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WITH POSITRON ANNIMILATION STUDIES® DEB5 010041

M. J. FLUSS, R. H. HOWELL, 1. J. ROSENBERG, AND P. MEYER
Lawrence Livermgre National Laboratory, University of California,
Livermore, CA 94550

ABSTRACT

_ Recent advances in the use of positron annihilation tn study defect
ensembles in and on the surfaces of metals, are pointing u.e way towards
studies where particular positron-elsctron anninilation modes may ©oe
identified and studied in the presence of cne another. Although a great
deal s wurderstnod about the annihilation o7 positrons in ostensibly
defect free metals, much Tess is understood when thae pasitran znninilates
in complex defect systems such as liquid aetaels, amorphous sclids, or st
or near the vacuum-solid interface. Tn tnis paper the rasults of thres
experiments, all of which demonstrate means by which we can resolve
various npositron annihilation channels from o012 another, will bDe
discussed.

DIVACANCIES IN ALUMIMUM

It is generally, although not universally accepted tnat the mechanism
for enhanced high temperature salf-diffusion in 2luminum s @& consequence
of a significant equilibrium divacancy populaticn. Aluyminum is an iceal
candidate material for a study of the resolving oower of nesitron
annihilation techniques for small dafact clusters, in *his case the
separation of monovacancy and divacancy positron annihilation signals.
The comparatively large total wvacancy concentration at melting
(CV(Tm)-10‘3) in aluminum resuits in a wide temperature where >30%
of the annihilations take place from positron-vacancy itrapped states
associated with an increasing divacancy population. Sufficiently high
resolution two dimensional angular correlation of annihilation radiation
(20-ACAR) studies an single crystals of Al will eventually reveal the

.detailed anisotropies that may be associated with trapping in

divacancies. However, recent 20-ACAR experiments [1] performed at
Brandeis University were only of sufficient resolution to allow one to
follow the narrowing of the ACAR distributior with increasing temperature
and to verify that lattice expansion alone could not explain the observed
temperature dependence of the observed momentum distribution changes at
hiagh temperatures. Thus, one was forced to dintrcduce an additional

.experimental argument, temperature (T), to compensate for the lack of
.resolving power in these experiments.

[t is well known that by following the temperature dependence of the
positron-2lectron annihilation signal it is possible to determine various
vacancy point dafect properties, onarticularly the vacancy formatian
enthalpy for monovacancies (HFlv). (For an overview of the various
positron experimental methods the reader is directed to reference ([2].)
An example of such a study for aluminum is shown in Fig. 1. The
temperature dependent "S" shaped c¢urve was chtained from a 1D-ACAR
experiment by measuring the peak counting rate. The full 2D-ACAR spectra
for the positron Bloch and positror. vacancy trapped states are shown as
well so as to amphasize the overall spectral changes which ocCcur wupon

~trapping of the positron. &s noted by Fluss and co-workers [3] it is
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Fig. 1. One and two dimensional angular correlation data obtained from
an aluminum single crystal, illustrating the peak count rate and
20-ACAR experimental techniquas. (From reference r1,31.)

possible to determine divacancy properties, which will manifest themselives
in the high temperature region of the data shown in Fig. 1, if a priori
information exists about the annihilation signal from monovacancy and
divacancy trapped positrons.  §ince such theoretically derived informaticr
was available for positrons i1 aluminum (3,4] the prasent application was
possible.

With several experimental and analysis- constraints a mono-divacancy
model analysis of the data could be obtained which was unique, and which
yielded a divacancy binding energy of 0.30 ¢ 0.13 ey, The constraints
used were: :

1) the dndependent determination of HFlv from lifetime
experiments at low temperatures, where the contribution from divacancies
to the positron signal could be expected to be minimal,

2) the theoretically predicted peak count rates from 1D-ACAR
experiments for positrons in monovacancies and divacancies, along with the
predicted temperature dependencies from lattice expansion, and

3) a simultaneous or global analysis of data taken for three
divferent crystal orientations.

