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The temperature dependence of positron annihilation in aluminum has been investigated over the range
20-435'C by simultaneous measurements of positron lifetime and Doppler broadening of the annihilation

spectrum. The analyses of lifetime data are critically examined, especially with respect to the effects of
instrumental r'esolution-function uncertainties. The lifetime and Doppler-broadening data have been analyzed
in terms of the two-state trapping model. Application of this model to the measurement of the vacancy-
formation enthalpy .E,' in aluminum is discussed in light of the observation of a strong telnperature
dependence of the apparent positron lifetime in the bulk or lattice state above 370'C. The. monovacancy
formation enthalpy in aluminum, F.„=—0.66+0.02 eV, was determined for temperatures below 372'C.
This is compared with values previously reported.

I. INTRODUCTION

The two-state trapping model' ' has served for
some time as the primary description of the be-
havior of the positron in metals containing vacan-
cies, which act as traps for the positron. With
this model it has been possible to proceed in de-
veloping positron- annihilation spectroscopy (pAS)
as a technique for determining the temperature
dependence of equilibrium vacancy concentrations
in metals and, hence, their vacancy formation
enthalpies. However, the way in which the trap-
ping model is applied depends on the type of posi-
tron experiment which is undertaken. In particu-
lar, both peak-counting angular correlation exper-
iments and Doppler-broadening experiments,
whj. ch Ineasure properties of the momentum di.stri-
bution of the annihilating positron-electron pairs,
require a number of assumptions which are not in-
herent to a corresponding positron lifetime exper-
iment.

The present investigation was carried out in
order to study the temperature dependence of pos-
itron annihilation in well-annealed polycrystalline
aluminum. Although pr evious positron-annihilation
experiments' "have been done on aluminum, in
the present work Doppler-broadening and lifetime
experiments were performed on the same sample
at the same time so as to determine if these mo-
mentum and lifetime techniques, each with their
own inherent experimental and analysis problems,
would in fact result in the same quantitative de-
termination of the vacancy-formation enth3lpy in
aluminum. A detailed treatment of lifetime-analy-
sis uncertainties has been undertaken, particular-
ly with regard to the problem of uncertainties in
the instrumental. resolution function. The lifetime
spectra were analyzed extensively and the temper-

ature dependences of the positron lifetimes in the
positron bulk and vacancy states were determined.

II. EXPERIMENTAL METHOD

A, Sample and source

The positron source and sample configuration
used was the mell-known "sandwich" type. The
source was prepared by deposition of -50 p, Ci of
Na."Cl on l mg/cm rolled Ni foil (-l p. m thick).
An envelope was formed by folding the Ni foil in
such a way that the source w3s covered from both
sides by only one layer of Ni. This source re-
sulted in a peak-to-background ratio of -630. The
source was deposited from a neutral water solu-
tion in such a way as to minimize the areal densi-
ty of the dried sa.its. The source correction (2%
intensity) was similar to that obtained with weaker
sources deposited by the same technique. The
count rate depends on both source strength and

geometry factors. The sample chamber permitted
the detectors to be placed a minimum distance of
-]..75 cm from the sample. The singles count rate
(-30 kHz) was measured by observing the rate of
discriminator events from the Argonne constant-
fraction units. These di. scriminators, the so-
called "arming levels" of the constant fraction
units, were adjusted to be just above the noise
level of the anode output of the photo tubes. A
number of possible count-rate problems were con-
sidered. It is important to note that the count rate
remained constant throughout the experiment, thus
eliminating the effects of many possible problems.
In addition, electronic studies of the resolution
properties of the time-to-amplitude converter
showed no measurable broadening at these count
rates. Moreover, the instrumental resolution
function eventually determined for our equipment

3444



MEASUREMENTS OF THE VACANCY FORMATION ENTHAI. PY. . .

with this source was in agreement with, the resolu-
tion function obtained with sources of about half
of this strength. Pile-up rates at the fast discrim-
inators were calculated and found to be negligible, .

based on an anode pulse width of -12 nsec mea-
sured at 10% maximum of the peak. Pulse pile up
at the side-channel discriminator system was
minimized by using delay-line shaped pulses of
width -300 nsec measured from 10% of peak height
to the crossover point.

Two polycrystalline aluminum samples with di-
mensions of 2.5 x 1 && 0.05 cm were prepared from
nominally 99,9995 wt. % pure Al supplied by the
Materials Besearch Corporation. The samples
were chemically etched in concentrated NaOH,
rinsed, and annealed on quartz flats at 7 &&10 '
Torr at 500 'C.for 20 h and then slowly (over -8 h)

cooled to room temperature under vacuum. The
Ni source envelope was placed between the two Al
samples and the entire sandwich was clamped at
one end between two halves of a solid Cu cylinder
such that the source was -1 crn from the end of
the clamp. The entire assembly was then placed
in a high vacuum chamber and subsequently an-
nealed Az situ at 435'C for 23 h. The sample re-
mained in the vacuum chamber, . at pressures
&10 ' Torr, for the remainder of the experiment.
The temperature of the sample was continuously
monitored, and was maintained at each measUre-
ment temperature to better than +1 'C.

