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Positron-annihilation lifetimes were measured in pure aluminum and in aluminum-1. 7
at.~la zinc at temperatures between 20 and 550'C. The data were analyzed using an ex-
tension of the trapping model to obtain the vacancy formation energy in aluminum I&
=0.62+0,02 eV). Under certain restrictive assumptions the binding energy of vacancies
to zinc atoms in aluminum was found to be E&=0.019+0.004 eV. A relaxation of these
assumptions yielded only an upper bound (Es & 0.04 eV) .

A complete understanding of defects in metals
requires knowledge of the sign and magnitude of
the interaction between vacancies and impurities.
Until recently it has been generally assumed that
vacancies and impurities are bound to each other,
but the experimental values of the binding energy
in a given alloy can vary from 0.0 to 0.5 eV.
There has been a growing feeling that the larger
values are incorrect because they were often ob-
tained by quenching techniques where vacancy
and impurity clustering effects could lead to
higher apparent values for the binding energy.
On the other hand, the only equilibrium measure-
ments to date have been performed at high tem-
peratures where vacancy clustering causes dif-
ficulties. "

Positron-annihilation methods eliminate the
problems mentioned above because they are per-
formed in equilibrium at temperatures where the
vacancy concentration is much lower. Positrons
have been shown to be quite sensitive to vacancy-
type defects in metals, ' and details of the annihi-
lation process have been used recently to deduce

the vacancy formation energy in aluminum (E~
=0.66+0.04 eV) using 2-y angular-correlation
methods. '

In this Letter we report the use of positron-an-
nihilation lifetimes to measure the binding energy
of vacancies to zinc atoms in aluminum. We
show for the first time that it is possible to ex-
tend the trapping model to include the effects
caused by the presence of vacancy-impurity com-
plexes. As a consequence of this inclusion, the
vacancy-impurity binding energy is extracted
from the analysis. Because of the lom concentra-
tion of vacancies at the temperatures employed,
analysis of the data also has been extended to in-
clude the contribution to positron trapping that
arises from dislocations.

Standard delayed-coincidence lifetime measure-
ments were made using —,'-in. cylinders of KL-
236 plastic scintillator, RCA 8575 photomulti-
pliers, and integrated-circuit constant-fraction
discriminators. ' Instrumental resolution was
typically 0.240 nsec full width at half-maximum
for a Co' source with energy windows set at
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0.85-1.28 and 0.34-0.51 MeV. Aluminum of
99.9999/c purity from Cominco, inc. and alumi-
num-l. v at.$ zinc produced by the Materials Re-
search Corporation were the specimen materials.
The samples were made by electron-beam weld-

ing two pieces of specimen material, with Na'2Cl

sandwiched between them. After a 600'C anneal
in vacuum for 12 h, the data for the temperature
range 20-550 C were accumulated. The samples
were not handled after the anneal.

The vacancy-formation and binding energies
were determined from least-squares analysis of
the positron-lifetime data. Initially the conven-
tional method of positron-lifetime analysis de-
scribed below was used, but in order to fit the

data more precisely a number of modifications,
which mill be discussed, were necessary.

The trapping models " relates the behavior of
positrons to vacancy-type defects in the metal by
first assuming that positrons become trapped at
a rate ~ which is proportional to the concentra-
tion of defects, and further that a positron in a
trap annihilates at a rate A.„while a positron in
the lattice annihilates at a rate A, Using these
assumptions we can write a set of simple rate
equations for n, (t) and n2(t), the number of trapped
and free positrons, respectively.

dn, /dt = —X,n, + anm, dn2/dt = —X~s —zn2.