The most important lessen learned in this analytical analysis was the
critical role played by the last of these constraints. By "viewing" the
temperature dependent signal from several crystal orientations differences
in responsa were obtained. These differences apparently imposed a much
more stringent set of criteria for for the model fit than that which would
have been obtained by simply repeating the same experiment three times at
the same orientation. Such tomographic constraints are nol new to tne use
of positron ACAR data, but this application to defect studies 1is! The
sensitivity of this analytical method is illustrated in Fig. 2. Here, for
the purpose of demonstration, the divacancy binding energy is fixed at
either 0.2 or 0.3 eV for three independent analyses of data from three
crystal orientations. Since a physically seasibie analysis reguires
defect concentrations to be independent of crystal orientation, {t 1is
concluded that the analyses where the divacancy binding energy is 0.3 eV

js preferable to the one where it is 0.2 eV. This demonstrates the value
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of the tomographic constraint which was imposed by simultaneously
minimizing the mono- divacancy model to the temperature dependent data
obtained from the three crystal orientations.

Such a general method should be very important in future experiments
where similar resolving power may be required. Extension to other defect
systems is ¢nticipated, particularly vacancy-solute clusters. High
-resolution 2D-ACAR experiments may also eventually be able to "finger
print* defect species, however, one will usually be forced to deal with
.the superposition of two or more positron annihilation exit channels.
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Fig. 2. Comparison of constrained mong-divacancy analyses for three
crystal orientations in aluminum. The analyses results are
presented in the form of the fraction of the positron population
annihilating from monovacancies, fyy, and divacancies, fyy,
and the total fraction, f. (From reference [3].)

AGE VS MOMENTUM

The size of the vacancy site from which a positron annihilates
effects not only the observed momentum distribution, but the Tlifetime of
the positron as well. The combination of momentum and lifetime
measurements can be wused to advantage in achieving defect spectroscopic
resolution. A good example of such an experiment has been reported by
Kishimoto and Tanigawa [5] for annihilation of positrons in 1iquid and
solid metals. The goal of these experiments was to identify if more than
one positron state was present for the 1liquid metal case. Fig. 3a shaws
the positron mean Vifetime, ¥p, in gallium as a function of T, Above
the melting point, Ty, there s a dramatic fincrease in ¥y indicative
of trapping in open regions of the liquid. By studying the correlation
between age and momentum additional information is obtained as shown in
Fig. 3b. Here, for the solid state, the flat ¥y vs momentum (shown in
energy units for tha: Doppler shift) indicates a single positron state,
A11 elements of the momentum density will exhibit the same 1lifetime if
there 1is only one pusitron state extant in the system. For the Tiguid
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case, “however,
i 1nd1cat1ng ‘that not only was

evidenced by the overall increase 1n‘8m, but that there is. a background

of annihilations in solid  clusters as well.” °In contrast, a.similar,
experiment for the melting of indium yielded a different result. Fig: 3c .
shows the T, vs T for indium, and Fig. 3d the correspond1ng'zm Vs

momentum. Again, at low temperatures only a single state is present in
the bulk. At 85°, where ~35% of the positrons are trapped, a2 two
component system ans1st1ng of trapped positrons and the de1oca11zed Bloch
state could reasonably be anticipated. In the region just below the
melting point the size of the average trapped state appears to change
~vrapidly with T and the g vs momentum correlation implies that this is
.due to a mixture of vacancy states, most likely monp-, di-, and
trivacancies, Upon melting, however, the system returns to a single state

indicative of monovacancy size trapping sites for the positron, With the
-availability of theoretical models for the various positron states, this
experimental technique may prove itself to be a valuable way to strip the
.superpcsition of positron states observed in the momentum spectra in the
.presence of defect ensembles.
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Fig. 3. (a) Mean lifetime, ¥, vs temperature for gallium, (b) 2,

vs Doppler shift energy (momentum) for selected temperatures in
gallium, (c) Zp, vs temperature for indium, and (d)%n, vs
Doppler shift energy (momentum) for selected temperatures in
indium. (From reference [5]).
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‘SURFACE ANNIHTLATION STUDIES

With the recent development of intense, monoenergetic, variable
energy positron beams at Lawrence Livermore Mational Laboratory, it is now
possible to study electron momentum densities at the surfaces of solids
.using positron annihilation techniques. Moreover, when the positron is
.energetically ejected from the surface into the vacuum as positronium (Ps)
it is shifted intc the forward hemisphere by an energy approximately equal

.to the work function energy for the Ps production process. This
particular positron exit channel can also be studied using time-of-flight
(TOF) techniques. This mode of annihilation may be of particular

importance since the information about the surface properties of the
sample is carried into a volume of space where it can be easily separated
from those annihilations which take place from positrons Tlocalized or
trapped in the near surface region.