B. Counting systems

The Doppler-broadening measurements were
made with an intrinsic germanium detector, with
resolution of -1.1-keV FWHM (full width at half-
maximum) at 514 keV. Signals were passed to a
main amplifier and a gated biased amplifier, both
of which were maintained at constant temperature
(+0.1'C) during the experiment. The lifetime sys-
tem was of the fast-sldw coincidence type using
1.9-crn-diam. by 1.9-cm-thick Pilot-U plastic
scintillators" coupled to fast high-gain phototubes.
Suitable shaping of the anode signals was used to
provide amplitude risetime compensation (ABC) to
the constant-fraction discriminators. Side- channel
selection was derived from delay-line-shaped dy-
node signals using modified Ortec delay-line am-
plifiers. The side channel windows were operated
at -70% of their maximum width. The ability to
operate with wide windows while achieving good
resolution, -244-psec FWHM, was a result of the
ABC along with the high gain of. the phototubes. As
with the Doppler-broadening measurements criti-
cal components (fast discriminators and the time-
to-amplitude converter) were maintained at con-
stant temperature.

C. Data acquisition

Data from both the lifetime and Doppler-broaden-
ing apparatus were digitized in analogue-to-digital
converters coupled to a digital computer. At each
sample temperature histograms were constructed
in the computer core. At the end of a short time
interval (200 sec for the lifetime and 300 sec for
the Doppler broadening) the histograms, identifi-
cation information, sample. temperature, and the
temperature of the electronic components were
dumped to magnetic tape. The information. from .

these microscopic experiments was subsequently
used to correctly stabilize the total experiment
against temperature and pulse-electronic instabil-
ities. Data points reported represent a range of
total counts accumulated from -50000 to -500000.

III. DATA TREATMENT

The presentation of the data treatment falls nat-
urally into two parts, one devoted to the treatment
of the lifetime data, and the other to the treatment
of the Doppler-broadening data. Since the results
observed in the present work with respect to the
lifetime data were unusual and unexpected, it is
necessary that the details of the data analysis
should be described.

The most important problem in the interpretation
of an observed positron lifetime spectrum arises
from the fact that the FWHM of the instrumental
resolution function is comparable to the FTHM
of the annihilation spectrum itself. It is therefore
natural to raise the question of the resolution-
function dependence of the results finally obtained.
The focus of the following is on this resolution-
function dependence, since it can dominate when
compared to other possible errors.

A. Lifetime analysis

In the conventional lifetime spectrum analysis,
one fit the data to a particular physical model,
with variable parameters, which is then convoluted
with a proposed resolution function. The proposed
resolution fun'ction is often obtained from experi-
ments which are performed independently of the
actual lifetime experiment under study. It is
therefore an obligation to prove experimentally
that the proposed resolution function is in fact
suitable for deconvoluting the data at hand. The
X2 sum of the fit is commonly used as the test
criterion for the validity of both the physical mod-
el and the resolution function, and it should cori-
sequently be asked which other resolution functions
would also be acceptable from a X' sum point of
view. This set of possible resolution functions is
thus defined by the actual lifetime data themselves
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and not by the knowledge of the proposed resolution
function. Since the X2 sum is the test criterion in
this procedure, the uncertainty on the actual reso-
lution function should be taken large enough to
raise the p' sum to the significance level of rejec-
tion. This latter has been taken as two standard
deviations in the present work. The effects of
these large uncertainties were incorporated in the
final analysis of the results. However, it should
be realized that the current procedure leads to an
overestimate of the actual resolution-function un-
certainties. In the future it should be possible to
reduce these uncertainties by a simultaneous fit-
ting of the positron lifetime and resolution-function
parameters.

All the lifetime data in the present work were
analyzed using the IOSITBONFfT (extended)" com-
puter program permitting a description of the res-
olution function a.s a sum of two Gaussians with
FWHM of I', and I „relative intensities i, and i„
and a relative centroid shift of t, . Although the
program does not permit fitting of the resolution
function by itself, it was used to determine the
proposed resolution function to be used in all sub-
sequent analyses of the lifetime spectra. The res-
olution function was obtained by analyzing selected
lifetime spectra for different choices of I"» I"„ i»
i„a,nd t, . It was concluded that good fits could be
obtained by varying I, and I, when a suitable
choice of i„ i„and t, was made. A subsequent
search of the i» i» and t, parameters within lim-
ited ranges yielded the same I', and I",. Of course
it would be desirable in the future to include di-
rectly the determination of the resolution param-
eters in the POSITRONFIT program. In the vicinity
of its minimum the X' sum has a quadratic form
in I, and I'„which was subsequently determined.
The resulting proposed resolution function RO, is
represented by the point in the center of the ellipse
in the (1"„1,) plane shown in Fig. l. The ellipse
represents the boundary defined by the previously
mentioned X sum rejection criterion with a rejec-
tion beyond two standard deviations. The resolu-
tion functions A1, A2, R3, and A4, whose repre-
sentations are also shown in Fig. 1, can thus be
considered as limiting cases for resolution func-
tion. AO. All lifetime spectra were analyzed using
these five proposed resolution functions.

As expected, R1 and A3 produced results almost
identical to those of RO. Therefore, the results
using R1 and A3 are not presented, and A2 and R4
will be considered to be the limiting cases in the
subsequent presentation. It should be kept in mind
that R2 and R4 are overestimates of the real res-
olution-function uncertainties, since they are
based upon the X sum rejection criterion. This
will be apparent from Figs. 5 and 6, where vir-
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FIG. 1. I'f l"2 plane illustrating the five resolution
functions applied to the lifetime data. The ellipse repre-
sents the X~ sum rejection criterion.

tually all the points obtained by using RO lie within
the limits defined by R2 and R4. A somewhat
smaller overestimate. of the resolution-function
errors can be deduced by considering the distri-
bution of the X' sums. The observed distribution
is slightly broader than it ought to have been ac-
cording to theory. By neglecting all other possible
chance effects and as so ciating all of the broadening
with resolution-function errors alone, the uncer-
tainty limits obtained are approximately a factor
of 2 less than those found in Fig. 1.

