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Temperature tlepentience of the rate of positron trapping by vacancies in gold*
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Positron lifetimes were measured in high-purity gold in order to study the temperature dependence of
the monovacancy-positron specific trapping rate, defined as the positron trapping rate per unit
monovacancy concentration. In all cases a positive temperature dependence was found. Equilibrium
experiments alone yielded a temperature dependence of T over the temperature range 673-1033
K. Experiments which combined quenching and equilibrium measurements indicated a temperature
dependence of T .~+0' between 243 and 1033 K. Additional measurements at lower temperatures
indicated that a positive temperature dependence continues down to 115 K.

I. INTRODUCTIOTi

Positron annihilation holds much promise as a
technique for measuring vacancy concentrations in
metals, . According to the trapping model, ' which
describes the behavior of positrons in metals con-
taining vacancies, the monovacaney-positron trap-
ping rate v«(T) is given by a constant times the
monovaeancy concentration, i. e. ,

~«(T') = u«(&) &g, (&).

Recently, there has been a growing interest in
the temperature dependence of the parameter LU, &~,
which we calI the monovacancy-positron specific
trapping rate. The temperatux'e dependence of p,~~
must be known if the monovaeancy-formation ener-
gy E« is to be deduced from measured values of
the positron trapping rate, using the relation

g (T') = p (y) e~sv~" e s«~"r

where $,~ is the monovacancy entropy of forrna-
tion.

At least three possible temperature dependences
for the specific trapping rate have been proposed
on theoretical grounds. Several groups have sug-
gested that the specific trapping rate is proportion-
al to the thermal velocity of the positron, which
leads to the prediction that p,,~ increases as 7'~2.
A second argument, based on the assumption that
the positron behaves as an extended wave packet,
predicts that p, ,~ is temperature independent. 3 A
third proposal, based on positron-phonon scatter-
ing arguments, predicts a T '~~ dependence. 4

Most often, for simplicity, experimental results
have been analyzed assuming that the specific trap-
ping rate is temperature independent. Previously

reported experimental evidence concerning the
temperature dependence of p, ,l, has been inconclu-
sive. Connors, Crisp, and West have reported
that experiments on cadmium support a T '~3 de-
pendence but then have suggested that this may
have been an artifact of their experimental proce-
dure. McKee, Stewart, and Jamieson have per-
formed experiments on quenched gold which indi-
cated that there is a negligible temperature depen-
dence in the specific trapping rate between liquid-
nitrogen temperature and ice temperature. Recent
experiments by Petersen, Thrane, and Trumpys on
voids in molybdenum and aluminum indicate a posi-
tive temperature dependence in the void-positron
specific trapping rate.

In this article, we report the results of two types
of experiments on gold, which were performed to
determine the temperature dependence of the spe-
ctfic trapping rate. In the first type of experi-
ment, positron lifetimes were measured in gold
specimens which were heated to temperatures in
the range 673-1033 K, in order to induce a series
of thermal-equilibrium vacancy concentrations.
From these measurements, we deduced the tern-
perature dependence in the specific trapping rate
over the temperature range 673-1033 K, as well
as the value of the specific trapping rate at 1033 K.
In the second type of experiment, the specific trap-
ping rate was determined at low temperatures in
gold specimens which had been quenched from
relatively high temperatures in order to freeze in
a supersaturation of primarily monovacancies and
divaeancies. The absolute vacancy concentrations
quenched in were determined from quantitative
electron-microscopy studies. We will first dis-
cuss the equilibrium experiments and then the

Copyright 1975 by The American Physical Society.



1614 HALL, GOLAND, JAIN, AND SIEGEL

quenching experiments.

