys containing a similar concentration of im-
purities, one can estimate the wipe out number
of the interstitial to be approximately 1000+300.

The second main difference from the spectrum
obtained after stage II is the detection of the broad
absorption at 300 kHz, between 350 and 480 kHz,
and between 600 and 800 kHz. Although our ar-
guments are not conclusive, an explanation in
agreement with experimental observation can be
advanced: the line at 300 kHz is almays associated
with the +2-+ —,

' transition of the nearest neighbors
of the vacancy. Homever, any interstitial nuclei
close to the vacancy create quadrupolar couplings
of the same order of magnitude. Consequently,
the energy absorbed by the nuclei near vacancies
can cross relax to the dipolar reservoir with the
help of the continuous distribution of quadrupolar
couplings around interstitials. Also, the pertur-
bation around interstitials broadens the quadru-
polar transition at 300 kHz and this explains why
the corresponding +-', -+-,' which was at 405 kHz
when the monova, cancies mere isolated now appears
as a broad absorption between 350 and 480 kHz.
The meak absorption between 600 and 800 kHz can
probably be attributed to various quadrupolar solid
effect transitions.

C. Quadrupolar spectrum after stage I

The recovery of the dipolar absorption, and the
decrease in the continuous absorption which makes
the quadrupolar transition around vacancies more
apparent form the main features of the spectrum
compared to the measurements just after irradi-
ation. Qualitatively, these modifications cannot
be explained by a decrease in the interstitial con-
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centration from 0.021% to 0.013%, unless one now

considers interstitials to have precipitated to form
complexes such as di-interstitials.

Second, the lines at 305 and 405 kHz are ob-
served by the DI technique, and present a normal
width. This fact is a consequence of the annealing
of close Frenkel defects: the vacancies are now at
large distances from the interstitial complexes.
The nuclei around them are not perturbed, and

cannot transfer their energy to the dipolar reser-
voir, the nuclei which could transfer the energy
are now too far away.

V. DISCUSSION

~p-Q (2l +1)(-1)'sing,
cos(2k~x + q, )

~3 9

where g, are the phase shifts describing the scat-
tering, while the impurity resistivity is

gled-pl i s(nq, , -q, ).
These two quantities have their origin in the scat-
tering of the electrons by the perturbing potential
of the defect and they both increase with it.

Since the EFG is proportional to ap(r), the
wipe-out number must have the same behavior as

Hesistivities and wipe-out numbers for alloys
with different impurities are given in Table I. For
the vacancy, the latest results for the resistivity
lie between 1 and 1.5 p, Q cm/at. %.' " It has been
shown that the resistivity of an interstitial is

A. EFG values at large distance from the defect:
Vfipe-out number

The wipe-out number is mainly sensitive to EFG
values at large distances from the defect. These
EFG values are proportional to the screening
charge which is given in the framework of a sim-
ple model'3 by

roughly twice that of the vacancy, "the value 2-
3 p, Q cm/at. % is consistent with the resistivity of
a Frenkel pair of the order of 4 p, Q cm/at, /o.

" A
similar variation of the wipe-out numbers and the
resistivity data is apparent in Table I.

In fact, the EFG are proportional to gp(x) only
to a first approximation: another contribution due
to a size effect which pushes the nuclei from their
original sites and breaks the cubic symmetry must
be considered. In the elastic approximation this
contribution to the EFG is proportional to the frac-
tional change in the lattice parameter (1/a)(da/dc),
with a coefficient A. which relates the experimental
EFG to the EFG which would be observed if the
distorted lattice were made up of unshielded point
charges. '7 This contribution decreases as x ', or
the same way as the charge effect. In aluminum
alloys, a relationship between the wipe-out number
and (1/a)(da/dc) is not obvious and it is difficult
to deduce any information on the relaxation around
the vacancies from the wipe-out number.

B. EFG values on the nearest shells around a defect

Theoretical prediction of the exact values of the
EFG at the nearest shells around the perturbing
potential is much more difficult than that of the
wipe-out numbers or resistivity, which are de-
pendent on a value of the potential averaged over
the various crystallographic directions. Calcula-
tions performed in aluminum using pseudopotential
theory give a good value for resistivities" or even
for wipe-out numbers but are unable to predict the
values of the EFG on the first shells. "" It would
probably be necessary to go beyond the spherical
approximation to take into account the nonspher-
icity of the Fermi surface and to consider care-
fully all the possible contributions to EFG at the
nearest-neighbor shells.

Experimentally, one can point out that a mono-

TABLE I. Residual resistivity values and wipe-out number values of monovacancy, inter-
stitial, and several impurities in aluminum.