While all of the results reported in this paper
were from analyses of the entire positron lifetime
spectra (full-peak analyses), "off-peak analyses"
were also performed in order to serve as a ver-
ification of the full-peak results. In an off-peak
analysis only a part of the observed spectrum is
analyzed, while demanding that the total area, of
the fitted spectrum equals that of the observed
spectrum. In the full-peak analyses the spectra
were analyzed down to one standard deviation
above the background. For both types of analyses
backgrounds were determined from a, region of
-8 nsec width on the", short-time side" of the peak.
The validity of this background level was verified
by suitable linearity checks of the system. In the
off-peak analyses only that part of the lifetime spec-
trumwhich was approximately one FWHM of RO,
i.e. , -230 psec or -40 jg of the peak-count rate,
greater than time zero was analyzed. The sensi-
tivity to the resolution function was thereby re-
duced, but at the expense of an increased uncer-
tainty in the results. Except for this increased
uncertainty, off- and full-peak analyses led to the
same results.
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The source correction (2% intensity, 480-psec
lifetime) was determined from those spectra which
contained only one lifetime in addition to the
source term. These spectra were analyzed for
two components (lifetimes); neither a source cor-
rection nor fitting constraints were imposed. . The
longer lifetime and its intensity were interpreted
as originating from the source. In previous work'
it has beeri shown that the source correction thus
obtained is temperature independent over the en-
tire temperature region investigated in the present
work. When compared to the effect of the resolu-
tion-function uncerta, inty, it was found that the
source correction uncertainties had a negligible
effect on the results.

B. Doppler-broadening analysis

The treatment of the Doppler-broadening data
was straightforward. The parameter chosen to
describe the shape of the observed y-ray spectrum
of the annihilating positron-electron pairs wa.s the
peak-count parameter I', which was obtained from
the number of counts in the three center channels
(corresponding to -7% of the FWHM) of the Doppler-
broadened spectrum and normalized by dividing by
the total number of counts in the spectrum. This
choice of parameter is not in any way unique.
However, it does simulate as closely as possible
peak-counting experiments done by the angular
correlation technique. Thus, I'" is the total prob-
ability that an a;nnihila, tion of a, positron will re-
sult in an event observed in. the three center chan-
nels.

IV. RESULTS AND DISCUSSION

The discussion of the experimental results will
be confined to a particular positron decay scheme
called the two-state trapping model, ' ' represented
schematically in Fig. 2. In this model it is as-

sumed that annihilation can only occur from one
or the other of two states; the positron bulk state
or the positron tra'p state. It is further assumed
that the positron thermalization time is negligibly
short. In Fig. 2 the parameters X~ and ~, are the
2y-decay rates of the positron from the bulk state
and the vacancy-trap state, respectively, and
is the trapping rate of the positron from the bulk

'

state to the vacancy state. The parameters I',
and E„are the peak-count parameters character-
istic of the positron's decay from the bulk state
and the vacancy state, respective'ly.

For the purpose of completeness two additional
complicating processes, also shown iri Fig. 2,

'

should be considered i.n this model. These are
represented by the rate of thermal detrapping of
the positron & and the direct-trapping fraction p
(i.e., the fraction of positrons in the vacancy-trap
state at time sero). Thermal detrapping of a, pos-
itron from a vacancy, while possible, has been
recently considered" for Al and found to be a
negligible effect. While the usual application of
the two-state trapping model assumes that all
positrons in the metal initially occupy the bulk
state, the possibility of the necessity of inclusion
of a direct-trapping term cannot a Priori be ex-
cluded, particularly in the light of recent lifetime
results for lead" and the subsequent interpretation
of these results. " At least two different mecha-
nisms could give rise to results which would ap-
pear experimentally as a population of the vacan-
cy-trap state at f, =0. One is capture of a positron
by a vacancy prior to its thermalization, as sug-
gested by Shulman and Warburton. " A second
possibi. lity could be a rapid depletion of the ther-
malized positron density around the vacancy, as
suggested by Frank and Seeger. " Their formulas
indicate that a quasistationa, ry state would be
reached within 10 "sec, which would appear ex-
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FIG. P,-. Decay scheme of the positron two-state trap-
ping model taking both detrapping and direct trapping
{see text) into account.
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FIG. 3, Mean lifetime 7. of positrons in Al as a func-
tion of temperature 7.' {C). The value of the lifetime of
the positron in a vacancy, y~= 244 psec, is indicated.
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[n (I) n+„(t)] dt

1
x,n, (t) dt+

V

&„n„(t)df,

where n~(t) and n„(t) denote, respectively, the
fraction of positrons present in the bulk and vacan-
cy states at time t. Defining the positron lifetimes
in the vacancy and bulk states as w„= 1/A. „and
v~=1/A~, respectively, the mean lifetime r can be
expressed as

7 = (1 -A„)~„+A„~„, (lb)

where A„=f A.„n„(f")dt is the probability that the
positron annihilates from the vacancy state. The
mean lif eti mes were determined from two- ter m

fits to the data and are shown as a function of tem-
perature in Fig. 3. Similarly, the total lineshape
parameter E is the linear combination of the va-
cancy and bulk lineshapes,

F = (1 —A„)F~+A„F„.

