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Abstract. The peak counting rate of the angular correlation curve was measured for Cu 
and Au in the temperature range between - 196 ~ C and 1200 ~ C. The experimental data 
were analysed by means of the trapping model under consideration of positron trapping 
by mono- and divacancies and detrapping of positrons from monovacancies. Such an 
analysis leads to acceptable results for both monovacancy and divacancy parameters. 

PACS Code: 78.70 

Positron annihilation is a very suitable method for 
investigating the properties of thermally generated 
vacancies in metals because of the high statistical 
accuracy of the experimental data [1, 2]. In [3] we 
have shown for A1 and Cu that near the melting point 
the positrons are trapped not only by monovacancies 
but also by divacancies. For high melting metals, such 
as the noble metals, the detrapping of positrons from 
monovacancies must be considered [3]. For further 
confirmation of this conclusion we present in this paper 
a study of the behaviour of the angular correlation 
peak counting rate for Cu and Au, For these metals 
different divacancy fractions are expected on the basis 
of the known total vacancy concentration at the 
melting point El, 4, 5]. 

Experiment 

The experimental arrangement was the same as de- 
scribed in [3]. The positron source was prepared in 
an in-situ-technique. The samples (Cu of 99.999 % and 
Au of 99.99 % purity) were cylinders of 0.3 cm diameter 
and 2cm length having a bore of 0.1 cm diameter. 
Into this specimen 20 mCi Co 5s (in the form of cobalt- 
chlorite) of very high specific activity (3 Ci/mg) was 
filled, and the bore was closed by a screw of the sample 

material. The sample-source unit was put into a 
molybdenum container which was evacuated and 
closed. The whole system was placed into a water 
cooled chamber in a vacuum of 5 x 10- 6 Torr and was 
radiation-heated by a tungston wire. This in-situ-tech- 
nique prevents errors which can be introduced by a 
temperature dependence of the source-sample distance 
in the conventional arrangement and allows also mea- 
surements in the liquid state. The data, measured 
before and after melting, were reproducible with the 
exception of a small hight-difference which can be ex- 
plained by the change of the shape of the sample 
during melting and a small part of annihilation events 
in the container material, which was estimated to be 
roughly 2 % of the total number of annihilation events 
(compare also [12]). Peak counting rates F of various 
temperatures (below melting point) were normalized 
to the peak counting rates from the sample in the 
original state at the same temperature. No difference 
in the shape of the curve was found. The curve of the 
original state was used in this way for quantitative 
analysis. After the first melting the step of the F-param- 
eter at the melting point was reproducable. An alloying 
of the sample with the container material was not 
expected [6] and even not observed after 48 h remain2 
ing in the molten state. 
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Fig. 1. Normalized coincidence counting rate at the peak (0=0) of 
the angular correIation curve as a function of the temperature 
for Cu and Au. The full line illustrates calculation using the 
parameters which were estimated from the procedure explained in 
the text. It shows that the calculation hardly differ from the ex- 
perimental data within the error limit. The dotted line near the 
melting point corresponds to the course ofF if only positron trapping 
by monovacancies would happen [e.g. Vlv=O, C2v=0 in (1)]. For 
clarity the curve for Cu was shifted by one unit of the vertical scale 
to the lower side 

21 and 2~v denote the annihilation rate of positrons 
which are free or trapped at monovacancies, respective- 
ly. We used h /=  7.35 x 109 s-1 for Cu [7], 

h I = 8.25 x 109 S- 1 

for Au [7] and Zw=0.57 2 f E8]. F I, Fly and Fzv 
represent the characteristic peak counting rates for 
free positrons and positrons trapped by monovacancies 
and divacancies, respectively, aav and a2v are the 
trapping rates per unit defect concentration of mono- 
and divacancies. The detrapping rate of positrons from 
monovacancies, Vlv, is given by 

Vtv-= ~ -  exp ( -  A~av/kT), (2) 

where Aetv denotes the binding energy of a positron 
at a monovacancy [2]; k being the Boltzmann's con- 
stant, h is the Planck's constant and T represents the 
absolute temperature. 
The vacancy concentrations in thermal equilibrium are 
given by 

C1 v = exp (S~v/k) e x p ( - H ~ v / k r  ) (3) 

and 

The temperature was measured using two Pt-PtRh 
thermocouples, their calibration was controlled under 
the conditions of the experiment. The temperature 
stability was better than +2 ~ C. The measurements 
were done with the help of a common angular corre- 
lation device. The angular resolution was 8 mrad 
x 115 mrad which guaranteed a rapid data accumula- 

tion. The measured peak counting rate (2 x 106 counts 
per experimental point) was corrected with respect to 
the source decay, 7-absorption and background and 
was normalized to the value at room temperature. 

