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Abstract. By means of an integrated source-specimen technique the temperature de-
pendence of positron lifetimes and annihilation lineshapes has been measured on the same
specimens of gold and cadmium from 4.2 K to the melting points, and also in electron-
irradiated and quenched gold. The anomalous temperature dependence of positron anni-
hilation at intermediate temperatures (200 to 350 K in Cd, 270 to 750 K in Au) discovered
by Lichtenberger, Schulte, and MacKenzie is confirmed.

The data are incompatible with the idea that the intermediate temperature dependence is
due to thermal expansion. They are well explained by an extension of the-trapping model
which includes the formation of metastable self-trapped positrons.

From lineshape measurements after electron irradiation at 180 K and after quenching
it is deduced that the trapping rate of positrons at vacancy-type defects in Au is temperature

independent below room temperature.

PACS Codes: 61.70, 81

Recent measurements of the Doppler broadening of the
positron annihilation line in Cd and several other
metals down to 100 K by Lichtenberger et al. [1, 2]
have revealed a temperature dependence intermediate
between that observed at high temperatures, generally
attributed to positron trapping by vacancies in thermal
equilibrium, and the much weaker temperature varia-
tion at low temperatures. Lichtenberger et al. [1]
pointed out that the low-temperature data indicated a
rather small effect of ordinary thermal expansion on
the shape of the positron annihilation line and sug-
gested that the intermediate temperature dependence
might be due to “phonon-assisted trapping of posi-
trons”. One of the present authors [3] showed that
the formation of metastable self-trapped positrons

(somewhat analogous to “small polarons” in ionic
crystals) could explain the observed temperature
dependence.

Triftshduser and McGervey [4, 5] reported a rather
strong temperature dependence of the peak counting
rate in the “sub-vacancy” region of the angular
correlation curve of Cu, Ag, and Au and attributed
it to thermal expansion. Quite apart from the interest-
ing question whether self-trapping of positrons in
metals is possible or not, or whether the effects of
thermal expansion on positron annihilation can be as
large as supposed by Triftshduser and McGervey
[4, 5] and also by other authors [6, 7], the correct
interpretation of the intermediate temperature de-
pendence is very important for the analysis of positron
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trapping by vancancies. This has led us to measure
both lifetimes and Doppler broadening in cadmium
and gold from the temperature of liquid He up to the
melting points. The results confirm qualitatively the
low-temperature behaviour reported by Lichtenberger
and show clearly that the effects of thermal expansion
on positron annihilation are too small to account for
the observed intermediate temperature variation. The
experimental results are analysed in terms of an ex-
tension of the trapping model which includes the effects
of metastable self-trapping [3, 8]. It is shown that in
the determination of the mono-vacancy formation
energy of Au by positron annihilation divacancy
and detrapping effects may be neglected but that it is
important to include the temperature variation of the
annihilation parameters of the frapped positrons in
addition to the self-trapping effects.

1. Experiment

The experiments were carried out on well annealed
samples of 99.9999 % purity Cd and 99.999 % purity Au.
The technique of preparation of sealed specimens
allowing measurements in thermal equilibrium up to
temperatures close to the melting point and exhibiting
extremely low source contributions is described else-
where [9]. Positron sources of approximately 10 pCi
22Na were used, which permitted to measure both
lifetimes and annihilation lineshapes on the same
samples.

Positron lifetimes were measured with a conventional
fast-slow coincidence system as described by Crisp
et al. [10]. The constant-fraction discriminators were
adjusted such as to yield a symmetric spectrum, upon
which worked a digital stabilizer in order to improve
gain stability. The lifetime spectra were obtained by
routing part of the events into another memory group
of the multichannel analyser by means of 1.28 MeV—
511 keV coincidences. Mean lifetimes were computed
from the differences in the centroids of the symmetric
and routed spectra after appropriate background
subtraction. Time calibration was performed by mea-
suring two prompt spectra from two 5°Co sources at a
distance of 30 cm from each other. The fact that the
use of °Co with energies 1.17 MeV and 1.33 MeV
(instead of the correct energies 1.27 MeV and
0.511 MeV when measuring with 2?Na) did not yield
an absolute time calibration was of minor importance
since in the present work we were interested in relative
changes of the lifetimes only. A better calibration may
be obtained by using the annihilation quanta from a
58Ge source.