Equation (2) follows simply from the principle of
superposition of probabilities. It should be noted
that Eqs. (1a), (1b), and (2) can be generalized as

7=gA, r, and F=. Q. A,Fz, (3)
0

where ZA. =1 for any multistate system. It is
emphasized that the A,. and 7,. are not directly
measured in a lifetime experiment.

The fraction of positrons N(f) present in the sys-'

tern at time t is of the general form

II(f) = P I,. e ", (4)

where ZI, =1 and the A,. and I., are the experimen-.
tally measured decay rates and intensities, re-
spectively. For the two-state case shown in Fig.
2 the observable quantities I, and A,- depend in a

perimentally as direct trapping. It should be
pointed out that all the aforementioned parameters,
X~, A.„, I(. , E„E„,&, and n, must be considered
to be potentially temperature dependent.

The positron decay scheme represented in Fig.
2 is described by two coupled first-order differ-
ential equations. The solution of these equations
for the case G =0 has previously been discussed
extensively in the literature (e.g. , see the paper
of Conners, Crisp, and West" ). Despite the com-
plexities of the decay scheme, a number of impor-
tant properties can be derived without having to
solve the differential equations. Consider the
mean lifetime 7 of a positron given by

d
I , [n, (f) —+is„(f)]df

complicated way on the various physical transition
rates. An important relationship between the ex-
perimentally observable quantities and the physi-
cal quantities is obtained by considering the posi-
tron 2y-decay rate at t =0,

BA"
= (1 —o)X, + nA„=I,A, +I,A, .

Bt

Equation (6) has been derived previously" for the
ca,se n =0 (i.e., with no direct-trapping), while
the n 10 case has recently also been considered. "
A relationship coupling the two experimental quan-
tities 7 and E is obtained by eliminating A„between
Eqs. (1b) and (2), giving

(6)

Equation (6) is noteworthy because it holds for any
two-state model regardless of whether 6 and n are
zero or not.

The mean lifetime ~ is plotted versus the peak-
count parameter E in Fig. 4. It has been common-
ly assumed' ' "that the quantities w„T„, E„
and E„have either no temperature dependence, or
at most a small dependence presumably from ther-
mal expansion, weak relative to the effects of the
presence of vacancies. The simplest analysis
procedure has been to extrapolate F (or F) from
the temperature regions where F (or F) was essen-
tially equal to F~ (or v „) into the temperature re-
gion where F and F, (or 7' and 7,) differ. Similar-
ly, the temperature dependence of F„(or w„) has
been determined in the temperature region com-
monly referred to as the "saturation regon, " in
which the F (or 7) signal is dominated by F„(or ~„).
However, the curvature shown in Fig. 4 is -5
times larger than that to be expected from linear
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FIG. 4. Mean lifetime 7- vs the peak-count parameter
The curve shown is a least-squares fit to the data.

The values of 7„and I', used for E+ determinations are
indi. cate d.
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temperature dependences of 7„, &~, F„, and F„.
Therefore, it should be expected that one or more
of these quantities could vary quite strongly with
temperature. This conclusion has, of course,
been reached assuming that the positron thermal-

I

izatian time can be neglected in the trapping mod-
el. One ca.n demonstrate by using Eq. (3) that no

curvature will be contributed to Fig. 4 by any trap
exhibiting temperature-independent v, , F, and A,.
(e.g. , an overlooked source correction). More
importantly it should be remembered that this ob-
servation of inconsistency with the assumptions
of the simple analysis is independent of whether
di. rect trapping or thermal detrapping are included
or not.

It should be pointed out that the two-state trap-
ping model might represent an oversimplification
of the physical situation. A more refined treat-
ment would take into account that the electrons
are divided into two groups, valence and core
electrons. If the balance between the annihilations
with core and valence electrans is changed, the
peak-count parameter and the mean lifetime may
react quite differently, since they are sensitive in
different ways to this balance. If this balance is
temperature sensitive to any significant degree
then it should be expected that the actual tempera-
ture dependence of F (apart from a, scaling factor
and a constant) could depend on how many center
channels one uses to calculate F. However, in the
present work the choice of F was made to coincide
as closely as possible with angular-correlation
peak counting, and this question was not investi-
gated further.

Attention is novi drawn to the experimental con-
si'deration of Eq. (5). For n =. 0, the right-hand
side of Eq. (5) simply gives the reciprocal of the
bulk lifetime 7„. By insert;ing the quantities ob-
tained from the lifetime data. (I„ f„A„A,) and
o.'=0 into Eq. (5), r, wa.s determined using reso-
lution function RO and is plotted versus tempera-
ture I' in Fig. 5. It should be pointed out that if
in fact n 4 0, then the 7, so calculated in the pres-
ent work is not in reality the bulk lifetime. In or-
der to demonstrate the resolutiorl function depen-
dence of ~, two limiting curves are also shown in
Fig. 5. These curves represent the best fits ta
the points obtained when using the limiting resalu-
tion functions R2 and R4 instead of RO. In the
temperature region 20-300 C the bulk lifetime
r, (T) varies linearly with temperature with a slope
of. 5.2+1.0 psec/200 K. The resolution function
uncertainty is included in the stated error. This
slope is somewhat greater than those previously
reported t 3.7 + 0.3 psec/200 K (Bef. 23) and
4.4+0.8 psec/200 K (Bef. 24)] for temperatures
within the region, -78-300 K. However, this in-
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FIG. 5. Bulk lifetime q;& plotted vs temperature 7 ('C).
The points and their error bars were obtained using P. O,

while the curves drawn are best fits to the limiting cases
using R2 and B4.