Experimental Results 

The experimental data were analysed by means of the 
trapping model [2] assuming positron trapping by 
mono- and divacancies and detrapping of positrons 
from monovacancies. Then, the peak counting rate F 
is given by, 

h lv  
hfF f + - -  a lvCIvFIv  + aavC2vF2v 

F= 21v + vlv (1) 
~-lV 

2r 21v+2 alvClv+a2vC2v 

C2v = 6 exp (SFv/k) exp ( -H~v/kT ) . (4) 

S~v is the entropy and Hfv the enthalpy of the forma- 
tion of a monovacancy. SFv and HFv denote the corre- 
sponding values for divacancies [1]. The values Fly, 

F F2v, 2f, 2tv, atv, a2v, Sw, SFv, H~v and H~v were 
taken as temperature independent [1, 2, 7, 8]. 
The results of our study are shown in Fig. 1. Differ- 
ences compared to the results of other authors, for 
instance, Triftsh~iuser and McGervey [11] exist only 
in the magnitude of the change of peak counting rate, 
which can be explained due to the different experimental 
conditions. The curve through the experimental points 
was obtained by a computer fit of the expression (1) 
to the experimental data. This was done in three steps. 
Firstly, in the low temperature region where positron 
trapping by vacancies is not expected, Ff(T) was deter- 
mined. Because of the good linearity in the lower half 
of the whole temperature region, Ff(T) was linearly 
extrapolated up to the melting point. In [9] it was found 
that such a procedure gives a better fit than the sup- 
position of Ff=constant. A behaviour of the peak 
counting rate which could be attributed to the positron 
self-trapping [10] was not observed for Cu and Au x. 

1 The Fourth International Conference on Positronannihilation has 
shown that, the problem of self-trapping is still under discussion. 
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(For Ni we found a strong nonlinear dependence of F 
between - 1 9 6 ~  and 900 ~ In the temperature 
region below 850~ for Cu and 750~ for Au the 
monovacancy parameters were determined by the fit 
assuming V~v=O and C2v=O. This was done by using 
the derivative dF/dT. In this way, the number of free 
parameters is reduced by one. Fly disappeares because 
of the assumptions Ftv = constant. Thus we obtain the 
monovacancy parameters Hrlv [(1.16 +_0.02) eV for Cu, 
(0.96 ___ 0.02) eV for Au] and O-iv exp (S[v/k) [(1.5 +- 0.4) 
x l0 t s s - t  for Cu, (0.55 +- 0.15)x 101 s s - t  for Au]. The 
value of F,v can be determined from (1) for temper- 
atures lower than 850~ and 750 ~ C, respectively, 
using the experimental peak counting rates and the 
monovacancy parameters mentioned. 
The function ofF, which is computed from (1) using the 
known parameter F f(T), Fly, H~v and a tv exp (S~v/k) 
together with Vav=O and Cev=O, is shown in Fig. 1. 
It deviates from the measured data near the melting 
point (dashed line). 
We attribute this deviation to the presence of di- 
vacancies. Their properties can be estimated with the 
help of a plot of the quantity Z versus T -  t. Z is given by 

[2 { F-Fj-~ 21v (F-Flvl] 
Z = l n [  f~F2v-F/ + olvClv 21v + Vlv \F2v- FJJ 

= - H~v + In [6O-2v exp (S~v/k)]. 
kT 

(5) 

For F2v w e  used the peak counting rate in the liquid 
phase at the melting point which should be the upper 
limit for F2v. If detrapping is not considered in the 
analysis [we set v l v = 0  in (5)], Z shows a positive 
curvature, as can be seen in Fig. 2. This is caused by 
detrapping of positrons from monovacancies which 
enhances positron trapping by divacancies. (Taking a 
lower value for F2v as used here will lead to a stronger 
curvature of Z.) The consideration of a non-vanishing 
detrapping rate corrects the preference of divacancies. 
We have chosen vlv in such a manner that Z shows an 
optimum linearity (cf. Fig. 2). This provides a binding 
energy of 

Agxv= (1.1 +_0.4) eV 

for Cu and 

Aglv = (1.1 +_0.2) eV 

for Au. From the slope and from the intersection of Z 
with the ordinate at T - 1 =  0 we obtain the divacancy 
parameters H~v [(2.0_+ 0.1) eV for Cu, (1.69_+0.05) eV 
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Fig. 2. Plot of Z given by (5) versus the reciprocal absolute temper- 
ature for an estimation of the divacancy parameters. The circles are 
taken from a smoothed curve through the experimental points. 
Closed circles: assuming Vlv=O in (5); open circles: assuming a 
non-vanishing Vlv with Aelv= 1.1 eV 

for Au] and aevexp(SF2v/k) [(3.3 __+ 24;~) x1016 s -1 for 
Cu, (1.2-t-~ x l 0  t6 s -  I f o r  A u ] .  

