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Positron-annihilation lifetime measurements have been made on Ni
over a temperature range of 4.2 to 1700 K. We find a small
change in the lifetime from 4.2 - 900 K indicating a very small
thermal-expansion effect. A small precursor effect is observed
before the onset of significant vacancy trapping. A mono-
vacancy formation enthalpy of 1.54+{j'£ eV is extracted without
taking divacancies into consideration in the analysis. No
detrapping from mono-vacancies is observed even at the higher
temperatures!i The vacancy formation enthalpy extracted from
the lifetime data is compared to values obtained by Doppler-
broadening and angular-correlation techniques.

•* Introduction

Positron-annihilation lifetime measurements have been performed on pure
nickel over the temperature range 4.2 to 1700 K. The primary purposes of
this study were the determination of the mono-vacancy formation enthalpy Ep,
and the investigation of the temperature dependence of the positron lifetime
bafore the onset of vacancy trapping. In most metals positrons are trapped
at single vacancies and decay from these traps with a lifetime greater than
that for free annihilation from the lattice. Therefore, the intensity of
the lifetime component due to trapped positrons is a quantitative measure
cf the change of the vacancy concentration. By determining the relative
changes in the vacancy concentration as a function of temperature, the
vacancy formation enthalpy is extracted [1]. In addition to vacancy-type
or dislocation traps other phenomena have been suggested as possible
mechanisms affecting the observed lifetime. These include thermal expansion,
lattice vibration [2], self-trapping [3], (the so-called "prevacancy"
effect), and shallow impurity traps [4]. In the temperature range of high
single-vacancy concentrations, effects due to divacancy formation might be
expected. Our results will be discussed in terms of all of these phenomena
except divacancies.

.. Experiment

The polycrystalUne Ni used in this work was Marz-Grade 99.99 + wt.%
purity material obtained from Materials Research Corporation. Approximately
20 uCi of 2ZNaCl was deposited inside cylindrical specimens 7 mm in diameter
and sealed by electron-beam welding in vacuum (10"6 tori]). The samples were
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annealed to 1294 K prior to measurement. The temperature was monitored with
two W-3% Re and W-25X Re thermocouples. Data were taken both in vacuum and
ultra-high purity Ar atmospheres.

Results and Discussion

A. Low temperatures: 4.2-900 K.- The results of a single-lifetime
(rm) (background and source component subtracted) fit to the data obtained
over the temperature range 4.2 to 1700 K are shown in Fig. 1. The statistical
error bars at the lower temperatures are
larger than those for the higher-
temperature determinations because
the measured lifetime (t>95 psec) is
very close to the right-side slope
of the resolution function (<v60 psec)
The data shown here are derived from
many runs on several specimens taken
over the course of ̂ 2 years.

A feature evident in the data is
the constancy of the lifetime over
the range 4.2-900 K. Owing to
thermal-expansion effects one might
expect a rise in temperature of
over two decades to result in an
increased lifetime. There have been
many changes in positron-annihilation
characteristics with temperature that
have been attributed to thermal-
expansion effects. Nanao et al. [5] measuring the angular-correlation peak
counting rate observed a linear rise in the temperature range 270-700 K for
99.999% Ni. A second 11 near-increase region, with slope greater than the
above, was observed between 700 and -vlOOO X. They attributed this change of
slope to the magnetic transition, upon going through the Curie temperature
(631 K). Using Doppler-broadening measurements Campbell, Schulte and
Jackman £6] observed a linear increase in the lineshape parameter. This
region extended from M55O to 1200 K and appeared to roughly correspond with
the second linear region of Nanao et al. discussed above. Campbell et al.
fit this region to a volume-expansion model and found that the value for
the expansion coefficient deduced from their slope was 0.87 that of the
known room-temperature expansion coefficient. Triftsha'user and McGervey
[7] also analyzed the linear region prior to vacancy trapping in terms of
thermal-expansion effects for Cu, Ag and Au, and reported good fits.

MacKenzie and Lichtenberger [8], extended the Doppler-broadening
measurements on Cu down to M O O K. They showed that a single thermal-
expansion linear fit could not be used up to the temperatures where vacancy-
trapping effects are found since two linear regions were found with different
slopes, similar to the Nanao et al. [5] results in Ni. ; The Cu showed an almost
zero-slope fit from 100 to 300 K followed by a pronounced linear region up
to the onset of vacancy trapping. MacKenzie and Lichtenberger [8] attributed
the relatively smaller effects below 300 K to thermal expansion, and the
larger linear increases leading up to the vacancy-trapping region to "phonon
assisted" trapping. Seeger [3j has suggested that this region is explained
by "metastable self-trapping" of the positron in the lattice.