creasing slope of 7, vs 1' in Al can be understood
on the basis of a combination of the positron's
response to lattice expansion" and the additional
effect of positron-electron-phonon coupling. ~

For temperatures greater than 3'70 C &, rapidly
increases toward that value characteristic of posi-
tron annihilation in a vacancy-trap state (244 psec).
Since the lifetime is effectively inversely propor-
tional to the electron density at the positron, this
behavior, if real and simply not just a manifesta-
tion of the analysis model, may indicate an unex-
plained and dramatic decrease of the electron
density at the positron while in the bulk state.

Conversely, if o.'is not zero, then even within
the trapping model Fig. 5 daes not describe the
actual behavior of the bulk lifetime, and it might
be assumed that the "real" bulk lifetime exhibits
a simple straight-line temperature dependence
due to lattice expansion. Nevertheless, the pre-
ceding discussion regarding the plot of 7 vs F
(Fig. 4) has already shown that, based upon the
simple trapping model, a strong temperature de-
pendence is likely to exist in at least one of the
quantities T„F„T„,or F„regardless of the as-
sumptions made concer ning the dire et-tr apping
fraction n. Thus, inclusion of a nonzero n in this
model will not alleviate the problem of strongly
temperature-dependent decay rates. It is logical
to proceed from this point with only one new com-
plexity, temperature-dependent decay rates, and
to leave arguments concerning direct trapping to
the future.

It has been previously observed that the bulk-
lifetime in Al behaves in an unexpected way.
Ja,mieson et al."found that in the low-temperature
region (well before any vacancy' signal is detected)
the lifetime changed -60/0 faster with temperature
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than their theory predicted. For temperatures
&230 "C the tabulated data of McKee et al. ' was
used by us to extract the bulk lifetime (with o. =0)
as a function of temperature. This bulk-lifetime
temperature dependence was found to be in quali-
tative agreement with that found in the present
wol k.

Some discussion is xequired about the possibili-
ty of artifacts in the analysis of the experimental
data. The uncertainty coming from the limited
knowledge of the resolution function has already
been accounted for in Fig. 5. Moreover, the ef-
fects of using different resolution functions (e.g. ,
R2 and A4) in Fig. 4 would not have been signifi-
cant. The influence of the source correction was
studied as well. As expected according to Eq. (3)
the results in Fig. 4 were not changed, nor were
the trends shown in Fig. 5 altered, even when us-
ing a second source correction term in the 100-
psec range to simulate an unresolved component
from the source envelope.

For the remaining discussion it is assumed that
no thermal detrapping takes place, '-4 since theo-
retical estimates"'" of the positron-vacancy bind-
ing energy in Al are in the electron volt range.
The two assumptions & =0 and & =-0 mean that the
first-order differential equations in n„(f) and n„(t)
can be easily solved and yield the following rela-

tionss

hip s:

= 1/A. , is shown a.s a, function of temperature. As
in Fig. 5, the points shown were obtained using
resolution function RO, while the two curves shown
were obtained using the limiting resolution func-
tions A2 and 84. Fox temperatures greater than
350 C the lifetime is essentially independent of
the resolution. function uncertainty, while below
350 C it depends strongly on the resolution func-
tion. There is, however, a strong correlation be-
tween the data in Figs. 5 and 6. If, for example,
one chooses to consider one of the more unlikely
resolution functions, then one obtains a pex haps
more acceptable temperature dependence of T~(T),
but at the expense of a drastically varying 7'„('f').
The most probable resolution function (RO) yielded
results which are consistent with the assumption.
that v„ is essentially temperature independent.
While this weak or negligible temperature depen-
dence of w„may at first seem somewhat surpris-
ing, similar results have also been reported" for
Au over a wide temperature range. In addition,
a weak temperature dependence for T, in Al due
to thermal expansion has also been recently pre-
di cted theoretically. "

In summary, it has been established, within the
framework of the two-state trapping model assum-
ing negligibly short positron thermalization times,
that the present aluminum data indicate a strong
temperature dependence in 7 b. The effects of this
strong temperature dependence will now be con-
sidered in terms of the application of PAS to the
measurement of the vacancy formation enthalpy.

V. VACANCY FORMATION I..NTHALPY IN ALUMINUM

A„= IC(A~+ K)

In Fig. 6 the positron lifetime in a vacancy 7„

300—

280—

260—

R2

220

200
250 500450350 400

T ('c )

FIG. 6. Positron lifetime in a vacancy T„plotted vs
temperature 7' ('C). I'he points and their error-bars
were obtained using RO, while the curves drawn are best
fits to the limiting cases using R2 and R4.