For a separation of the specific trapping rate from the 
entropy term we assume Oev~2alV and use the total 
vacancy concentration at the melting point Cv(Tm) 
(assuming Cv=Clv+2C2v). This is known from the 
thermal expansion method with a sufficient accuracy 
and amounts to (2.0__0.5)x10 -4 for Cu [4,1 and 
(7.2_ 0.6) x 10 -4 for Au [5,1. The final results are shown 
in the Table 1 together with positron annihilation data 
from the literature, which we analysed in the same way, 
and results given by the thermal expansion method. 
H2Bv denotes the divacancy binding enthalpy, G~v(Tm) 
represents the Gibbs free energy of divacancy binding 
at the melting point [1]. The statistical error amounts 
to 0.1eV for H~v given by the thermal expansion 
method, 0.01-0.03 eV for H~v and 0.05-O.1 eV for H~2v 
given by positron annihilation. 
As can be seen in Table 1, the consideration of di- 
vacancies in the data analysis lowers the estimated 
monovacancy parameters HFv and S~v. The values of 
positron annihilation given by Trifth/iuser and McGer- 
vey [11-1 are too large compared with the results of 
the thermal expansion method, especially for Cu. The 
consideration of divacancies, as was done by Sueoka 
[12,1, leads to lower values for Hfv and SVlv, but the di- 
vacancy parameters are till unacceptable. A further 
consideration of detrapping, as was done by us 
provides acceptable results for Hfv and S~v as well 
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Table 1. Comparison of vacancy parameters for Cu and Au obtained by thermal expansion and positron annihilation technique applying 
different methods of data analysis 

Cu Au 

Vacancy Thermal expansion Positron annihilation Thermal expansion Positron annihilation 
parameters 

a b c d e f g h i 

HV~v [eV] 1.17 1.06 1.29 1.20 1.16 0.94 0.92 0.97 0.96 
SV~v/k 1.5 0.6 2.53 0.43 1.3 1.0 0.6 1.20 0.9 
H~v [eV] 2.20 2.00 1.69 
S~v/k 7.54 3.7 3.3 
H~v [eV] 0.20 0.32 0.23 
G~v(Tm) [eV] 0.3 0.98 0.45 0.33 0.40 
~lv [ 1015 s-  1] 1.03 3.79 0.56 0.37 0.30 

a and f original data of Simmons and Balluffi [4, 5], analysed under consideration 
[4, 5] under consideration of mono- and divacancies, given by Seeger [1]; c and 
were considered; d Sueoka [12], mono- and divacancies were considered; e and i 
trapping by mono- and divacancies and detrapping from monovacancies. 

of only monovacancies; b and g reanalysis of the data of 
h Triftshiiuser and McGervey [11], only monovacancies 
this work, data analysis under consideration of positron 

as for HV2v and S~v, which are not so far from those 
given by Seeger [-1]. On the basis of our results we 
obtain a divacancy fraction 2Czv/Clv at the melting 
point of 10% for Cu and 23% for Au. The different 
divacancy concentrations are clearly indicated in the 
different behaviour of the peak counting rate around 
the melting point for Cu and Au (cf. Fig. I). The sharp 
step at the melting point is caused by a rapid increase 
of the total vacancy concentration from 10 _3 to 10 .4  
in the solid phase to 10-1 vacancies per atom in the 
liquid phase [-13]. The vacancies coagolate and form 
the holes in the liquid structure. 

Conclusion 

The differences remaining between our results and 
those given by Seeger [1] can be caused by both 
methods. On the one hand, an improvement in accuracy 
of the thermal expansion measurements seems to be 
necessary. On the other hand, in the analysis of positron 
annihilation data, the temperature dependence of F:~ 
[9, 10] should be better known as well as the temper- 
ature dependence of O-IV [2, 8] and 21 [-7] should be 

taken into account. However, apart from this, we 
believe that the analysis of data, undertaken in this 
paper, and their results help us for a better understand- 
ing of positron annihilation at vacancies in thermal 
equilibrium. 
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