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Temperature Independence of Positron Trapping by Vacancies in Gold*
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Experimental data are presented which indicate that the trapping rate of positrons per
unit vacancy concentration in gold is temperature independent.

The temperature dependence of positron trap-
ping by vacancies in gold has been directly mea-
sured. The results show that below O'C the pos-
itron trapping rate per unit vacancy concentra-
tion is independent of temperature. From the
same data, but less directly, it appears likely

that temperature independence continues up to
at least 650'C.

The importance of this result arises from the
increasing use of positron trapping to determine
vacancy-formation energies E„ in metals. ' The
temperature dependence of trapping must be
known if E„ is to be evaluated with an accuracy
of better than about 10/p.

The method was to fix the concentration of va-
cancies in gold, by quenching, and then to mea-
sure the positron lifetime at nitrogen and ice
temperatures. The gold foil, of 99.99% purity

from Johnson and Matthey, 0.4x0.6X0.010 in. ',
was prepared by annealing for 4 h at 950'C in air
and slowly cooling over about 12 h to room tem-
perature. It was then etched. These pieces were
clamped at each end in a light frame and quenched

from 650'C by plunging them end first into water.
The quenching rate was observed to be about 0.5

~10 'C per second for the first 125' while the
foil was still in air and about 3&10 C per sec-
ond thereafter in water. After quenching, these
specimens were etched for a few minutes at room
temperature and placed immediately in the ap-
paratus which cycled them between ice tempera-
ture and 100 K. The few minutes at room temper-
ature and the several hours at iee temperature
and below during data collection should result in

no significant annealing of monovacancies. ' The
change in positron lifetime between two fixed
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The positron trapping rate ~„ is easily shown
to be given by ~„=P„/7z (1 —P„), where C„ is
the fractional concentration of vacancies. ' The
temperature dependence of p, the trapping rate
per unit vacancy concentration, can be obtained
by differentiating the above equations to obtain
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FIG. &. Typical variation of positron lifetime in gold
cycled between the two temperatures shown for an-
nealed and quenched specimens. The centroid-shift
technique used was designed to measure small changes
in mean lifetime, not an absolute value. The scale of
the ordinate is thus relative; picosecond units are
marked. Statistical standard deviations are shown.

temperatures is shown in Fig. 1. Each point is
the result of about 1 h counting time, and the ap-
paratus required about an hour for a temperature
change. The data were obtained by observing the
shift in the centroid of the positron decay distribu-
tion as a function of temperature, a technique
that yields quickly an accurate value of the change
in mean positron lifetime. It can be seen that
the mean life of positrons in the quenched gold
at ice temperature is 2.3+ 0.4 psec longer than
at 100'K. For comparison, data from an annealed
(12 h at 950'C) gold foil shows that the positron
mean lifetime in gold at ice temperature is 2.2

+ 0.3 psec longer than at 100'K. The change in
lifetime of positrons in annealed gold yields di-
rectly the effect of lattice expansion because the
equilibrium concentration of vacancies is negli-
gible at these temperatures. The gold specimen
containing quenched vacancies shows essentially
the same temperature dependence due to lattice
expansion [(2.3 + 0.4) —(2.2 a 0.3) = 0.1+ 0.5 psec],
implying directly no additional temperature de-
pendence attributable to the trapping rate. ' In
what follows we describe the theory of the exper-
iment and discuss the significance of the results.

The mean positron lifetime is 7 =T„P, + rz (1
—P„), where r„ is the lifetime of positrons
trapped in vacancies, Tf the lifetime of free pos-
itrons, and I'„ the fraction of positrons trapped
and annihilating in the vacancies. The value of
the mean lifetime corresponds to the observed

The absolute values of 7„, Tf, and ~ had to be ob-
tained from a slope analysis of the lifetime spec-
tra of positrons decaying in the quenched and the
annealed specimen. From these measurements
we obtained T„—7& = 60+ 10 psec and 7 —7& = 13+ 2

psec. The value of the dimensionless last factor
on the right-hand side of Eq. (1) is thus about 6
and is relatively insensitive to the value of T.
From the data of Fig. 1 we saw that the change
in mean positron lifetime, apart from thermal
expansion, was S7'/~T =0.1+ 0.5 psec/175'C.
From additional data and systematic uncertain-
ties, we suggest that the probable error in the
above should be increased to about 1 psec. Thus
we conclude that if p. varies as T" over the tem-
perature range involved, n =0.01+0.i.