The application of PAS to the extraction of va-
cancy formation enthalpies has been based upon

the assumptions that the simple two-state trapping
model provides a valid description of the posi-
tron's decay in a metal and also that the positron
trapping rate v = p, ,C„, where C, is the total equi-
librium vacancy concentration and )LI,, is a specific
trapping rate averaged over the vacancy ensemble
present. ' For an ensemble consisting of only
monovacancies, the dominant situation in PAS va-
cancy formation enthalpy measureme~ts, p, „=p.„.
Usually, p.„is considered to be temperature inde-
pendent, but this is not easily justified. Different
theoretical approaches have predicted different
temperature dependences of p, ,„(T). Hodges, "
McMullen and Hede" and Bergersen and Taylor"
each concluded that the temperature dependence of
p. ,„(T) would be very weak ( T'), while Seeger, ""
using a classical diffusion picture, obtained a T ' '
dependence. At the present time the experimental
evidence for the temperature dependence of p, „(T),
which has been observed to range between about
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T' and 2', is both scarce and contradictory. '"'"
Fortunately, the theoretically suggested tempera-
ture dependences of p, „(,T), all rather weak com-
pared to the exponential temperature dependence
of C„affect the formation enthalpies reported in
the present work by «3% and have been neglected
here.

The possible implications of the observed strong
temperature dependence of ~b in Al, as deduced
using the simple trapping model, upon p, „could
potentially be more significant. Since the large
and rapid increase of the bulk lifetime above
-370 'C, if indeed real, might indicate an increas-
'ing localization of the positron in the lattice and
hence a change in the propagation mechanism of
the positron through the lattice leading to a de-
crease in p„(T) wi, th temperature, it was decided
to disregard data points above 372 "C when deter-
mining the forma, tion enthalpy. Below 372 C the
observed changes in 7,(T) are more gradual and

hence p. „(T) could be considered to be temperature
independent. As previously discussed, neither
direct trapping nor thermal detr'apping was as-
sumed to be present.

Three methods are commonly employed to ex-
tract vacancy-formation enthalpies from positron
lifetime data. First, in the I,/I, method the ratio
I2/I, =w(X, —X„) ' is plotted versus 1/T in an Arr-
henius plot. This method relies on the assumption
that: (X, —X,) is only weakly temperature dependent. .
This assumption is clearly unjustified for the data
already presented here. Second, the mean-life-
time or 7 method is ba, sed on Eq. (1b). At low
temperatures, where the equilibrium concentration
of vacancies is sufficiently low that the positrons
are insensitive to them, the mean lifetime and the
bulk lifetime are identical. In the iritermediate
temperature region, in which 7 has a significant
contribution from the positrons annihilating in va-
cancy traps, 7b is determined by linear extrapola-
tion of the low temperature data, while v„ is con-
sidered to be temperature independent and is de-
termined from the highest temperature data. This
procedure in principle allows the determination
of A. and thereby x = (1/r, )(F —~,)/(7.„—7) How-.
ever, this depends upon the validity of the re-
quired extrapolations. The F method is predom-
inantly used when the resolution function is too
broa. d to resolve the individual lifetime compo-
nents. In the present work, a.s well as previous-
ly," the lifetime spectra have been resolved into
two components, thus giving rise to the third (and
most correct) method, the x method. Using this
method it is unnecessary to make any assumptions
about v, (T) or ~„(T), since x can be calculated di-
rectly as a =I,(A, —A, ), where I„A„and A, are
the experimentally measured intensity and decay

rates.
The use of Doppler-broadening data in. extracting

the vacancy formation enthalpy (DB method) is
based upon the use of Eq. (2) and therefore is al-
most identical to the 7 method. In the DB method
it is possible to observe only the product Icv b

=(E —E,)/(E„-E). Hence, this technique also in-
volves the assumption that v.

b is either temperature
independent, or only weakly so, in addition to the
assumptions made about the Fb and I'„ temperature
dependences. It is expected that only minor dif-
ferences will be apparent when comparing the cor-
rect I(. method to the ~ or DB methods. For most
of the temperature region over which the positrons
are sensitive to vacancy concentration changes the
linear extrapolation of 7, (T) appears to be justified
for Al (see Fig. 5). Furthermore, at high temper-
atures the uncertainties in. I(: or ~7b become large
due to the proximity of ~ to ~„or I" to I'„.

It was previously shown that lifetime analysis
results depend upon the choice of resolution func-
tion. Hence, it is necessary to assess the effect
of the resolution function uncertainty on the deter-
mination of the for ma tion enthalpy. Likewise, it
is importa, nt to compare the values of the vacancy
tormation enthalpy E~ deduced from the various
analysis methods just discussed. Values of E"„ob-
tained with dif fere nt re solution functions, with
and without any constraint on 7„, are presented in
Table I. When 7„was not constrained it was ob- .

served that the deduced formation enthalpy de-
pended strongly on the resolution function, which
is understandable in view of the resolution function
dependence of w„(Fig. 6). It was already demon-
strated that the assumption of a temperature inde-
pendent v „ is consistent with the present data.
From Table I it is clear that this assumption is
important, since it made the deduced formation
enthalpy independent of the choice of resolution
function. When v„was assumed temperature inde-

Constraints:

Data treatment method:

None

Resolution function No. E~ (eV)

7 „==constant

K I,/I,
Z~ (eV) Z~ (ev)