These two differential equations can be solved for
the time distribution of the annihilations,

P(t) = — ' ' = '
(A.,~ exp(- A.,t)+ (A.,—X,)(Z, + ~) exp[- (z, + ~)tJ),d(n, + n,) 2V,

Ag+ K

where the solution has been normalized so that

Ao is the total number of observed events. '
The conventional method of extracting informa-

tion from positron-annihilation lifetime data is
as follows. If the defects are assumed to be
thermally induced vacancies only, then the trap-
ping rate is given by

z = pc = y.c, exp( Ez/kT), —

where c is the atomic fraction of vacancies, tt
and cj are constants, and EJ,. is the energy re-
quired to form a single vacancy. The annihila-
tion rate in the perfect lattice, A.

„

is obtained by
assuming that at low temperatures P(t) is a sin-
gle exponential with rate A.2. The annihilation
rate in a vacancy trap, A,

„

is obtained by assum-
ing that at high temperatures P(t) is again a sin-

TABLE I. Results of data analysis.

Parameter

x'/,

1/y.
&

( nsec )

i/i (nsec)1

&s ($)
i/X (nsec)

S

4~ i (nsec)

EF (e&)

(eV)
~ 1

p c1 (nsec )

pc (n3ec )

(cm )

Conv ntional
Yie thod

2.50

0.160-0.1'70

0.20o-o. 250

4-8

0.450-0.550

0.240-0. 250

0.50-0. "t)'0

Plod. if 1ed.
Re solut 1on
Function
Inc iud. ed

2.00

0.16~+0.003

0.202+0. 004

0.4 50-0.550

0.190-0.210

0.50-0. '$0

Temperature-
Independent

Defects
Included.

1.02

0.160+0.002

0.203+0.002

4.V+0. 3

o.56o+o. o1o

0.190-0.210

0.62+0. 02

4.31x10

0.42+0. 0~

10x10

Alum'. nu~~-i. 't at.$ Zinc

Impurity
Effects
Included

1.10

O. 160+0.001

0.243+0. 00k,

5.2+0.2

0.585+0.O0P

0.190-0.205

0.62 fixed.

o. 019+0.004

4.31x10~ fixed

0.25+0. 05

5x10

~+ uncertainties are 1 standard deviation.
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gle exponential with rate A, At intermediate tem-
peratures ~ is adjusted by least squares while A.,
and A., are held fixed. En order to be of the same
form as real data, P(t) is folded with an instru-
mental resolution function G(t), which is assumed
to be a Gaussian,

400

I

oC

300 200

R(t") =f G(t' t") exp(t-'/r~) dt'

+ JG (t'- t")exp(- t'/r~) dt', (5)

where vL, and T~ characterize the left and right
sides of the resolution function. The results for
pure aluminum using this modification are given
in the second column of Table I. Note the im-
provement in the precision of A., and A., and the
slight reduction of y'/v. (TJ. and r~ were found

to be of the order of 0.040 nsec, as expected
from measurements of the instrumental resolu-
tion using Co' .)

Our second modification to the conventional
method resulted from difficulties in determining
a, unique va, lue for EJ,. Figure 1 shows a plot of
In~ versus 1/kT for pure aluminum using the con-
ventional method. (The results with the modified
resolution function are similar. ) Because of the
curvature, E„varies from 0.50 to 0.70 eV de-
pending upon which region is used for a straight-
line fit. The flattening off at low temperatures
suggests the presence of temperature-indepen-

x exp[- 4 ln2(t '- to) 2W, » 'J .

The full width at half-maximum, lV,», and the
centroid to are adjusted in the analysis process.
The component due to positron annihilations in
the source is of the form

(4)

and is determined from the low-temperature data
and subtracted out of all higher-temperature data.
The formation energy I;~ is determined from the
slope of the graph of in~ versus 1/kT.

Our results for pure aluminum using the con-
ventional method are given in the first column of
Table I. Dashes are given where values were
found to vary. Note the value of 2.50 for y'/v
(y2 per degree of freedom), which is much larger
than 1.00 indicating poor agreement between the
theory and the data.