The trapping centers for the positrons are ex-
pected to be mostly monovacancies because of
the low quench temperature. A 1-h anneal at
300 C of the quenched specimen removed all evi-
dence of positron trapping, thus indicating a neg-
ligible contribution from quench-induced dislo-
cations.

Information about the temperature dependence
of positron trapping at higher temperatures can
also be deduced from the data. The change in
mean lifetime T in the specimen, measured when

quenched and then when annealed, was 14 psec.
This value should be compared with the results
of Fig. 2 where we show the mean positron life-
time for equilibrium measurements in gold. It
can be seen that between 0 and 650'C the mean
lifetime changes by approximately 32 psec.

The difference between the 32 psec and the 14
psec is, in part, due to 8 psec from the lattice
expansion discussed above. The remaining 10
psec can be attributed to either imperfect quench-
ing, a temperature dependence of p, , or a com-
bination of both. If we assume, rather unrealis-
tically, a perfect quench from 650'C, the temper-
ature dependence of p. would be described by p,

~T~'. However, in view of the slow cooling rate
for the first 125'C, a perfect quench is certainly
not realized and a vacancy concentration corre-

635
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FIG. 2. Mean lifetime of positrons in gold (in ther-
mal equilibrium) as a function of temperature. The cen-
troid-shift method was used to measure the changes in
mean lifetime with the accuracy indicated by the statis-
tical standard deviations. A slope analysis of data at
O'C was used to fix the absolute scale of lifetimes with
somewhat lower precision.

sponding to a considerably lower effective quench
temperature would be expected. If p. were rea. lly
temperature independent, Fig. 2 shows that the
effective quench temperature would be 600'C.
Thus it is reasonable to assume that most, if not
all, of the 10 psec should be attributed to imper-
fect quenching and little, if any, to a temperature
dependence of p,.

The experiment has thus shown that at low tem-
perature, with a fixed concentration of vacancies,
positron trapping is not a function of tempera-
ture. Assuming thermalization of positrons, this
result shoms that p, is independent of temperature,
thus excluding both T' ' and T 'I' behavior which
have been predicted. ' The same temperature in-
dependence would be expected at higher tempera-
ture, and the experimental data support this con-
clusion.

Some of the variety of predicted behavior of
p(T), or equivalently p(velocity), arises from
different assumptions about the strength of the
positron-vacancy interaction. A simple argu-
ment shows that a positron can interact with at
least 100 vacancies before capture. ' Thus the
interaction may be considered weak. This, of
course, is assumed in the calculation by Hodges, '
which yields no velocity dependence based on his
picture of a positron wave function spread out
over a large volume encompassing many vacancy
sites. A similar result may be obtained from a
cross-section picture of a localized positron

mhere the cross section far from resonance has
an inverse-velocity dependence. Thus the prod-
uct with positron flux is velocity independent.
Such a cross section is usually interpreted as
meaning that the probability for capture is pro-
portional to the time the particle spends near
the capture site.

It is interesting to speculate that if the second
energy level' for the potential mell is either a
weakly bound state or a low-lying resonance in
the continuum, then the velocity dependence might
be very strong. However, an inspection of the
known values of p, compared with the calculated
potential mell depth, ' does not show much of a
trend. Since the condition for a second bound

0
state of a square-well potential of radius a-1.5 A

and depth V, 2 Vma'/I' & n', implies a potential
greater than about 15 eV, it is unlikely that trap-
ping by monovacancies in metals should show a
resonance capture process. Thus the tempera-
ture independence of positron trapping mhich me
have measured for gold will probably apply to all
metals.
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