R2
RO
R4

0.43 =L 0.04 0.66 + 0.01 0.67 + 0.01
0.66+0.05 0.66+ 0.01 0.74 +0.01
0.89 +0.06 0.66+0.02 0.80+0.01

TABLE I. Vacancy-formation enthalpy in Al for tern-
peratures 250 & T& 372 'C. The resolution function (R2,
RO; R4} dependence is shown. R2 and R4 differ by two
standard deviations from the most probable resolution
function RO. The effect of assuming 7„=-constant is
shown, as is the effect of using the incorrect l2/Ij method
as opposed to the more correct f~ method. The uncertain-
ties presented were derived from counting statistics.
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FIG. 7. Trapping rate I~ =-I2(A& —A2), derived from the
lifetime data using RO, vs 1/T (K ~). The solid line indi-
cates the region used in obtaining the vacancy formation
enthalpy.

pendent, a value of I-'~ =0.66+0.02 eV was obtained
using the I~ rriethod. If this a,ssumption had not
been made, the uncertainty in L', would have been
considerably larger. . The uncertainty suggested
by compal l. ng the +„values 1n the first column of
Table I is, however, too large, since it was
pointed out previously that R2 and A4 overestimate
the actual possible resolution function uncertain-
ties by at least a. factor of 2. Taking this factor
into account, a value of FF =0.66+0.09 eV is ob-
tained without any assumptions whatsoever regard-
ing v „and r„. Our analyses further suggest that
the uncertainty could be reduced to, -0.05 eV by
use of a computer program which per mitted fitting
of the resolution function simultaneously with the
lifetime parameters. Finally, the effect of using
the incorrect 1,/I, method is al o shown in Table I.
It can be seen that this method yields results which
are systematically greater than the results ob-
ta, ined using the v method with 7„=constant.

The results shown in. Table I were obtained using
the data. from the limited temperature range 250-
372 "C, because of the large change observed in

7~(T) at higher temperatures. The inclu'ion of the
data from the high-temperature region in the anal-
ysis, still requiring a. simple Arr henius behavior,
would have decreased the deduced formation en-
thalpy to 0.64 eV. The reason for this decrease
is clearly evident in Fig. 7 in which lnv is plotted
versus T ' using resolution function. RO. It can be
seen that w deviates si.gnificantly from the normal-
1'y expected Arrhenius behavior with increasing
temperature above '-370 'C. The resolution func-
tions A2 and A4 yielded negligible or greater de-
viations, respectively, but each produced strongly
temperature dependent behavior in v„(Fig. 6).

Since the total equilibrium vacancy concentration
C, rises exponentially, or faster due to the pres-
ence of divacancies, with increasing temperature,
such v(T) be. havior would have to be due to the
temperature dependence of p„(T), since positron
detrapping from vacancies can be neglected"- in
Al. As stated previously, however, such a tem-
perature dependence of i.'„.(1') would be physically
consistent with the observed temperature depen-
dence of i, (T), but both could also be a result of
the model used in analyzing the data.

The Doppler-broadening data. were analyzed in-
dependently of the lifetime da, ta. 'As pointed out
above, as umptions had to be made about F, (1')
and F„(T) in the vacancy region. The pre.";ent
Doppler-broadening data were analyzed assuming
that: dF /dTwa' constant and equal to the low-tem-
perature slope of F. For the present analysis it
was furthermore assumed that I'„was temperature
independent. Using these assumptions a, forma, —

tion-enthalpy value of 0.63 + 0.02 eV was obtained
from the temperature regi. on 20-435'C. This
value should most appropriately be compared with
the 0.64 eV obtained from the lifetime data a.nal-
yzed for the entire temperature region, Rnd less
so to L ~ = 0.66 a 0.02 eV, the result obtained using
only data. below the strongly temperature-depen-
dent region of the bulk lifetime.

Vk. (LOiWPARISGN WITH OTHER DAI A

The observation of. a. rapid change of the bujk
lifetime in Al above 370 'C is not yet understood,
nor has it been established whether or not this
might be a general phenomenon in metals. Never-
theless it; is clear that this effect is too large to
be explRinRble by R simple thermal. expRnslon
model. In recent papers the possibilities of a
more complex temperature-dependent behavior of
the positron in the lattice have been considered'. " "
The possibility of positron self-trapping in the lat-
tice, leading to an increased lifetime, recently
put forward by Seeger" has been further investi-
gated by I eung et a/. ,

39 who concluded that self-
trapping wa, s unlikely to take place. Hodges a,nd

Trinkaus reached essentially the same conclusion
as I.eung et a1." except for the cases nf Pb, TJ.,
and Al. It i.s interesting to note in relation to
these theoretical investigations that the recent ex-
perimental results for Po obtained by dharma. eI;

Rl )0 ind3 cRte R telTlpera~ore QepeAclence of the
bulk Lifet. me similar to that observed in the pres-
ent. work for Al; I1owever. , new dRtR from the
same gr' oup has apparently re..ulted ln reducing
the effect or increa. sing the uncertainty regarding
the magnitude of the effect reported earlier. It
should be kept in mind that the observed w, (T) be-
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TABLE II Tabulation of vacancy formation enthalpies for Al obtained by different investigators using positron anni-
hilation. The experimental method (AC; angular correlation; DB; Doppler broadening;. LT: lifetime) as well as the
data treatment method are indicated. Assumptions made to obtain the results are also shown. The parameters listed
under Assumptions were assumed either weakly temperature dependent or constant.

