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The magnitudes, anisotropy, and temperature dependences of the three independent
elastic constants of copper irradiated below 4 K with thermal neutrons provide evidence
for the (100) split configuration of free interstitials and thermally excited resonance
modes, and lead to a model for the configuration of the Iz close-pair defect.

Much is known about interstitials in copper as
a result of intensive research over the past two
decades. ' However, very little is known about
the geometry of the interstitial. Calculations for
the free interstitial, beginning with the work of
Huntington and Seitz, ' favor' the (100) split inter-
stitial geometry over the (110) split configuration
(crowdion), or the interstitial located at the bcc
position. Recently, Ehrhart and Schilling have

excluded the crowdion configuration for Al from
measurements of diffuse x-ray scattering. No
models have yet been firmly established for the
close-pair configurations.

Also recently, Dederichs, I ehmann, and Scholz'
have found by means of a computer simulation of
a copper lattice that a (100) split interstitial
should have two resonance modes of frequency
of about cu /7, where co is the maximum lattice
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frequency. They point out that the split intersti-
tial is strongly polarizable by an external shear
stress, so that the same weak restoring force
which leads to the low-frequency libration mode

also leads to large negative anisotropic changes
of the static elastic shear constants. Since the

displacements produced by a C „-type deforma-
tion are in the same direction as those of the li-
bration mode (as can be seen from their Fig. 2),
C« is more strongly affected than C '= (C||—C»)/
2. One would suspect that this anisotropy would

be reversed for a (110) split interstitial, and de-
tailed calculations' show that this is so.

Indeed, elastic constant changes and their tem-
perature dependences are known to be especially
well suited for determining the symmetry of de-
fects. This is in contrast with most property-
change measurements which merely count the
number of defects. There are five different ways
which can be identified for point defects to affect
the elastic constants. Four of these are well
known; the last is introduced here.

(1) Dislocation Pinning. —This is a relatively
large indirect effect which must be eliminated
for studies of the direct point defect effects.

(2) The bulk effect. This is a —result of the
change in number and strength of interatomic
bonds caused by the creation of point defects. It
is expected' ' to be relatively small, but of the
same order of magnitude as most property chang-
es (d inc/dy-1, where e is the elastic constant,
and y is the concentration of point defects)

(2) I'o larization effects. These can—occur
when the atoms associated with the defects are
not at perfect crystal lattice sites. In this case,
an internal strain can be produced by the appli-
cation of an applied stress, and the additional
strain causes a decrease in the measured elastic
constant. ' This effect may be quite large, and

the variation of the magnitude among different
elastic constants depends upon the symmetry of
the defect. '

(4) Relaxation effects. These involv—e the ther-
mally activated, stress-induced ordering of pref-
erential defect orientations.

(5) Thermally excited resonance-mode effects.—These introduce changes in the temperature de-
pendence of the elastic constants, if the defects
change the vibrational spectrum by adding new

low-frequency Einstein-like oscillator frequen-
cies at the expense of lattice modes.

In summary, since a cubic interstitial is not
polarizable, such a defect in a dislocation-free
crystal would be expected to produce only a bulk

TABLE I. Irradiation-induced changes in the elastic
constants per unit concentration of Frenkel pairs
(d inc/dy) .

Elastic constant

«4 C'

Total change
Stage-ID change 0=1

—15.8
—31

—18.1
—15

effect, or a change which is small and relatively
temperature independent. Isolated split intersti-
tials and close pairs could produce effects (2)-
(5), resulting in relatively large elastic constant
changes with strong temperature dependence [(2)-
(5)j. The effect at zero temperature would be ex-
pected to be large and anisotropic for the shear
constants, and the temperature dependence should
depend on the defect symmetry and the relaxa-
tion and resonant frequencies.

The changes were measured in the three inde-
pendent cubic elastic constants of Cu irradiated
below 4 K with thermal neutrons and subsequent-
ly annealed through stage I." Details of the ex-
periment and analysis will be given later and

only a brief account is presented here. The ther-
mal neutrons create displacements through (n, y)
capture reactions with mean atom recoil ener-
gies of 382 eP." Measurements of C», C«, C',
and attenuation were made at 10 MHz with a
pulse-echo superposition technique apparatus""
with sensitivity for frequency changes of 1/10'or
1 Hz. At temperatures near 40 K, the precision
is limited by temperature control to about 1/10 .
The dislocation effect was eliminated by using
low-dislocation-density specimens irradiated
with 10"fast neutrons/cm' (approximately 10 '
defects") prior to the experiment. The irradia-
tion and annealing were done in the low-tempera-
ture irradiation facility at Oak Ridge National
Laboratory. ""The defect density was deter-
mined from resitivity and attenuation measure-
ments.