II. EXPERIMENTS AND RESULTS
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The experimental methods and the least-squares
analysis of the data for the equilibrium measure-
ments are described in detail in Refs. 1, 10, and
11. Positron-lifetime measurements were made
on specimens of 99. 9999% gold which was heated
to temperatures between 400 and 760 "C. The data
were least-squares analyzed using a relatively
sophisticated fitting program which had the follow-
ing features: (a) Data from all temperatures were
analyzed simultaneously to eliminate incorrect as-
sumptions concerning the positron lifetime in the
lattice and in vacancy traps and to allow for the
possibility of temperature independent traps; (b)
an exponential-sided resolution function, which
closely matches the experimentally observed reso-
lution function, was used throughout the data analy-
sis; (c) the source component was adjusted during
the least-squares analysis; and (d) temperature
dependence in the specific trapping rate of the form
7' coujd be allowed for. Reference 1 contains a
more detailed discussion of the data-analysis pro-
gram and of the results of the experiments on gold
in thermal equilibrium. Those results which are
relevant to the present discussion may be sum-
marized as follows: When the specific trapping
rate was assumed to be temperature independent,
the trapping rate at 1033 K was found to be ~,~
= (24+ 2) && 10 sec '. When temperature dependence
in the specific trapping rate of the form T" was
allowed, an improved fit to the data from measure-
ments between 673 and 1033 K was found-for a tem-
perature dependence of T'"". In this case, the
trapping rate of 1033 K was z,„=(26+ 2) && 10' sec '.

The specific trapping rate, p.,T, , at 1033 K can
be deduced from these results using Eq. (1). The
value of the monovacancy concentration at 1033 K
is taken to be C,» = (6. 2~ 0. 2) && 10 ' which, within
its uncertainties, is consistent with variety of
quenching and simultaneous length change and lat-
tice-parameter data. ' Using v, ~ = 26' 10 sec ',
we obtain for the specific trapping rate at 1033 K

p, ,7, = (42+ 5) &&10' sec . Here the variation of 7027,

with the temperature-dependence parameter x has
been absorbed in the uncertainty in t22v Thus
from the equilibrium experiments, we have ob-
tained the least-squares estimate of the--tempera-
ture-dependence parameter of the specific trapping
rate p.,~ at 1OSS K.

Several experiments were performed on quenched
gold. The specimens for these experiments were
0. 15-mm-thick by 5-mm-wide strips of 99. 999/o

gold obtained from Cominco American, Inc. In the
first of the experiments, as shown in Fig. 1, the
specimen strip was annealed in air at 1203 K for
approximately 1 h to remove impurities, equili-
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brated at -1133K, and then quenched edgewise in. to
water at approximately 280 K.

After the quench, the specimen strip was cut into
5-mm squares for the positron experiments and
into smaller pieces for the electron-microscopy
measurements. The electron- microscopy samples
were aged at a temperature of 333 K for l. 5, 4. 0,
6. 5, 12. 0, and 28. 0 h, respectively; an additional
sample was aged for 60 h, with a final aging at 408
K for 1 h. The positron-annihilation sample was
aged successively for these times. Positron-life-
time measurements and electron-microscopy mea-
surements were performed on the respective sam-
ples between the steps in the aging as shown in
Fig. 1. In the course of this aging, the vacancies
quenched into the specimen gradually precipitated
from solution into stacking-fault tetrahedra, '3

The total concentration of vacant sites C~(t) was
determined f rom quantitative transmission- elec-
tron-microscopy measurements in the following
way: After any aging time t, the concentration of
vacant sites that have precipitated into stacking-
fault tetrahedra is given by (—,'a)N(t)L, ,(t), where
N and I.. . are the density and mean-squared edge
length of the stacking-fault tetrahedra, respec-'
tively, and g is the lattice constant. ' The total
concentration of vacant sites remaining in the lat-
tice at any aging time is given by

where N(~) and L2, (~) are the values of N and
I.. . after the specimen has been fully aged and all
of the vacancies have precipitated into stacking-
fault tetrahedra.