Experimental
method

Data
treatment Assumptions Z~ (ev)

v. exp@.r'&) 7, (20'c)
(10 sec ) (psec)

7
V

(psec) Reference

AC
AC
AC
LT

LT
(DB)

LT (DB)

DB
DB
DB
I2/Ig

Fb~FV~ Tb

7by TV

7b) TV

V

None

0.66 +0,04
0.66+0.01
0.67 +0.03
0.71

+0.03'
0.66
0.62 +0.02
0.66 ~0.02
0.66 +0.09

12
6+3

13 +7
20 176

161
166
166

240

243
244
244

McKee et a). (1972)~

Triftshauser (197&)"
Kim et al. (1974) '
McKee et al. (1972)

McKee '
Hall et al. (1974)»
Present work
Present work

'Reference 6.
Reference 5.

, 'Reference 7.
Reference 8.

'Reference 10.
Reference 9.
0.66 eV was obtained assuming 7„constant, while 0.68 eV was obtained assuming that Tv and rb have the same tern-

perature dependence.

havior, and its implications with respect'to ij, „(T),
may simply be a manifestation of the simple trap-
ping model and the assumption of rapid positron
thermalization in metals.

A summary of the vacancy formation enthalpies
E~ obtained for Al by means of positron measure-
ments are shown in Table II. For each value of
E~ the respective experimental method, data
treatment, and assumptions are indicated. In ad-
dition, the product of the specific trapping rate p.„
and the preexponential vacancy formation entropy
factor exp(S~~k) are tabulated along with deduced val-
ues of T„and 7,. The high value of E~ =0.71 eV
obta, ined by McKee ef a/. ' wa, s probably due to the
use of the I2/I, method, and in fact Table I indi-
cates that this treatment could lead to a systematic
error of around +0.08 eV. Hall et al.' obtained a
value of 0.62 eV by constraining both zb and 7„ to
be temperature independent. Furthermore, an
additional temperature-independent trapping rate
was introduced to account for curvature in their
Arrhenius plot. This latter assumption, however,
apparently did not affect the value of their ex-
tracted formation enthalpy. The other values re-
ported for E„, obtained using the similar DB or 7
methods, appear to be in good agreement with the
present results.

It is concluded from the data in Ta,ble II and the
foregoing discussion that the most probable value
for the vacancy formation enthalpy in Al as de-
duced from positron annihilation spectroscopy is
E~ =0.66+0.02 eV. This value, determined under

equilibrium conditions, is in excellent agreement
with the value of the rnonovacancy formation en-
thalpy, E, = 0.66 + 0.01 eV," in Al obtained from
quenching 'experiments from temperatur'es -400 'C,
and is also consistent with equilibrium total vaca. n-
cy concentration mea, surements at higher temper-
atures. ""It can therefore be concluded that the
value of E~ measured in the present work corre-
sponds to the monovacancy formation enthalpy EF,„
in Al,

In addition, one can obtain a value for the speci-
fic trapping rate of a positron at a monovacancy,
p, ,„=(4 + 1) && 10" sec ', in Al below 3'12 'C by com-
bining the value obtained for theproduct p.„exp(S„"&k)
= (8+ 2) && 10"sec ', presented in Table II, with
the value of the monovacancy formation entropy„
S,„=O.Vk, deduced' from equilibrium vacancy
concentration and quenching data, . This value for
p „ is larger than the value of p. „previously re-
ported by Cotterill et af. '~ for Al (ij,„=2, 3 && 10'»
sec '), but their estimate of this parameter was
based upon an assumption of E,„=0.76 eV, which
in retrospect was incorrect. The present value
for p. ,„ i.n Al is similar in magnitude to that found"
under high-temperature equilibrium conditions for
Au.

VII. CONCLUSIONS

The present investigation of the temperature
dependence of positron annihilation in aluminum,
utilizing the two-state trapping model wi. th the
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assumption of negligibly short positron thermali-
zation times, has led to the conclusion that a large
and unexpected temperature dependence was pres-
ent in one or more of the bulk and vacancy-trap
positron annihilation parameters ( 7„F„w„,I' „)
irrespective of whether direct trapping or thermal
detrapping of the positrons occurred. By assuming
that no direct trapping took place, the tempera-
ture-dependent positron bulk lifetime w, (T) was ex-
tracted from the data. The T,(T) determined in
this ma, nner was found to increase rapidly toward
the positron lifetime in a vacancy for temperatures
greater than 370 C. The present data do not indi-
cate whether a saturationlike behavior of w~(T) can
be expected for high temperatures, an important
point that would help in the understanding of this
effect. It should be pointed out, however, that it
is not clear at this time whether the strong tern-
perature dependence deduced for 7,(T) and its
ramifications with respect to p„(T) ar. e in fact
physically realistic, or whether the simple two-
state trapping model and analysis with the assump-
tion of rapid positron thermalization is simply an
inadequate description of the physical situation,
Further work is clearly needed to settle this ques-
tion. While a similar effect has also been re-

. ported" for Pb using the same analytical model
as that used here, it is importa, nt to the under-
standing of the behavior of positrons in metals to
investigate whether or not this effect is found in
other metals and how dependent the effect is upon
the model used for the analysis of the PAS data.
Measurements in Cu and Au are therefore in prog-

The monovacancy formation enthalpy in alumi-
num, E„=0.66+0.02 eV, has been mea, sured in
the temperature range 250-372 C by positron
annihilation spectroscopy by incorporating the
detailed temperature dependences of the positron
annihilation parameters from lifetime data. It is
concluded for the case of aluminum that neglecting
the observed strong temperature dependence of ~,
in the commonly used positron analysis methods
has only a minor effect upon the determination of
the vacancy formation enthalpy.
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