The shape of the annihilation line (Doppler broadening)
was measured with a digitally stabilized high-resolu-
tion Ge(Li) detector. Additional improvement in
stability was achieved by avoiding a biased amplifier
by using a fast 8§k ADC (LABEN mod. 8215) and
purely digital zero suppression. The resolution
(FWHM) at 10000 counts per second was 1.24 keV
at the 514 keV gamma line of #3Sr. Simultaneously
with the annihilation radiation, the 497 keV nuclear
gamma ray of !'°*Ru was measured in order to
monitor the resolution of the system during the ex-
periments. In the case of Cd, this line was used fo
deconvolute the measured spectra numerically and
model independently with respect to energy resolu-
tion. For the computer program performing the de-
convolution, van Cittert’s [11] iterative method of un-
folding was modified to improve convergence speed
and avoid amplification of noise [12]. The lineshape
is characterized by a “wing” parameter W defined as
the ratio of the number of counts in the regions
|[AE,|>0.5 pg-c (AE, is the deviation of the energy of
the annihilation quantum from 511 keV, py the Fermi
momentum, and ¢ the velocity of light) and of the
total number of counts in the annihilation line. This
parameter is particularly sensitive to changes in the
probability P, that the positron annihilates with core
electrons. By fitting the sum of a Gaussian plus an
inverted parabola to a deconvoluted spectrum and
comparing W with the intensity I; of the Gaussian
component we estimated that our definition of W
in the Cd experiments corresponds to W~x0.2I;. I;
was estimated as 0.59 at 100 K. In discussions of the
physical significance of W, e.g. when comparing the
temperature dependence of W at low temperatures
with thermal expansion data (Subsect. 3.1a} it must be
kept in mind that in Cd and Au annihilations with
valence electrons (in addition to conduction electrons)
contribute significantly to W.

2. Results

Figures 1 and 2 show the temperature dependence
of the annihilation parameters of gold and cadmium.
All curves clearly display a marked change in tem-
perature dependence well below the onset of significant
vacancy trapping. In Cd the effect is less pronounced
than reported by Lichtenberger et al. [1], and a small
temperature dependence persists down to ~ 100 K.
This was also found in recent angular correlation
measurements by Kim and Buyers [13]. Their peak
counting rates measured from 100K to 450 K agree
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Fig. 1. Mean lifetimes and annihilation line shape parameters in
99.999% goid in thermal equilibrium measured in a sealed-source
specimen [9]. Solid curves: trapping model including metastable
self-trapping (300K to 700 K). Effects of thermal expansion are
negligible (50 K to 300 K). Dashed line: temperature dependence
of the W parameter for positrons trapped at vacancies

perfectly with a lineshape parameter derived from our
data by summing over the low momentum region of
the deconvoluted annihilation line. The difference
between our lineshape measurements and those of
Lichtenberger et al. [1] may partly result from de-
convolution and partly be due to the comparatively
small number of data points between 100 K and 250 K
in the earlier measurements [1]. We also find good
agreement between lifetimes and lineshape parameters
derived from deconvoluted Ge(Li) spectra, in contrast
to previously reported discrepancies between lifetimes
[14] and Doppler-broadening [1] or angular correla-
tion data [4, 3, 7].

At temperatures below about 50 K a small but signi-
ficant change in the annihilation parameters is ob-
served (narrowing of the photon line, increase in life-
time). This low-temperature effect is also present in
quenched gold but not in electron-irradiated gold, as
may be seen from Fig. 3. Here the temperature de-
pendence of the W-parameter of gold is shown for
three runs: after electron irradiation! with a dose of

! Performed at the DYNAMITRON of the “Institut fiir Strahlen-
physik der Universitédt Stuttgart”.
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Fig. 2. Mean lifetimes and annihilation line shape parameters from
deconvoluted spectra in 99.9999% cadmium in thermal equilibrium
measured on a sealed-source specimen [97]. Solid curves: trapping
model including thermal expansion effects visible in the region 100 K
to 200 K and metastable self-trapping (200K to 350 K). The sharp
increase of the curves at 350 K is attributed to vacancy trapping

2x10'7 electrons/cm? (2.8 MeV) at 180K, after
quenching from 1010 K, and after a faster quench from
1120 K. On the basis of the experimental evidence
available at present we suggest that during the
slowing-down process positrons travelling in crystallo-
graphic directions [15] can preferentially leave the
sample (which, after annealing, consisted of large
grains) and annihilate in the He gas surrounding the
sample, on the walls of the cyrostat, or on the
specimen surface. The absence of the low-temperature
effect after electron irradiation is explained by the
blocking of the crystallographic channels by inter-
stitial atoms. The preceding explanation would work
irrespectively whether the positrons may be described
as “classical” particles channeled in wells of low
potential energy or whether the description of the
positron motion in terms of two Bloch waves {(one with
nodes at the atomic sites, transmitted anomalously in a
crystal without interstitial atoms, and the other one
with maximum intensity at the atomic sites and
scattered anomalously)?.