The relative elastic-constant changes per unit
concentration of Frenkel defects, dine/dy, are
summarized in Table I for the bulk modulus B
and the two shear constants C4, and C'. A value
of 2.5 p, Q cm/at %of Fr. enkel defects was used
to calculate the defect concentration, which was
-4&10 '. Of all the widely varying results re-
ported, the total changes found here during irra-
diation are in good agreement only'0 with the
change found by Townsend et a/. ' This total
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FIG. 1. Difference in the temperature dependence of
C' resonant frequency produced by the defects which
anneal in the 35-45-K temperature range (stage ID).
Circles, the difference in resonant frequencies after
annealing at 45 and 35 K. Since no significant change
was observed between 30 and 35 K, both the differences
between the 45- and 35-K results and between the 45-
and 30-K results (squares) are shown. Solid curve,
calculated for Einstein oscillators with (d E =5»0 Hz.
Error bars, our estimate of the experimental uncer-
tainty.

change includes the effects of close pairs, iso-
lated defects, and any clusters which may have
been produced during irradiation. The percen-
tage elastic-constant changes measured at 3.6
K after pulse annealing to different temperatures
were found to differ for different elastic con-
stants in the same annealing range, and for dif-
ferent annealing regions for the same elastic
constant. The last row of Table I gives results
for the changes found for stage ID, which should
be a measure of the effect for isolated intersti-
tials.

The bulk modulus should be unaffected by polar-
ization effects. The value of -2 found for irra-
diation is small and the change observed through
stage-ID annealing was less than 1 in absolute
magnitude. We conclude that the relatively large
negative effect found for the shear constants is a
polarization and not a bulk effect. The sign, mag-
nitude, and anisotropy observed is that expected'
for a (100) split interstitial. If the calculations of
of Dederichs' are accepted, then the measured
anisotropy is also evidence against the (110)
split configuration.

Measurements of the temperature dependence
of the C' constant before and after annealing
through stage ID show that the defects responsi-
ble for I& give a change in C' which is strongly
temperature dependent, as shown in Fig. 1. In

fact, the temperature-dependent part of the
change at 30 K is about z as large as the temper-
ature-independent part, which is not shown. The
temperature dependence is linear above 10 K and
levels off below 10 K. This temperature depen-
dence is not that characteristic of a relaxation
process. However, thermal excitation of a low-
lying resonant mode could contribute a tempera-
ture dependence of this form. The theory of the
temperature dependence of elastic constants" is
similar to that for the thermal energy, as given,
for example, in the Debye theory. The depen-
dence on temperature arising from lattice modes
is quartic (linear) at low (high) temperatures.
Einstein oscillators contribute a term which is
exponential (linear) at low (high) temperatures.
For low-frequency oscillators, the linear de-
pendence occurs in the low-temperature regime
of the lattice modes so that even relatively small
numbers of low-frequency lattice modes can be
detected with sufficiently sensitive apparatus at
low temperatures.

The solid line in Fig. 1 is the calculated tern-
perature dependence of the elastic constant change
for Einstein oscillators of frequency &ATE

= 5&10"
Hz. In a more detailed discussion given later,
we show that the magnitude of the effect is rea-
sonable for the number of defects involved, and
that the estimated accuracy of the frequency is
about 30%. This value of ~E is in excellent agree-
ment with the calculation by Dederichs, Lehmann,
and Scholz' of about 6&&10', providing strong evi-
dence again that the interstitial configuration is
split along (100). This is believed to be the first
experimental evidence of interstitial resonant
modes in metals.

No relaxation effects were found for the free
interstitials of stage ID. However, a sharp re-
laxation, centered at about 18 K, was observed
in the temperature dependence of C44, but not in
that of O'. We have determined that the relaxa-
tion disappears on annealing through stage I&.
These results are consistent with kilohertz mea-
surements by Nielson and Townsend. "

In general, the only condition necessary in or-
der for the relative energies of the equivalent po-
sitions involved in the relaxation to be unaffected
by a C ' measurement is that the positions pos-
sess mirror symmetry about a (100) plane con-
taining the vacancy. A relaxation involving mo-
tion of the interstitial center of mass seems un-
likely in view of the very low activation energy
(0.017 eV) determined from the measurements.
Thus the symmetry requirements apply to the
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crystals for this experiment.

FIG. 2. Proposed model for the It- defect; 4 of the
24 equivalent sites for the center of mass of the inter-
stitial have been marked with small crosses. The
equivalent position into which the split interstitial re-
laxes is shown by a dashed circle.

interstitial rather than to the close-pair complex
as a whole.

These criteria lead to a model for the Q de-
fect, shown in Fig. 2. The equivalent position
into which the interstitial relaxes is indicated by
a dashed outline. This configuration places the
interstitial center of mass in the same lattice po-
sitions as in the model proposed by Peretto et
al."to explain their observations of a magnetic
aftereffect for the I& defect in nickel. Their mod-
el assumes a (100) interstitial orientation incon-
sistent with the mechanical relaxation. However,
they conclude that the magnetic aftereffect in-
volves motion of the interstitial center of mass
between equivalent positions (shown by the cross-
es in Fig. 2), so the present model is consistent
with the magnetic measurements in nickel as
well as the mechanical measurements in copper.
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