In order to analyze the positron-lifetime data
from the quenched-gold experiments, the data-

TIME INTERVAL (NOT TO SCALE)

FIG. 1. Heat-treatment sequence for the positron-
annihilation sample Au-l, Positron-lifetime measure-
ments were made at 243 K as shown. Electron-micros-
copy measurements were made on samples which were
aged in the same sequence omitting the intervals at 243
K.
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analysis techniques described in Ref. 1, which
were used for the equilibrium experiments, were
extended. This was required by the new configura-
tion of the positron source, as well as by the mul-
tiplicity of positron traps in the quenched samples.

The positron source for the experiments on the
quenched specimens consisted of ~~NaC1 sandwiched
between two pieces of 6- p, m-thick Mylar, which
were sealed together with epoxy and an aluminum
clamp ring. ' To allow for positron annihilation
in the source, two additional lifetime components
were least-squares adjusted to each set of lifetime
data. The lifetimes and intensities of the two
source components averaged over all the data sets
were ~„=0.43+0. 05 nsec, I„(21+1)%%uo which can
be associated with annihilations in the sodium
chloride and 7„=1.4+ 0. 2 nsec, I~ =(10+4)%%uo which
can be associated with annihilations in the Mylar
sandwich.

The intensity of the annihilations in the sodium
chloride is higher than is sometimes observed in
positron-annihilation experiments. This is be-
cause the NaC1 was applied as a sequence of very
small drops which were dried onto the Mylar one
after another. This resulted in a rather thick
coating of salt which, in turn, produced the rela-
tively high percentage of positrons annihilating in
the NaC1 source material. %e are confident that
the fitting procedure, which adjusted the lifetimes
and intensities of the source components for each
data set, could successfully separate these rela-
tively long lifetime components from the much
shorter lifetime components which carried the in-
formation concerning the trapping of positrons at
vacancies. Although the source components could
possibly be temperature dependent, this would not
have any effect on the results, since the source
component was least-squares adjusted in each data
set.

In the quenched specimens, there are at least
three types of defects which are positron traps:
monovacancies, divacancies, and dislocations (pri-
marily those of the stacking-fault tetrahedra).

Tests ori synthetic data indicated that it would not
be possible to separate all three defect components
in the data analysis. For this reason, the data
were analyzed using a single total trapping rate

~(T, t) = ~,(T, t) + ~D(T, t),
where

K„(T, t) = P«(T) C«(t)+ P 2 (T)C2v(t)

and

KD(T, ) = p~(T) C~(t)

(Sa)

(Sb)

are the trapping rates at vacancies and disloca-i
tions, respectively. Here p«(T) and pz~(T) are
the specific positron trapping rates at monovacan-
cies and divacancies, respectively, at the temper-
ature at which the positron measurements were
made, and C«(t) and Czv(t) are the concentrations
of monovacancies and divacancies, respectively,
at aging time t. The quantities p~(T) and C~(t) are
the specific trapping rate and concentration, re-
spectively, of atomic sites associated with the
stacking-f ault tetrahedron dislocations. The latter
quantity is calculated from the expression

Any contributions from other dislocations were
taken to be negligible by comparison. . Hereafter,
the specific variables (T, f) will be omitted in the
text for simplicity.

In the least-squares anal. ysis of the positron-
lifetime data, the adjustable parameters were the
total trapping rate I(. ; the effective lifetime of
trapped positrons ~~; the lifetime of free positrons
in the lattice vz, the lifetimes and intensities of
the two source components v~, lj, 7.„, I~; and the
parameters associated with the instrumental reso-
lution function. ' The values of y /v were typically
1.08 with v =1500, indicating a good fit to the data.

The experimental results for the quench-aging
experiments are given in Table I. The values of
C~ and ~ are the best-fit results of the electron-
microscopy and positron-lif ctime measurements,

TABLE l. Results for quenched specimen Au-l.