2 For a review of the literature on the subject see [15].
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We hope to clarify the nature of the low-temperature
variation of the annihilation parameters by further
experiments.

3. Data Analysis and Discussion
3.1. Annealed Specimens

The data obtained from measurements in thermal
equilibrium are shown in Figs. 1 and 2. The curves
may be separated into a low-temperature part, the
intermediate-slope regime (in Au between 270 K and
about 750 K, in Cd between 200 K and about 350 K),
and the high-temperature “S”, which is attributed to
positron trapping by vacancies in thermal equilibrium
We shall discuss these three temperature regimes in
turn.

a) Low Temperatures. The transition between the low-
temperature regime and the intermediate temperature
regime is marked by the sharp change in the annihila-
tion parameters occurring at about 270K (Au) or
200 K (Cd). Neither in Au nor in Cd may this change
be attributed to thermal expansion, since the observed
transition temperatures lie well above 6,/4 (6,:Debye
temperature). Above 60,/4 the thermal expansion of
both metals changes only very gradually with tempera-
ture [16-18].

Tn Au the line-shape measurements below about 270 K
do not show any temperature variation that could be
associated with thermal expansion, whereas in Cd a
small residual temperature dependence remains below
200 K. The different behaviour of Cd and Au has
presumably to do with the strong anisotropy of the
thermal expansion of Cd. In Au the lattice parameter
is essentially determined by the Born-Mayer repulsion
of the ion cores, whose thermal movement is mainly
responsible for thermal expansion. In thermally ex-
panded crystals conduction and core electrons fill
the unit cell in much the same way as at 4 K (apart
from a general dilation), so that no significant effect
on the shape of the annihilation line may be expected®.
The situation is clearly different in the case of Cd.
At absolute zero the c/a-ratio is 14% larger than
the ideal value 1.633 associated with hexagonal close
packing of spheres, so that the c lattice parameter
cannot be mainly controlled by core-core repulsions
but must be determined by the band structure of the
conduction electrons. Therefore, the further increase of
the c/a-ratio with temperature up to 530K [17, 18]

3 In the temperature range in question the de-Broglie wavelength
of thermalized positrons is large compared with the dominant wave-
length of the lattice vibrations, so that in spite of their small mass,
non-localized positrons are unable to follow the fluctuations in the
positions of the individual ion cores.
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Fig. 4. Comparison of the temperature variation of the W parameter
in cadmium with the relative change in a/c (solid line) at low tem-
peratures

(Fig. 4) indicates a gradual change in the electronic
structure which may well be accompanied by a change
in the positron annihilation parameters. We emphasize,
however, that no abrupt change occurs near 200 K,
so that associating the temperature variation of the W-
parameter below 200 K with the temperature varia-
tion of the ¢/a-ratio excludes the same explanation for
the “intermediate temperature effect”.

Figure 4 shows that in the temperature interval 100 K
to 200 K the temperature variation of the W parameter
of Cd is proportional to ¢/a, ie.

dInW/dT =4.5dn(ajc)/dT. (1)

The proportionality factor of 4.5 appears too high to
be compatible with the idea that the Gaussian com-
ponent of the line-shape is entirely due to annihila-
tions with core electrons. Equation (1) is in qualitative
agreement, however, with theidea that high-momentum
components of the valence electrons contribute to the
wings of the Gaussian {comp. Sec.1):

b) Intermediate Temperatures. An analysis analogous
to the Cd analysis of Subsec. a) is not possible for the
Au low-temperature data, since there is no detectable
variation of W at temperatures at which thermal ex-
pansion is already quite pronounced. In order to de-
monstrate how strongly the thermal expansion of
Au deviates from the temperature dependence of
the W-parameter in the temperature range 50 K
to 700K we have included in Fig. 3 the thermal

expansion data of Nix and McNair [16] on such
a scale that the two curves approximately coincide
between 270 K and 700 K. From what has been said
above it should be clear that this coincidence is without
physical significance since it does not hold below
270K, and that thermal expansion effects cannot be
detected in our Au data.

