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THE PREVACANCY EFFECTS IN METALS OBSERVED BY POSITRON ANNIHILATION

Lars C. Sraedskjaer

Materials Science Division
Argonne National Laboratory
Argonne, Illinois 60439, USA

The prevacancy effects sometimes observed in high-purity, well-annealed metals, are
discussed. It is concluded that these effects are extrinsic and are most likely due
to positron trapping In defects. The nature of the defects is discussed, and it is
pointed out that the presence of dislocations In the samples could cause prevacancy
effects.

INTRODUCTION

Prevacancy effects were first observed in high
purity, and supposedly well annealed metals by
Lichtenberger et al. [1,2]. Three schematic
examples of prevacancy effects as observed with
Doppler-broadening (or positron mean lifetime)
measurements are shown in Figure 1, where the
lineshape parameter F is plotted vs. tempera-
ture. The theoretically expected behavior is
indicated by the dashed curves, and it Is seen
that a discrepancy between theory and experiment
is apparent for temperatures below the vacancy
region.

The prevacancy effects, often observed in high
purity and supposedly well annealed samples, are

Fig. 1. Schematic illustration of prevacancy
effects (solid curves a-c) as measured
by Doppler broadening. At low
temperatures the prevacancy effects are
seen as discrepancies between theory
(dashed curves) and the solid curves.

at variance with our present understanding [3,4]
of the temperature dependence of the positron
ground state in a defect free lattice. It is
therefore important to investigate and provide
an explanation for the prevacancy effects.

THE EXTRIKSIC NATURE OF THE EFFECTS

Two conflicting views on the nature of preva-
cancy effects exist. One view is that they are
Intrinsic to positron annihilation in perfect
raetals, while the other view contends they are
extrinsic in nature (e.g., caused by positron
trapping in defects).

The idea of intrinsic prevacancy effects has
resulted in new aodels for positron behavior in
perfect lattices, most notably the "self-
trapping model" [5J. This model has however,
been contested on theoretical grounds [6,7].
Another suggestion [8] (based on the pressure
and temperature dependence of the lineshape
parameter in Pb and Cd) also assumes the
intrinsic nature of the observed prevacancy
effects. In [9], while assuming exactly the
contrary, namely an extrinsic nature of the data
obtained at low temperatures, it was pointed out
that the remaining data for Cd [8] allow a sepa-
ration between the effects of thermal expansion
and positron-phonon coupling. The results are
in agreement with current theoretical pre-
dictions [3,4].

The view that the prevacancy effects are
extrinsic (e.g., due to trapping) is based upon
the observation that the low temperature region
Is Irreproducible. Further support comes from
the observation of positron trapping at low
temperatures In samples exhibiting prevacancy
effects, along with a likely theoretical
explanation of the nature of the traps causing
the effects (dislocations).

Some of the evidence for the extrinsic nature
has been obtained from comparisons of Doppler—
broadening data for supposedly identical
samples. Although lineshape parameters are
sensitive, they do not lend themselves very well
to reproducibflity tests among data from
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Fig. 2. Lineshape W vs temperature for Ta [12-
14}.

different laboratories, because common defini-
tions of the parameters are usually lacking.
The present work has therefore considered only
those cases where the discrepancies are large.
In [10] suggestions are made on how one might
establish a universal lineshape parameter
thereby diminishing the problems of data
comparisons.

The evidence for the extrinsic nature of the
prevacancy effects has previously been presented
[11]. The irreproducible nature of the effects
Is illustrated in Figure 2 [12-14), where the
Doppler-broadening parameter, W, is shown as a
function of temperature for Ta. The upper curve
exhibits a behavior similar to curve b in Figure
1, while the lower curve in Figure 2 exhibits a
behavior more closely related to our present
theoretical expectations.