Positron beams at LLNL are cbtained by moderating high energy
positrons produced by pair prriuction in a tungsten target irradiated by a
pulsed electron beam at the LLNL 100 MeV Electron Linac [6,7]. The high
‘energy positrons are moderated in tungsten vanes and a small fraction are

—emitted from the moderator surface due to the negative work function of
~the tungsten. These positrons are then electrostatically accelerated and
_.transported along a magnetic guiding field to a UHV (2x10-10 torr)
~chamber. TOF and 2D-ACAR experiments are used to resolve the annihilation
—events from Ps 1in flight and positrons bound to the surface. The first
-experiments have been designed to explore what surface sensitivity this
—new technique may posses; that is, what information about the surface of a
—solid 1is acquired and then released by the anaihilating positron-electron
—pair.
- Fig. 4 shows the 2D-ACAR spectra obtained for positron beams incident
—on a [121] plane of Cu. Beam energies of 18 keV and 740 eV were used, the
—~18 keV data exhibited a spectrum indicative of the Fermi surface of Cu,
~-while the spectrum from the lower energy positron beam shows a high degree
--0f asymmetry indicative of energetic Ps annihilating in flight. The Ps
—~component was resolved from this 1latter, and 1is shown in the top of
~Fig. 5. A simple model, which was calculated for a free electron gas, is
—shown for comparison. The momentum distribution of the Ps is determined
4by kinematics, the positron-electron interaction, and the electronic
4density of states. Underlying this spectrum is what is believed to be a
~spectrum from positrons which are trapped or bound at the surface. The
-;asymmetry observed in this spectrum, which 1is shown in the bottom of
= Fig. 5, compared to the high energy spectrum, apparently arises from the
localization of the electrons perpendicular to the surface and the
—+delocalization parallel to the surface.
. Fig. 6 1is the corresponding TOF spectrum for the 740 eV incident
positron beam. Here, the annihilation of Ps travelling away from the
4surface is detected by a collimated detector 10 cm from the Cu sample.
Momentum resolutions similar to that achievable with ACAR are possible,
It is noteworthy that the general features of the TOF spectra obtained to
date confirm the 2D-ACAR distributions obtained for the same energetic Ps
! component.
A The future for the use of positron beams seems to be a rich one.
<Lifetime, TOF, and momentum studies (Doppler broadening and ACAR) are all
tviable spectrascopic tools for such studies, and as has been demonstrated
= here, different positron annihilation channels can be resolved from one
‘another, Future work will examine the'effects of surface conditions,
-physical and chemical adsorbates, defects, roughness, and crystal
‘orientation, as well as temperature on the annihilation spectra.
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Fig. 4.

Fig. 5.

The 2D-ACAR spectra for positron oeams of 18 keV and 740 eV
impinging on a single crystal of copper. The sample surface
orientation and a typical background spectrum are also shown,
(From reference [7].)
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Top) Contour maps comparing measured and computed momentum

distributions for positronium ejected from the copper surface.
Bottom) The bulk and surface trapped positron contours for the
18 keV and 740 eV beams. (From reference [7].)

-6~




L Ce 121 sanealed T

Peviteaninm conats latbilraey onine)

Time {83

Fig. 6. Energetic positronium TOF spectrum for Tow anergy positrons on
Cu single crystal surface. The peak of the positronium
distribution is in good agreement with the 2D-ACAR results and

the maximum Ps energy of 2.6%0.3 eV is in good agreement with
the negative Ps-work function.

SUMMARY

Three experimental methods for resalving positron annihilation exit
channels and hence 1learning additional information about the defect
- ensemble in the bulk and at the surface of materials have been presented.
The techniques developed for the analytical analyses 1in the case of the
mono- divacancy studies in Al should prove of significant benefit ia other
positron experiments where it is desired to resolve the companents of the
vacancy defect population. Thus, one can reasonably anticipate improve-
ment in ‘the quantitative interpretation of crossed Tifetime-momentum
experiments and surface studies using positron annihilation techniques.
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