Having shown that a thermal-expansion explanation
of the intermediate slope is not possible, we attribute
it to metastable positron self-trapping [3]. This inter-
pretation is supported by recent angular correlation
measurements on Cd of Kim and Buyers [13] who
found that the temperature variation of the angular
correlation curve shows the smearing near the Fermi
momentum that is expected if positron localization
takes place in the “sub-vacancy region”.

In the presence of metastable self-trapped positrons
(subscript st) the trapping model has to be generalized
by replacing “free positrons” (subscript f) by “non-
trapped” positrons (subscript nt). For any parameter
F depending linearly on the positron annihilation
rates we have

F. = Tst.f;”Ff—i_Tff;thl (2)
" Tst]rf + Tﬂfst ’

where 1; and 1, denote the positron lifetimes in the
free and self-trapped states, respectively, and

Je=1—fu=[1+AT *Zexp(—eo/ksT)] " (3a)

the fraction of free positrons [3]. In (3a) we have used
the abbreviation

1 v, <2nh2)3/2

Y
v;

(3b)

m kg

where v;, v; are the vibrational frequencies of the
crystal with free or self-trapped positrons. &, denotes
the energy of the self-trapped state, measured from
the lowest state of the quasi-continuum of positron
Bloch states, m ., the effective mass of the positrons, ¥,
the atomic volume, and k; Boltzmann’s constant.

Allowance for metastable self-trapping introduces at
least three parameters, namely &,, 4, and F,. We found
that attempts to obtain all the parameters describing
self-trapping, vacancy trapping and possibly thermal
expansion simultaneously by least-square fits to the ex-
perimental data lead to numerical instabilities. We
therefore adopted the approximate procedure of first
fitting the intermediate temperature regime to (2),
and of using the result so obtained for deducing va-
cancy parameters (see Subsec. c). If desired, one may
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repeat this procedure in order to improve the fit by
iteration.

The parameters describing the self-trapped state are
listed in Table 1. Estimates of the quantity I1(v;/v))

from (3) with m., = my give 3 x 1072 t0 4 x 10”2 for Au
and 107! to 2x 107! for Cd. These results are in
qualitative agreement with the expectation that the
localization of the positron leads to an increase of the
lattice vibration frequencies.

¢) High Temperature. When attempting to fit the
trapping model to the high temperature S-curve, we
have first to decide whether it suffices to consider one
type of trap or whether two or more types of traps
should be included (in physical terms: whether we
should consider divacancies in addition to mono-
vacancies). Numerous trials showed that by including
a second trap with |F,, — F>|F,,—F{ a significant
improvement of the fit cannot be achieved. We shall
therefore restrict ourselves to one type of trap and use
the trapping model in the form

dn, n,

d—tt =—oCny+vn,— T_nl; (4a)
dn 1 ‘

d_tt =oCny, — (vt—}- }:) n, . (4b)

Here n,, and n, denote the numbers of non-trapped or
trapped positrons in an ensemble. The trap concentra-
tion is denoted by C, the trapping rate per unit con-
centration by ¢. Following Frank and Seeger [19]
we have included the possibility of detrapping, char-
acterized by the escape frequency v,. The annihilation
rate of non-trapped positrons is, according to (2), given
by

LI/ £ (5)

Tnt Te Tst

Table 1. Self-trapping parameters deduced from the intermediate
temperature regimes in Au and Cd

Gold Cadmium?®
Lifetimes W parameter Lifetimes W parameter
g [eV] 0.22 0.22 0.17 0.17
A[K*?] 37x10°  69x10° 12%x10°  1.6x10°
_Fpb
Faly 0.13 0.19 031 0.30
F(_Ff

2 The analysis of the Cd data allows for the small temperature de-
pendence of t; and W; due to the anisotropic thermal expansion
discussed in Subsec. 3.1a (see Fig. 4).
b Fpat 42K, F, at the melting point.

The trapping rate is written as [19, 20]

o dmro( 1 I
o= vy (D—m+kroAro) ’ ©

where r, denotes the capture radius, and kryAr, the
capture rate of the traps. For the effective diffusion co-
efficient of the non-trapped positrons we write [§]

Dnt:fof‘l'Dst st (7)

The temperature dependences of D; and D, will be
discussed later.