The discrepancy in Figure 2 is In no way unique
and other examples should be given as well. For
well annealed Ni, slope changes In the temperat-
ure dependence of the positron annihilation
signal have been reported at ~ 250 K [15],
~ 700 K [16] and ~ 900 K [17] while [18-20]
observed no such effects. For In, large effects
were reported by [21] but not reproduced by
[22]. For Pb, effects reported by {8,23] were
not reproduced by [24]. For An, a comparison
between lifetime results [25-27] shows agreement
between the reported results above 300 K, but
not below, and it has been suggested [25] that
the differences were caused by varying amounts
of low-temperature positron trapping. Doppler-
broadening results for supposedly well-annaaled
high purity Cu samples also showed variable
amounts of positron trapping at room temperature

t : depending on the thermomechanical history of the

sample [28]. Lifetime analysis for a well
annealed Cd sample exhibiting prevacancy effects
revealed the presence of two lifetimes for tem-
peratures below 150 K [29].

Thus, from the above examples, one may conclude
that prevacancy effects are ex'.rinsic, and are
most likely caused by positron trapping in
defects.

THE EXTRINSIC DEFECTS

The question about the possible type of defects
causing prevacancy effects In high purity and
well annealed metals will now be addressed.

One may suggest high-angle grain boundaries,
dislocations, or impurity-related defects (e.g.,
pinned dislocations), or any combination of
these, as possible causes. One might note that
grain boundaries alone are unlikely to have
caused the observed prevac^acy effects, since
grain sizes in annealed metals are commonly
large.

Dislocations, however, may cause prevacancy
effects [30,31]. In [30], the dislocation is
described as a weakly binding line trap for
positrons associated with stronger binding
point-defect-like traps (e.g., jogs). It is
demonstrated how trapping (or detrapping) by
phonon emission (absorption), according to the
golden rule, may lead to temperature dependences
of the positron annihilation signal resembling
the prevacancy effects. In [31] , the dis-
location is described as a "pipeline" with a
Strong positron binding energy and It is shown
that diffusion-limited trapping can lead to a
strong temperature dependence of the trapping
cross section, thereby also providing a possible
explanation of the prevacancy effects.

It should be noted that both [30,31] assumed the
dislocation line properties to be temperature
indpendent. Clearly, this can only be experi-
mentally realized at low temperatures since, for
example, the jog density is expected to depend
on temperature. Such a temperature dependence
of the jog density has ramifications for the
weak-binding model [30], which may then predict
a shoulder-like temperature dependence of the
positron signal for temperatures just below the
vacancy region (e.g., curve b in Fig. 1 ) .

Thus, dislocations have the potential to cause
prevacancy effects, but precise measurements on
well-characterized samples are needed to confirm
this. Other defects with features similar to
those described for the dislocation in [30]
could also lead to prevacancy effects.

CONCLUSION

It has been concluded that prevacancy effects
are extrinsic and that there are theoretical
reasons to believe that they can be caused by
dislocations. It was pointed out, however, that



Tfvitheir explanation in terms of other defects
should not be precluded.

Clearly, experiments on samples with precisely
characterized defects are needed in order to
reach a firm conclusion regarding prevacancy
effects.

*This work was supported by the U.S. Department
of Energy.

REFERENCES

[1] Lichtenberger, P.C., Schulte, C. W-, and
MacKenzie, I. K., Appl. Phys. 6 (1975)
305.

[2] Lichtenberger, P. C , Ph.D. Thesis
(University of Waterloo, Canada 1974).

[3] Stott, M. J. and West, R. N., J. Phys. F:
Metal Phys. 8 (1978) 635.

[4] Tam, S. W., Sinha, S. K., and Siegel,
R. W., J. Nucl. Materials, 69 & 70, eds.
Peterson, N. L. and Siegel, R. W., (North-
Holland, Amsterdam, Z978), p. 596; J.
Nucl. Mater. 101 (1981) 242.

[5] Seeger, A., Appl. Phys. 7 (1975) 85.
[6] Leung, C. H., McMullen, T., and Scott,

M. J., J. Phys. F: Metal Phys. 6 (1976)
1063.

[7] Hodges, C. H. and Trinkaus, H., Solid
State Commun. 18 (1976) 857.