Vacancy Interstitial Zn Mg Si Cu

&R (p 0 cm//at. %)

Wipe-Out number

from
1
to
1.5
300 +100

fr om
2
to
3
1000 +200

0.3 0.5 ~ 0.8 0.8 7 "

94c ]22c 1ggc 236c ]620d ]380

'G. Revel, Mem. Sci. Rev. Metall. 65, 181 (1968).
K. Babic, R. Krsnik, B. Leontic, M. Ocko, Z. Vu™cic,and K. Girt, Solid State Commun.

10, 691 (1972).
'Y. Fukai et al. , Ref. 19.
G. Gruner, K. Kovacs-Csetenyi, K. Tompa, and C. R. Vassel, Phys. Status Solidi 45, 663

(1971).
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vacancy creates EFG's on the neighboring shells
similar to those created around normal impurities,
except for the high value of the asymmetry param-
eter q on the first shell (see Table II). The origin
of this asymmetry deserves a special discussion
because, in principle, it can give information about
the relaxation around a monovacancy.

First of all, as in the case of impurities, ' ' " '
it should be noted that q is clearly different from
zero only for the first-neighbor shell, suggesting
that a particular effect takes place for these nu-
clei. Recently, Sagalyn and Alexander" have in-
terpreted the q values on the nearest neighbors of
impurities in several copper al1oys by combining
a charge effect, which leads to q =0, with a size
effect. The latter, treated in a point-charge mod-
el, completely modifies the symmetry of the EFG
tensor. To fit the experimental values of q and q
at the first neighbors, they use an EFG strain cou-
pling constant which Leads to a size-effect con-
tribution of the same order of magnitude as the
charge effect. A similar analysis has been given
by Siito" for aluminum containing 3d transition
impurities.

If the size effect produces the q values, one can
say that vacancy &hich leads to aq value of 0.65
has a much more important size effect than normal
impurities which give q values less than 0.35 even
though the (I/a)(da/dc) values vary over a wide
range (see Table II). This particularly strong
size effect would hardly be consistent with a weak
relaxation around vacancy. In fact, we can con-
clude that there is a particularly strong contrac-
tion of the nearest-neighbor shell for two reasons:
(i) Only an expansion or contraction much larger
than that which has ever been deduced for the case
of impurities in metals could explain the high q
value. Of these, an anomalous contraction seems
to be more feasible. (ii) A series effect appears
for q for 3d transition impurities. q increases
re'gularly from scandium to iron (Table II) though
the ionic radius of the impurity decreases. The
negative (1/a)(da/dc) values show an increasing
bulk contraction (except for iron). Although charge
effects are particularly strong in these instances,
this behavior seems to indicate that q increases
with increasing contraction.

The idea of a contraction is consistent with the
result of Singhal. " The pair potential determined
by Singhal for pure aluminum is repulsive at the
first and second neighbors, implying that a given
atom "pushes" its neighbors outwards. If this
atom is removed, creating a vacancy, the neigh-
bors will therefore move in towards the space
vacated.

Our conclusion that there is an overall contrac-
tion apound the vacancy in aluminum is based on
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the size-effect contribution to the q value and on
qualitative arguments which require a detailed
theoretical analysis. Nevertheless, the q measure-
ment is probably the only technique at the present
time available which can, in principle, lead to an
evaluation of the displacement of the nearest-
neighbor nuclei around a vacancy.

Measurements of the formation volume of a va-
cancy take into account the relaxation of all the
atoms around it and care must be taken in a com-
parison of these data with ours, which concern
only the first shell. In the case of aluminum, the
situation is not very clear at the moment: the
formation volume has been experimentally found
to be 0.65 (Ref. 28) or 0.55 (Ref. 29) atomic vol-
ume, indicating a contraction of the lattice. Other
experiments' have given a value very close
to 1.

VI. CONCLUSION

We have measured quadrupolar couplings related
to the screening charge around monovacancies in
aluminum. In particular, the values of the EFG
determined on the four nearest-neighbor shells
may be used as a test for the potentials proposed
to calculate physical properties.

The value of the asymmetry parameter of the
EFG on a vacancy nearest-neighbor shell is much

higher than for impurities in aluminum. This can
be related to an important relaxation of the near-
est neighbors. We give arguments why the relax-
ation is negative, i.e., a contraction.

The NMH technique presented here is a new
method to study defects created by irradiation and
particularly to characterize the monovacancy in-
dependently of interstitials, divacancies, or clus-
ters.

For the interstitial, the results exclude a site of
lattice symmetry, such as an octahedral site, in
agreement with existing theories. The high value
of the estimated wipe-out number for the inter-
stitial shows that it strongly perturbs the inter-
ato.mic potential.

The results obtained at the different stages of
annealing are compatible with a model where the
free interstitial migrates during stage I, small
clusters of interstitials are rearranged during
stage II, and the monovacancy migrates during
stage III.
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