Aging
time t

(h)
(t)

(nm) 10' C,(t) 2C„/C„
x(g, g)

(109 sec ~)

f(D g', t)
(109 sec ~) (109 sec ~)

0
1.5
4 0
6, 5

12, 0
28, 0

0
25 +2
34+ 4
43+3
47+3
50+ 5
55 +2

9.8+0.8
8.9+0.8
7.6+0.9
6, 3+1.3
3.7 +1,4
1.9+1.4

0

0. 75
0. 96
0. 96
0, 96
0. 95
0. 93

6. 3 + 0. 5
5.6+0.5
3.5+0.6
3.3+0.5
I.1 +1, 0
1,7+0.5
0. 7 + 0. 6

0
0. I +0.1
0. 3+0.2
0, 3+0.3
0. 5+0.5
0. 7+0.6
0. 7+0, 6

6.3+0, 5
5. 5 + 0. 5
3.2+0, 6
3.0+0. 6
0.6+1.1
1,1+0, 8

0

+60 h at 333 K+ I h at 408 K.
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respectively. The values of ~D in the table were
determined as follows. In the fully aged samples,
x~(~) was taken equal to the value of ~ deduced
from the lifetime measurements. The correspond-
ing value of Cn(~) was obtained from the electron-
microscopy studies of fully aged samples. From
Eq. (3c), the ratio zn(~)/Cn(~) yields a value of pn
=(12+ 10) x10'~ sec '. This value may be compared
with that of 8&10 sec found by Cotterill et al. 4

for dislocations in quenched aluminum. Within the
experimental uncertainties, the two results appear
to be consistent. Assuming that JLt~ is a constant,
and inserting its value into Eq. (3c) together with
the measured values of C~ for intermediate aging
times yields intermediate values of ~~. Subtracting
these values of zo from the measured values of ~

gives, according to Eq. (3a), the trapping rate zv
associated with vacancies only.

Since the electron-microscopy experiments can
determine only the total concentration of vacant
sites Cv(t) = C,„(t)+2czv(t) but cannot separate the
relative concentrations of monovacancies and di-
vacancies, it is necessary to make a theoretical
estimate of the amount of divacancy formation in
the quenched specimens in order to determine val-
ues of tj«(T). The fraction of vacant lattice sites
in divacancies 2C2»(t)/Cv(t) was estimated for each
aging time by calculating a numerical solution to
the time-dependent differential equations which de-
scribe divacancy formation, " using the value E~v
=0. 38 eV for divacancy binding energy. ' The cal-
culated values are given in Table I.

We can rewrite the expression for the trapping
rate at vacancy defects vv in Eq. (3) as

&v = &tv Cv(1 —P),

where

(4)

Thus, if we know the ratio gzv/2p, ,v, we can de-
duce p, «(t) from the experimental results, since
all the other quantities are known. Very little is
known about the specific positron trapping rate at
divacancies p,~~. However, since a single diva-
cancy must be at least as effective at trapping
positrons as a single monovacancy, i. e. , p,2~ ~ p.&,
then 1- tL~»/2tL~» & 0. 5. Thus, taking p2»= tL&v in
the expression for p will give an upper limit on p,«
at low temperatures, which is required if we wish
to establish a lozvez limit on the temperature de-
pendence of this specific trapping rate.

An evaluation of the monovacancy-positron spe-
cific trapping rate tJ«(T) was made by substituting
the values in Table I into Eq. (4) and assuming p2»

A best-fit value of tj.,v(243 K) = (10+ 1) x 10'~

sec ' was obtained. This value is much lower than
the value of the specific trapping rate which was
deduced from the equilibrium experiments at high

I I I
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TA= 555 K
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FIG. 2. Rate of positron trapping by vacancies as a
function of aging time. Data points were deduced from
positron-lifetime measurements, and solid curve is Eq.
(4) with @2&=@&&and p&~= (10+1)&&10' sec '. C„values
were taken from Table I.

When the above results were first reported,
they were found to be inconsistent with measure-
ments of McKee, Stewart, and Jamieson, ' whose
results indicated that the positron trapping rate in
their quenched-gold specimens did not change when
the temperature was cycled between ice tempera-
ture and liquid-nitrogen temperature. Two possi-
ble explanations for this discrepancy were con-
sidered: The first was that in our quenched speci-
mens the positrons were sampling only a denuded
region near the surface (which occurs as a result
of vacancy losses during the quench), and that this
lowered the apparent trapping rate. The second
was that the temperature dependence of the spe-
cific trapping rate levels off at low temperatures
so that there might be, for example, a large
change between 1033 K and ice temperature, and
no change between ice temperature and liquid-ni-
trogen temperature.