[8] MacKenzie, I. K., Phys. Lett. 77A (1980)
476.

[9] Smedskjaer, L. C. and Fluss, M. J., Bull.
Am. Phys. Soc 26 (1981) 461.

(10] Kogel, G., Smedskjaer, L. C , and
Triftshauser, W., this Conference.

[11] SraedsUjaer, L. C , in Proc. of
International School of Physics "Enrico
Fermi", Bologna, Italy, July 14-24, 1981,
to be published.

[12] Maier, K., Metz, H., Herlach, D.,
Schaefer, H. E., and Seeger, A., Phys.
Rev. Lett. 39 (1977) 484.

[13] Maier, K., Metz, H., Herlach, D., and
Schaefer, H. E., J. Nucl. Mater. 69 & 70,
eds. Peterson, N. L. and Siegel, R. W.,
(North-Holland, Amsterdam, 1978) p. 589.

[14] Maier, K., Veo, M., Saile, B., Schaefer,
H. E., and Seeger, A., Phil. Mag. A 40
(1979) 701.

[IS] Jackmann, J. A., Schulte, C. W., and
Campbell, J. L., J. Phys, F: Metal Phys. 8
(1978) L13.

[16] Nanao, S., Kiiribayashi, K. , Tanigawa, S.,
and Doyama, M., J. Phys. F: Metal Phys. 7
(1977) 1403.

[17] Lynn, K. G., Snead, C. L. Jr., and Hurst,
J. J., J. Phys. F: Metal Phys. 10, (1980)
1753.

[18] Smedskjaer, L. C., Fluss, M. J. , Legnini,
D. G., Chason, M. K-, and Siegel, R. W.,
J. Phys. F: Metal Phys. 11 (1980) 2221.

[19] Maier, K., Rein, G-, Saile, B., Vaienta,
P., and Schaefer, H. E., Proc. 5th Int.
Conf. Positron Annihilation, eds.
Hasiguti, R. R. and Fujiwara, K., (Japan,
Inst. of Metals, Sendai, 1979) p. 10X.

[20] Matter, H., Winter, J., and Triftshauser,
W., Appl. Phys. 20 (1979) 135.

[21] Segers, D., Dorikens-Vanpraet, L., and
Dorikens, M., Appl. Phys. 13 (1977) 51.

[22] Rice-Evans, P., Hlaing, T., and Chaglar,
I., Phys. Lett. 60A (1977) 368.

[23] Rice-Evans, P., Chaglar, I., and El
Khangi, F. A- R-, Phil. Mag. A 38 (1978)
543.

[24] Hu, C. K., Berko, S., Gruzzlski.. G. R.,
and Turnbull, D., Solid State Commun. 31
(1979) 65.

[25] Smedskjaer, L. C , Fluss, M. J., Chason,
M. K., Legnini, D. G., and Siegel, R. W.,
J. Phys. F: Metal Phys. 9 (1979) 1815.

[26] McKee, B. T. A. and McMullen, T., J. Phys.
F: Metal Phys. 8 (1978) 1175.

[27] Herlach, 0., Stoll, H., Trost, W., Metz,
H., Jacl jnn, T. E., Maier, K., Schaefer,
H. E., and Seeger, A., Appl. Phys. 12
(1977) 59.

[28] Smedskjaer, L. C., Fluss, M. J. , Siegel,
R. W., Chason, M. K., and Legnini, D. G.,
J. Phys. F: Metal Phys. 10 (1980) 559.

[29] Smedskjaer, L. C , Legnini, D. G., and
Siegel, R. W., J. Phys. F: Metal Phys. 10
(1980) LI.

[30] Smedskjaer, L. C , Manninen, M., and
Fluss, M. J., J. Phys. F: Metal Phys. 10
(1980) 2237.

[31] Bergersen, B. and McMullen, T., Solid
State Commun. 24 (1977) 421.


