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consistent theory of classical liquids in that both
equilibrium and nonequilibrium properties can
now be calculated within the same framework.
At present, the theory, however, describes the
dynamical properties reasonably only for large
q and co. Improvements are needed for the theory
to describe the dynamics for all q and ~.
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Mossbauer spectroscopy was used to study the dynamics of Al self-interstitials trapped
at 57Co impurities. When a single interstitial atom is trapped at the 57Co atom, the
Debye-Wailer factor decreases rapidly by more than a factor 4 in the temperature inter-
val between 13 and 20 K. We try to explain this anomaly by the following model: The

o atom jumps between six different positions, thereby forming mixed Co-Al dumbbells
with changing Al partners.

In recent years the study of interstitials in met-
als and especially of their dynamical properties
has received increasing interest. Experimental
studies indicated a remarkable lattice softening' '

due to interstitials in fcc metals. Mossbauer
measurements on dilute A./Co alloys' ' gave a di-
rect indication" of low-frequency vibrations of
self-interstitials trapped at Co atoms together
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forming mixed dumbbells (compare with work of
Swanson, Maury, and Quenneville'): The Debye-
Waller factor (DWF) f of an additional Mossbauer
line due to interstitial atom trapping ("defect
line" ), when measured after fast-neutron irradia-
tion at 4.6 K followed by an annealing to 160 K,
showed a significant decrease at elevated temper-
atures. According to

f= exp[-((k. x)') ],
in the harmonic approximation, this corresponds
to large thermal displacements (x') of the Moss-
bauer atom (h is the wave number of the Moss-
bauer y tluantum). These could be understood by
assuming low-frequency vibrations of the inter-
stitials with a frequency similar to that yielded
by theoretical calculations. Since, after neutron
irradiation and annealing, multiple trapping of
interstitials has to be expected, the observed be-
havior of the DWF may reflect the dynamics of in-
terstitial clusters rather than of isolated trapped
interstitials. The aim of the present investiga-
tion was therefore to reduce clustering as much
as possible in order to study isolated trapped in-
ter stitials.

High-purity polycrystalline aluminum samples
containing of the order of 20-ppm cobalt (part of

which was the radioactive "Co Mossbauer isotope}
were irradiated with 2.8-MeV electrons at a tem-
perature above annealing state I. Under these
conditions irradiation-induced inter stitials are
highly mobile and can escape annihilation only if
they are trapped at the cobalt impurity atoms.
For irradiation doses corresponding to resistivity
changes of Ap, =2 and 2.7 nQ cm we determined
from the Mossbauer measurements that 17% and
36@of the cobalt atoms had trapped interstitials
during irradiation; about 90% and 70fq, respec-
tively of these trapped only a single interstitial.
Figure I shows the Mossbauer spectra; the fitting
procedure is described in Ref. 7. The tempera-
ture dependence of the apparent DWF for the low-
er irradiation dose is shown in Fig. 2.

A very striking effect is evident. The apparent
DWF decreases rapidly by more than a factor of
4 in a narroso temperature interval from about 18
to about ZO &. This is very different from the
DWF data reported in Refs. 6 and 7, where, in
the corresponding temperature range, the de-
crease of the DWF was observed to be about 5
times weaker. This proves that the dynamics of
isolated trapped interstitials is drastically differ-
ent from the dynamics of trapped interstitial
clusters. The extreme behavior of the apparent
DWF was only observed at sufficiently low defect
concentrations, i.e., for isolated trapped inter-
stitials. Systematic studies have shown that with
increasing defect concentration, i.e., with in-
creasing average number of trapped interstitials
per "Co atom, the temperature dependence of the
apparent DWF becomes less pronounced and ap-
proaches finally the values observed after neutron
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FIG. 1. Mossbauer spectra of Al @Co with the sample
at various temperatures after two electron irradiation
runs at about 100 K. Natural iron absorber at VV K.
Hatched: "defect line" corresponding to 17' (left side)
and 36% (right side) of 5~Co atoms with trapped intersti-
tials.
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FIG. 2. Temperature dependence of the apparent
Debye-%aller factor f of ~~Co in Al. Upper curve cir-
cles, 5~Co on substitutional site; lower curve tri~~~les,
57Co with trapped single interstitial.
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irradiation and heating to 160 K." Details on the
concentration dependence will be published else-
where. The decrease of the DWF is a reversible
process and not due to defect annihilation. Anni-
hilation of the trapped interstitials occurs in
stage III, e.g., by heating for 10 min at tempera-
tures higher than 200 K.

Whereas the DWF decrease of "Co with trapped
interstitial clusters could be explained in a har-
monic model as due to low-frequency vibrations
of the "Co atom, "such an interpretation is im-
possible for the most rapid decrease reported
here: Such low-frequency vibrations would lead
to large zero-point displacements corresponding
to an appreciably lower DWF at 4.2 K than ob-
served experimentally. In addition the value of
(x') '~' calculated according to (1) from the DWF
at 30 K is about 50% of the distance to the saddle
point for an "ideal" dumbbell. Together with the
sudden decrease of the apparent DWF this sug-
gests that within the lifetime of the Mossbauer
state (aM=1.4xIO ' sec) the Co atom has an ap-
preciable probability to leave its lattice site via
a thermally activated process, e.g. , to jump to a
neighboring dumbbell position. Since the Moss-
bauer experiments have shown that the intersti-
tial-impurity complexes are stable up to stage
III (200 K), such jumps cannot lead to long-v'ange
diffusion. The Co atom must be confined to a
"cage."