To determine whether positrons might have been
sampling only a denuded region near the surface
rather than the bulk material, comparison mea-
surements were made at 243 K on an electropol-
ished and a nonelectropolished sample cut from a

temperatures, p, ,v(1033 K) = (42+ 5) x 10" sec '. '
If we assume that this difference is associated with
a temperature dependence in p«(T) of the form
T", we find that the temperature dependence in
p«(T) is T'. ~ '. In Fig. 2 is shown the depen-
dence of the positron trapping rate v~ upon aging time.
The data points were determined from positron-
lifetime measurements by subtracting the values
of zD, as previously explained. The solid curve
is the expression for zv given in Eq, (4), assuming
P2»=P, «, and P.,»= (10+1)x10' sec '. The Cv
values used are those given in Table I.

III. DISCUSSION
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TABLE II. Comparison of results for quenched-gold specimens Au-l, Au-2, and Au-3.

Specimen
Number

Approximate

~Quench
{K)

1073
1073

1073
1073
1073

Aging
time t

{h)

1.5
1.5

Fully Aged

{nm)

29 +2
29+2
29 +2

6.4+0.7
6.4+0, 7

6, 4+0. 7

4.5+1.0
4, 5+1, 0
4.5+1.0

0. 96
0. 96

c

0.64
0.64
0. 64

tc{T",t)
{10~ sec"~)

6.7+0.5'
5.5+0. 5b

c, d

S.4+1.0'

5.5+0.S'
7.S+0, S~

S.9+1.0'

I fV{~meNN)
{10~3 sec ~)

~Electropolished after quench.
"Not electropolished.

OSpecimen Au-1 stepwise aged. See Table I.
Not electropolished, but ~ shown has been corrected upward 20%.

a single piece of specimen material which had been
quenched from -1073 K. The electropolishing
served to completely remove the region denuded
of vacancies during the quench. The results for
this experiment on specimen Au-2 are shown in the
first and second lines of Table II. It can be seen
that the electropolished specimen (first line) has a
20%%uo higher trapping rate than the nonelectropol-
ished specimen (second line). For example, this
effect is consistent with values of 10 p, m for the
positron r'ange and 2 IL(.m for the depth of the de-
nuded zone near the surface. The temperature de-
pendence deduced from the quench-aging experi-
ments on specimen Au-1 should therefore be cor-
x ected for this effect by increasing p.,v at 243 K by
20% to (12+ 1) && 10'3 sec '. This correction changes
the previously deduced temperature dependence
from r'~" to I' "". It also has the effect of
changing the vertical scale in Fig. 2, but this does
not alter the relative agreement between the data
and the solid curve. Thus, we can conclude that
the idea that the positrons were sampling only a
denuded zone near the surface cannot account for
the positive temperature dependence in the specific
trapping rate which we have observed.

We also tested the idea that the temperature de-
pendence levels off at lom temperatures. Positron
lifetimes wexe measured at room temperature
(298 K) in an electropolished sample from speci-
men Au-2. The results are shown in the fourth
line of Table II. The temperature dependence in
p,«, deduced from the measurements on specimen
Au-2, was found to be Ti.e~.o between 243 and 298
K. It is of interest to note that in the previous
measurements the specimens were cooled to 243 K,
and that x remained constant, indicating that, as
expected, the vacancies were frozen in at 243 K.
At 298 K, however, rc was found to decay at a rate
of 0. 5+ 0. 2 day ', indicating that vacancy annealing
was occurring. This made it necessary to ext ap-
olate to zero time the value of z measured at 298

I
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I
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I
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I

200
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eOO 6OO IOOO

T (K)
FIG. 3, Specific trapping rate as a function of tem-

perature.