The Solution of (4) may either be obtained directly or as a special

case of the general solutions derived earlier [20]. The average value

of a parameter F depending linearly on the positron annihilation

rates is given by

T [F, F,

f [i' n, () 4+ — n‘(t)} dt
T[

0 nt

F= (8

1o(0) +n(0)
or, in the notations of [20]

Fo(As  As\  F Al 4
. PR VTR Tct A VT TO) o
- 14,(0) +1(0) '

Here the following abbreviations have been used
2OV =g — g4 (k2 +v0C)?
ne0) [ + (k% +v,0 C)¥] + v, (0)
voC
K+ (K> +voC)H2

A(OO.I»:
K+ (K2 +v,0C) 2+
gC, AQD

K+ (2 +voCy)L?

gt =15 +6C

0,1)
APV =—

k=315 ! -t ~"t)=%('[n_t1 —1, ' +aC—v).

When initial trapping of positrons is negligible, i.e. n,(0)=0 (9) re-
duces to
_ A0 CFAL+ 1)

(10)
A +0C/(1+v1)

where A, =1/r,, denotes the annihilation rate of non-trapped
positrons given by (5). Equation (10) is a generalization of the ex-
pression for the mean lifetime reported earlier by Goland and Hall
r21].

Let us next discuss the temperature dependence of
the trapping rate ¢ in the presence of metastable self-
trapping. We expect the diffusion of the free positrons
to be limited by the scattering by accoustic phonons
[8], ie.

Qr)t2ptY 1—p
D;=D,,=

m32el? (=20 (1+p)

(ksT)" 2. (11)
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Here Y denotes Young’s modulus, u Poisson’s ratio,
and ¢; the positron deformation potential constant.
For self-trapped positrons quantum diffusion has to be
considered. According to Flynn and Stoneham [22]
we may expect

D, =const. T~ V2 .exp(— H¥ /k,T), (12)
where HY is the energy barrier for the hopping of the
self-trapped positron from one interstitial site to an
adjacent one. In order to reduce the number of param-
eters for the fitting we consider only two limiting
cases:

(i) Fast Diffusion. In this case we have D, » kyrodr,.
The trapping rate is entirely controlled by the
quantum mechanical capture process and therefore
essentially temperature independent

. dmkriAr,
= 7

(ii) Fast Capture (D; <€ koryAr,). Now the trapping rate

is limited by the diffusion of non-trapped positrons

(13)

g

4ty 4zr

6% = VAO Dnt= _1/:42 fo+fstDsl)'
In (14a) we may further neglect the term f. D, since the
diffusion of a free positron is believed to be much
faster than the hopping of a self-trapped one. In the
high temperature regime (“S”-curve) f; varies very
slowly with temperature, so we may approximate (14a)
by

6=const- T~ 12,

(14a)

(14b)

We have based our analysis of the Au data in terms of
(10) on the two limiting cases discussed above. The
concentration of traps was written in the form

C=C5} =exp(Siy/k) exp(— Hiy/kyT) (15)

with temperature independent enthalpy HY, and
entropy S%,, of monovacancy formation.

When varying the energy barrier for detrapping, the
best fit was found for v,=0. This appears to indicate
that in Au detrapping is negligible, in agreement with
the preliminary conclusions of Goland and Hall [21].
By contrast, the introduction of a temperature varia-
tion of W, led to a significant improvement of the
quality of the least-squares fit. When a linear tem-
perature dependence of W, was admitted, the best fit
resulted from the choice

1 aw,
W(1336 K} dT
(dashed line in Fig, 1).

4x107°K™! (16)

Table 2. Vacancy formation parameters in Au deduced for the two
limiting cases for the temperature dependence of the trapping rate

Parameter Doppler broadening

o =const c~T712
HY, [eV] 0.88 0.92
ot exp(Sty/kg) 10 x 10* 7 % 102

* at the melting point.

The goodness of the final fit did not depend on whether
6 was chosen as temperature independent or pro-
portional to T~ '2. The results obtained from the
Doppler broadening measurements of Au are listed in
Table 2.

The sign of (16) indicates that with increasing tem-
perature the neighbouring ion cores penetrate into a
vacancy the more the higher the temperature, at least
compared with the interatomic distance at the same
temperature. This is in fact what one would expect on
physical grounds, since the anharmonicity of the
potential felt by the neighbours of a vacant lattice site
1s such that with increasing temperature their average
position will move towards the centre of the vacancy,
resulting in a stronger overlap of the core wave-func-
tions with the wave-function of positrons trapped at
vacancies.