The formation of interstitial-impurity com-
plexes has been studied theoretically. ' It was
found that the formation of a mixed [100] dumb-
bell is energetically favored only if the impurity

FIG. 3. Equivalent configurations for a mixed dumb-
bell, which can be formed by jumps of the 5~Co-impurity
atom in the octahedra1 "cage" in a fcc lattice.

atom is smaller" than the host atom. For a jump
of the impurity-dumbbell atom leading to a mixed
dumbbell on a neighboring site, the activation en-
ergy can be appreciably lower than the self-inter-
stitial migration energy, if the impurity is suffi-
ciently small. " This process does not lead to
long-range diffusion since the impurity can only
occupy six different mixed-dumbbell configura-
tions centered around an octahedral position, as
shown in Fig. 3.

In analogy to Singwi and Sjolander, "Ithe prob-
ability sv, (&u, k) for the emission of a y quantum
with an energy ED+he (with FD the energy differ-
ence between the excited and ground states of the
nucleus) and a momentum jIk (with k =E,/tie) for a
discrete-jump model is given by

w, (~,k) = (I/2EI) f dt's„exp[i&et -(I"gati /2R) +ik r„]G, (r„,t)

Here I' is the natural width of the excited nuclear state. In the classical limit the self-correlation func-
tion G, (r„,t) can be written as

G, (r„,t) =Q„P(R„+r„,R„;t)P,(R„), (3)

where P(R„+r„,R„;t)=P(R,R„;t) is the probability of finding the Mossbauer atom at time t at the posi-
tion R = R„+r„ if it was at t= 0 at the position R„. P,(R„}is the probability of finding the atom at R„at
t=0. For the cage model, R„refers to the six positions of the "Co atom in the cage (n= 1, . . . ,6) and
the r„'s are the difference vectors between the positions. P,(R„)=-,' because of the six sites.

We consider the case that the Mossbauer atom performs many jumps [jump time 7'=7'Oexp(U/ksT)]
during the lifetime of the excited Mossbauer state. The Mossbauer atom is then equally distributed on
all six possible cage sites, i.e., P(R, R„;rM»T)=PD(R ) =-,'. From Eq. (2) one obtains with Eq. (3) an
unbroadened Mossbauer line (of width I'/h), the intensity of which is reduced by the factor

f„=exp(-2M~} =Q, exp(ik r„)Q„P,(R„+r„)P0(R, )

P„exp[i k (R —R„)]Pa(R )P,(R„)=
i P„exp(-ik B„)P,(R„)i

=i —,'g„exp(-ik B„)i'=[&(cosk„b+cosk„b+cosk,b)]'. (4)
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We call f~ a, jump DWF. " Here 5 is the distance
of the impurity atom from the cage center (Fig. 3).
Equation (4) simply expresses the fact that the

y ray is coherently emitted from all six positions
in the cage and that the intensities have to be add-
ed with the correct phases.

Since in the case of the 14.4-keV Mossbauer
tra.nsition the wavelength of the y ray, A = 2z/k
=0.861 A, nearly equals the distance b =0.79 A,
the jump DWF fz is very sensitive to the direction
of k with respect to the crystal orientation [see
Eq. (4)]. For polycrystals as in our case one has
to average over all k directions. In the discussed
case of fast jumps the line is unbroa, dened (width
I", independent of the direction of k) and there-
fore only the intensity f~(k) of this line has to be
averaged, yielding a value of f~= 0.23. This is in
good agreement with the experimentally observed
decrease of the apparent DWF in the range be-
tween 13 and 20 K (Fig. 2). From the tempera-
ture at which the decrease in f reaches its maxi-
mum slope (16 K) with 7, = 10 "sec ' we obtain
the activation energy for jumps in the cage: V
=0.017+0.005 eV.

For a general solution of the problem one has
to solve the rate equation for the conditional
probability P(R, R„;t) [with P(R,R„;0)= 5„„]:

&P(R ,R„;t) 1= —g [P(R„R„;t)-P(R,R„;t)], (5)

where one has to sum over the four positions E in
the cage which can be reached by one jump from
a position m. In addition to the unbroadened line
one now obtains two broadened Lorentzian lines,
of widths 1" +85/w and I'+125/r, containing to-
gether the residual intensity 1-f~. Because of 7

=T, exp(U/ksT), the widths of these lines should
rapidly exceed the natural linewidth. Therefore
their peak intensities should decrease also very
rapidly so that it might be rather difficult to de-
tect these lines particularly since they are over-
lapped by the unbroadened line. An experimental
indication for the existence of the broadened lines
is the fact that the computer fits with a free line-
width of the Mossbauer spectra measured at 15 K
actually gave a 40% broadening compared to the
linewidths at 4.2 or 30 K. A definite finding of
the two broadened lines might be necessary to
prove the model which for the present is meant
as a conjecture.

Finally we try to explain the much smaller de-
crease of the DWF after fast-neutron irradiation
at 4.6 K followed by annealing at 160 K." If

more than one interstitial is trapped at the Co
atom, the reorientation effect will disappear:
Because of additional interstitials the six cage
configurations for the mixed dumbbell are in gen-
eral no longer equivalent. For instance, a di-in-
terstitial consisting of two aligned [100] dumb-
bells energetically favors one of the six configur-
ations, so that a reorientation is no longer possi-
ble. Then only the low-frequency interstitial vi-
brations remain leading to a DWF decrease as
found in Refs. 6 and 7.

The rapid decrease of the apparent DWF can be
explained by the reorientation of a mixed dumb-
bell within the cage of Fig. 3. However, these
results cannot confirm the exact structure of the
mixed dumbbell. This, however, can be achieved
by the same method if for single crystals the
orientation dependence of f~(k) is measured and if
the broadened Lorentzian lines can be detected.
Such experiments are in preparation.
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