Schaefer et al. [9] using Doppler-broadening measurements investigated
Fe from room temperature to the melting temperature. The results were
qualitatively quite similar to those of Nanao et al. [6] in that the lower-
temperature range showed linear behavior (albeit with a slope -̂ 0) and the
mid-temperature range showed a definite linear slope leading up to the
region dominated by monovacancies. This linear region below the onset of
vacancy-positron trapping was interpreted in terms of "metastable self-
trapping" of the positrons.

The lack of an increase in the lifetime over a temperature range from
liquid-helium temperature to <v900 K strongly suggests that thermal expansion
plays no measurable role in determining the positron-annihilation lifetime
from the "perfect" (defect free) lattice in nickel. Thermal-expansion effects
were invoked to explain linear changes in annihilation parameters from 300-
1100 K for Doppler-broadening results [6] and 300- 1100 K for peak counting
rate for angular-correlation results [5]. Another explanation is that some
nonequilibrium defect or impurity could be trapping the positron, thereby
reducing any effect of thermal expansion. Careful studies on extremely-high-
purity Ni, with a low concentration of defects, should be performed to com~
pletely rule out some low-temperature trapping mechanism.

It should be noted that when comparing lifetime to either Doppler-
broadening or angular-correlation measurements two different physical measure-
ments are involved. Lifetime is a measure of the expectation value of the
electron density of all momenta over the extent of the positron wave function,
whereas the latter two measurements, when analyzed in terms of some line-
shape parameter or peak counting rate, are biased toward annihilations with
electrons having narrowly restricted momenta. The lifetime measurements infer
that in Ni over the temperature range 4.2-900 K there is no significant
change in the time-averaged density of the electrons with which positrons
annihilate. Over most of the upper part of the temperature range the proba-
bility of annihilation with an electron of given momentum is shifting to
favor electrons with lower momenta. If this difference in the annihilation
characteristics between density vis-a-vis momentum measurements persists into
the region where trapping by vacancies becomes the mechanism of interest, one
must then recognize that agreement on a deduced single-vacancy formation
enthalpy will not be obtained from the two different types of measurements.
We will treat this possibility further in the section relating to our deduced
formation enthalpy. Compared to Doppler-broadening or angular-correlation
measurements the present results show a smaller linear region extending into
the vacancy-dominated section. This should make the analysis of the vacancy
formation energy with lifetime data somewhat less sensitive to the way in
which one removes this precursor effect from under the S-shaped vacancy curve.

B. High temperatures; 900 - 1700 K.- From Fig, 1 in the temperature
region ^900 -1100 K an increase in xm is noted. As mentioned this increase
cannot be accounted for with the usual S-shaped curve obtained in the higher-
temperature (>1100 K) region which is associated with trapping by thermally
generated vacancies. Over this temperature range we have seen that both
Nanao et al. [5] and Campbell et al. [6] found linear behavior leading into
the vacancy-controlled region. Their linear behavior extended/however, to
much lower temperatures. The two-state trapping model [10] was fit to our
data over this temperature in three ways. The first was to include the
900-1100 K data as due to vacancies. The value for the formation enthalpy
thus deduced was 1.75±0.1 eV with a relative poor fit.



An attempt was made to take the pre-vacancy effect into consideration
by using Seeger's self-trapping model [7]. This model was included in the
code for the trapping model and the data analyzed. For several choices of
data sets (up to 20 sets per individual Hp determination [1!]) the program
would not converge. In this case owing to the statistical nature of the
data we cannot indicate whether or not this model provides a correct repre-
sentation.

An analysis involving the subtraction of a linear projection of the
precursor region into the vacancy region has been used by Nanao et al. [5]
and TriftshHuser and McGervey [7] for angular-correlation peak counting
data, and by Campbell et al. [6] for Doppler-broadening lineshape data. The
value for Hp obtained by Nanao et al. using a linear projection was
Hp = 1.74 + 0.06 eV. These results also included divacancies in the analysis
which were found to be bound by En = 0.4+0.2 eV. When a quadratic term was
also added, values of Hp = 1.65±0.06 and Eg = 0.4+0.2 eV were obtained. No
goodness-of-fit parameter was reported with this correction included. Nanao
et al. pointed out that the slope of the precursor region was dependent upon
the resolution of the apparatus. Campbell et al. found that for lineshape-
parameter data in the higher-temperature range of the vacancy-dominated
region no better fit was obtained by the inclusion of this linear projection.
Their value for the single-vacancy formation energy using this method (no
divacancy contribution considered) was Hp =1.73 eV, with a x2A> = 2.10 which
those authors characterized as "rather poor". This value for Hp, however,
agrees quite closely with those obtained by Nanao et al.