K. In contrast to this, McKee et al. observed no
annealing duxing their measurements which were
made at ice temperature. This lack of recovery
suggests that vacancies axe immobile at ice tem-
perature or that these authors may have been mea-
suring effects arising either from dislocations in-
troduced during their quench, or from vacancy pre-
cipitates in their relatively impure material. '

In order to further investigate the temperature
dependence in p.,v at low temperatures, positron
lifetimes were measured at 115, 243, and 298 K
in a third specimen Au-3 quenched from -1073 K.
The results of these measurements axe shown in
the last three lines of Table II. The temperature
dependence of p, &v between 115 and 298 K for this
specimen is well described by T '~0'3.

The deduced values of p. q„a.s a function of tem-
peratux'e for the vax'ious specimens are plotted in
Fig. 3. We see that although there is consistently
a positive temperature dependence either mhen
quenched specimen results are compared with the
equilibrium results or when: results for each spec-
imen are considered individually, there is a vari-
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TABLE III. Lifetime in the lattice v'& and lifetime in
the vacancy trap v'& for various temperatures T.

T
(K)

115
243

673-1033

7g
(10 ~2 sec)

95+ 5
110+8
121 +2

(10-" sec)

220+20
210 +6
210+2

ation among the quenched specimens in the absolute
values of p«(T) obtained. This variation can be
explained in the following manner. It has been
reported that the vacancv concentration deduced

from stacking-fault tetrahedra can be underesti-
mated when the tetrahedra are small (-30 nm). '7

Since the rms size of the tetrahedra in the various
states of specimen Au-1 was generally greater
than 30 nm, while for specimens Au-2 and Au-3

L, , was 22 and 29 nm, . respectively, it is probable
that the absolute vacancy conentrations for Au-2

and Au-3 were underestimated. No such problem
is likely to have occurred with specimen Au-1.
Furthermore, the value of pq„(243 K) deduced

from Au-1 resulted from six independent sets of

measurements of x and C~. For these reasons,
the absolute value of p.,~ determined from speci-
men Au-1 is considered to be more accurate than

those from specimens Au-2 and Au-3. Neverthe-
less, the results obtained for specimens Au-2 and

Au-3 individually concerning the positron range
and the temperature dependence of p, ,~ at low tem-
peratures are still valid, since only relative values

of ~ and C~ were required. It is also important to

point out that the microscopy of these specimens
provides a lowe~ limit on C~, and hence a louver

limit on the temperature dependence of p.«ob-
tained by comparison with the equilibrium results.

We wish to make a final comment concerning
the temperature dependence of the positron life-

time in the lattice vz and the lifetime in the vacan-
cy trap ~~. In the least-squares analysis of the
positron-lifetime data, the values of 7~ and z~
were adjusted independently for each temperature.
The resulting values for v~ and v~ as a function of
temperature are shown in Table III. The lifetime
in the vacancy trap appears to be temperature in-
dependent within the uncertainties, but the lifetime
in the lattice appears to have a slight temperature
dependence of (3+ 1)x10 ' secK '. This repre-
sents a fractional change in the lifetime of (3+ 1)
&& 10 4 K ', which is about seven times the coeffi-
cient of volume expansion, thusprecluding a simple
correspondence between lifetime change and vol-
~me change.

IV. CONCLUSIONS

We find that the equilibrium results alone indi-
cate a temperature dependence of p, ~ of T '~o'2

over the range from 673 to 1033 K. The results
from a comparison of the most accurately charac-
terized quenched specimen Au-1 with the equilibri-
um measurements indicate a temperature depen-
dence of 7 '~o' between 243 and 1033 K. The re
suits of measurements over the low-temperature
range from 115 to 298 K consistently gave a posi-
tion temperature dependence. Thus, the results
of the equilibrium experiments and the quenching
experiments are in agreement and together strongly
indicate a positive temperature dependence in the
positron specific trapping rate over the entire tem-
perature range from 115 to 1033 K.
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