Our first modification of the conventional meth-
od was intended to lower y'/v and to increase the
precision of the fitted parameters. A Gaussian
was folded with a double-sided exponential to
give the instrumental resolution function

tLII-
2

K

z'

I

I—

20 25
I/kT, eV

FIG. 1. Besults using the conventional method of
analysis. Note the Qattening off at low temperatures.
The straight line is a least-squares fit over the range
20-400'C and yields E& 0.64 eV.

l5

dent defects such as dislocations. To include
this in our model we modify Eq. (2) by adding a
constant term to obtain

a = p c = p[c, exp(-EJ, /kT) + co]. (6)

It then becomes impossible to determine A., as be-
fore since at low temperatures there are still
two components to P(t). In order to overcome
this difficulty, the lifetime data for all tempera-
tures were analyzed simultaneously using Eqs.
(1), (4), (5), and (6) as the fitting function. The
results of this analysis for pure aluminum are
given in the third column of Table I. Note that
the fit is significantly improved as indicated by
X2/v=1. 02. Our data yield a formation energy
for single vacancies in pure a,luminum of 0.62
+0.02 eV. Previous values deduced from non-
equilibrium and high-temperature equilibrium
experiments yielded values between 0.71 and
0.86 eV."'2 However, a recent reexamination
of these experiments on aluminum led to a value
of 0.65 eV when effects of clustering were recon-
sidered. " More recently, the positron-annihila-
tion results of McKee et al. gave 0.66+0.04 eV.'
These results along with the ones reported here
lend support to the significantly lower value for

In order to get a physical feeling for the con-
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stant term in Etl. (6), we make the following or-
der-of-magnitude calculations. Using the value
of c =6&&10 ' at 450'C from simultaneous length-
change-lattice-parameter experiments, "we ob-
tain c0=10&IO '. If we assume a dislocation to
be a string of single vacancies, we can obtain an
equivalent dislocation density

ps = cox (number of atoms cm ) = 10x 10' cm s.

Another way of interpreting the constant term

comes from data on deformed aluminum, which
indicate that p.co=0.42 nsec ' corresponds to
0.2/&& deformation.

%e now have a method for analyzing pure-alu-
minum data which gives a good fit and a unique
value for E, and ax e therefore in a position to
analyze data from identical measurements on
aluminum-1. 7 at.$ zinc.

To include the effects of impurities so as to
deduce Es, the binding energy between a vacancy
and an impurity atom, we modify Etl. (6) to
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n = )Ic = )I (cI((l —12i,) exp(-Es /1sT) +12i,exp[- (EI, Es)—/hT])t+ c,),
where we have replaced the Boltzmann factor by
the term in braces, io being the impurity concen- independent defects.
tration»' Several assumptions are inherent in
Eq. (7}: (a) p, is temperature independent and the
same for isolated vacancies, impurity-vacancy
pairs, and dislocations, and (b) all impurities are
isolated and do not interact with one another (the
Zn concentration is within the solubility limit
over the temperature range employed). Using
Eqs. (1), (4), (5), and (7) as our functional form
and holding p, c» and Ez fixed at the values ob-
tained from pure aluminum, we obtain the results
given in the fourth column of Table I, in particu-
lar E~=0.019~0.004 eV. Under the less restric-
tive assumption thai p.c, is not held fixed the val-
ue of E~ is only bounded from above and negative
values are not excluded (i.e., Es&0.04 eV). The
results of recent tracer-diffusion measurements
by Peterson and Rothman led them to conclude
that the binding energies of vacancies to non-
transition-metal impurities in aluminum are ef-
fectively zero. They suggested that the nonzero
values derived from quenching and ageing experi-
ments were affected by clustering. We are led
to similar conclusions by our results.

In summary, we have found that the vacancy-
formation energy in aluminum is 0.62 + 0.02 eV
and that there is essentially no binding between
vacancies and zinc atoms in aluminum. In addi-
tion, by including temperature-independent de-
fects in our model we can improve the fit to the
data significantly. N'e have shown that positron
annihilation is a useful tool which overcomes
many difficulties of other methods and allows a
precise measurement of binding energies.

We would like to thank Richard Siegel for dis-
cussions concerning the presence of temperature-