Our third method of fitting the trapping model was to neglect this pre-
cursor region, because in our data it does not appear as a large effect.
The data set for the evaluation of Hp was taken from the region 1000<T< 1625 K.
The method of solving the trapping-model equations to get values of Hp by
simultaneously fitting up to 20 data sets has been described previously [11].
For this case all the parameters of the analysis were floated. The value
obtained was Hp = 1.54+0.10 eV for a fit of x h - 1.5. The value is quite
a bit smaller than the values in the neighborhood of 1.7 eV discussed pre-
viously as obtained from Doppler-broadening and angular-correlation data.

There is a way to deduce phenomenoiogically the formation enthalpy from
positron-annihilation parameters that does not invoke the application of the
two-state trapping model. Kuribayashi et al. [12] first pointed out that
over a wide class of metals a linear relationship exists between the formation
energy and a characteristic temperature Tc. This temperature was defined as
that temperature at which thermally generated vacancies produce measurable
positron trapping. For their results using angular-correlation peak counting
rates the operational definition of Tc was the onset of discernible deviation
from the linear "precursor" behavior. This is presumably the point at which
vacancies are first detectable by positron trapping (by angular-correlation
techniques) and occurs at a concentration VIO-'. Kuribayashi et al. showed
that such an analysis for a large number of fee metals produced a linear plot
when Up was plotted as a function of Tc. This systematic correlation
obtained infers that the product of the specific trapping rate of positrons
at vacancies, u, and the defect free positron lifetime, x, is similar for most
elements. Hood and McKee [13] using a wide variety of data showed that this pro*
duct is constant. Therefore the changes in y tend to be cancelled by changes
in x thereby showing that this correlation seems to be valid. Using this
empirical method Kuribayashi et al. [12] found a value of ^1.45±0.1 eV for an
alloy 80* N1-2QX Cu.

MacKenzie and Lichtenberger [8] point out a similar relationship between



what they define as a "threshold temperature" T t and the "Jf-diffusion energy

measured annihilation parameter. -If one assumes that over a range j ^
structured metals the formation enthalpy is some constant value °J J n y
diffusion energy Q, the value of the constant suggested is 1/2, then the

oothtediSiques show a, pronounced linear precursor region. The former

vTI.^ne^asu«d T " valJesrSbelleni. gained a iinear fit to the
values with a value

HjV » 0,0012 T t + 0.005 eV. W
Substituting in the values of T. and T c above, we get values_of H| - 1,45 and
1.48 eV for the results of Campbell et al. [6] and Nanao et al. lAU
respectively.

The results of our lifetime measure-
ments, based upon this approach outlined
above, are shown in Fig. 2. Here we plot
a portion of the single-lifetime fit,
taken from Fig. 1, on an expanded scale.
The dashed line is a linear fit by eye to
the precursor region and the solid line
a fit by eye to the high-temperature
part of the vacancy-dominated region.
The intersection of the two fitted
curves defines Tt and yields a value
T t • 1165+H K. The error limits are
estimated by adjusting 'worst possible
fits for the two linear curves. If we
put this value for threshold temperature
into Eq. 1 we get a value for H±v » 1.40
eV. This value is well below our value
of 1.54 eV as determined by the trapping
model and also below the values derived
from Doppler>broadening and..angular--

' "'• results employing a similar

ao
soo 1009 . IIOO 1200

TEMFCAATUKC (K)
1300 1400

Figure 2

results employing a similar • ..
SnllJsis An analysis that uses Tt derived from the more meaningful parameter
"mean lifetime"produces a value mSre consistent with the Refs. 5 and 6 values
° f HFThl'latterCdiscrepancy might be understood by taking into account -the dif- •
ferent LgJiWdes of the presu?sor region between lifetime measurements and either
DoSplerSadSning or angSlar-correlation measurements. The precursor region is
aenerally found to be much smaller in the lifetime measurements, and this is the_ .
Ssfhere for Ni. Lifetime measurements, which are more time consuming for the high
temperature metals, should be performed because this precursor effect is smaller and
shSSldp?odu« a more accurate value of Hp. The method of determining Tt



which is defined as the linear intersection of extrapolations from the two
temperature regions one finds that as the slope of the precursor region
increases the intersection point is moved higher in temperature. In the
limit of zero slope from the precursor region, T^ would simply (using Fig. 2
as the example) be the intersection of a horizontal line at % - 95 psec with
the vacancy-region extrapolation. When evaluating T t from lifetime data by
using Eq, 1 (derived from lineshape analysis) one then expects the possibility
of obtaining Hp values that are lower than similarly obtained ones from
lineshape analyses. The reason why the precursor region is less prominent
in lifetime vis-a-vis momentum-sensitive measurements will be explored in a
later paper [14].
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