Inspite of the high statistical accuracy of the Doppler
broadening data on Au the choice between the two
enthalpies of monovacancy formation can at present
not be made on the basis of positron annihilation data
alone. Because of the occurrence of metastable self-
trapping the results on the temperature dependence
of o to be obtained in Subsec. 3.2 cannot be extra-
polated to high temperatures. The comparison with
other experimental results (both quenching and high-
temperature equilibrium measurements) [23] indicates
that H, =092 eV is the better value of the two. If a
small divacancy contribution to the total vacancy
contribution near the melting point is allowed for [23],
it leads to S¥,/k=0.6. By contrast, a monovacancy
formation energy HY,=0.83eV would have to be
associated with a formation entropy that may be too
small to be acceptable.

The main interest of the present work on Cd lay in the
measurements at low and intermediate temperatures in
order to study the effects of self-trapping and aniso-
tropic thermal expansion. The vacancy “S” was
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measured with much poorer statistical accuracy. We
refrain, therefore, for the time being, from quoting
numerical values for HY, on Cd.

From our work it is clear that both a very high statistical
precision of the data and a careful analysis allowing for
the possibilities of positron self-trapping and of a
temperature dependence of F, in the direction dis-
cussed above (which is opposite to that of earlier
attempts in the literature) are undispensable prere-
quisites for obtaining reliable vacancy formation ent-
halpies by positron annihilation techniques. On the
basis of our own experience we have serious doubts
whether the narrow error limits given in recent papers
can be justified. ’

3.2. Quenched and Irradiated Gold

The observed decrease of the W-parameter, Le., the
increase of the ratio of positron annihilation with con-
duction electrons to that with core electrons, is at-
tributed, as usual, to trapping of positrons by vacancy-
type defects introduced by quenching or irradiation.
Apart from the decrease of W below 50 K discussed in
Sec. 2, the lineshape is nearly temperature independent
up to about room temperature where recovery sets in.
The concentrations of vacant sites involved are far
from saturation. The absence of thermal expansion
effects on the lineshape associated with freely anni-
hilating positrons (F;=const} suggests strongly that
over the temperature range 50 K to 270 K we may also
take F, as temperature independent. Since 7 has
also be shown to be temperature independent in this
temperature regime, we may conclude from (2) that
over the temperature range 50 K to 300 K the trapping
rate per unit concentration ¢ is temperature in-
dependent within experimental errors. We have
analyzed our data in terms of
1 . VVx,q(T)_ VVeq(T)

T)= —
D=2 wow 1)

(17)
where W, , ., denote the W parameters measured after
electron irradiation, quenching, or in thermal equilib-
rium, respectively, and t;, C, and W, are constants. The
relative change of o in the temperature range 50K
to 270K was found to be —(4+6)% after electron
irradiation and +(1444)% after quenching. For
comparison with recent experiments of other authors
[14,24] we also analysed the data in terms of a
temperature dependence ¢~ T" and found n= —0.03 &
0.04 after electron irradiation and n=0.09+0.02
after quenching. This is in agreement with the life-

time experiments of McKee et al. {141 who found
n=0.01%0.1 between 100K and 273 K after quench-
ing from 923K, whereas Hall et al. [24] reportet
n=0.54+0.3 down to 115K for a specimen quenched
from 1073 K. The positive temperature dependence
of the trapping rate in quenched specimens might
be due to vacancy clusters formed during the quench
[25]. Since D, is unlikely to be temperature in-
dependent [8] we conclude that in (4) the term kry 4dr,
is rate-determining and temperature independent. This
is in agreement with the view of Hodges [26], ac-
cording to whom the quantum-mechanical capture
of positrons at vacancies leads to a temperature-
independent trapping rate. Unfortunately we do not
know the concentration of vacancies in our specimens,
so we cannot give an absolute value of o. The ir-
reversible processes apparent in Fig, 3 (recovery effects)
will be treated in another context.

Conclusions

We have shown that positron lifetimes and annihila-
tion line shapes in Cd and Au can consistently be
described over a very wide temperature range from
approximately one fourth of the Debye temperature
to the melting point by the trapping model if meta-
stable self-trapping is included and if the temperature
dependence of the annijhilation characteristics of
trapped positrons is allowed for. However, the com-
plexity of the model introduces considerable uncer-
tainty in the determination of monovacancy forma-
tion energies. It is fairly clear that positron annihila-
tion experiments can yield reliable vacancy forma-
tion energies only if the diffusion and capture mech-
anisms of positrons in metals become known in more
detail. Information about these mechanisms may be
obtained from non-equilibrium measurements in the
temperature range below significant vacancy trapp-
ing or by very precise equilibrium experiments, look-
ing for deviations of 7,cC from a simple exponential.
Since at present precision is not limited by counting
statistics but by the stability of the electronic equip-
ment, further improvement in this direction is ne-
cessary.
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