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A POSITRON-ANNIHILATION STUDY OF THE EQUILIBRIUM VACANCY ENSEMBLE IN ALUMINUM
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•Department of Physics, Brandeis University
Waltham, Massachusetts 02254, USA
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A preliminary report is presented of a positron-annihilation study of the equilibrium
vacancy ensemble in aluminum using one- and two-dimensional angular correlation of
annihilation radiation (ACAR) measurements versus temperature. The annihilation
characteristics of a positron from the Bloch state, and the monovacancy- and
divacancy-trapped states have been calculated self-consistently within a supercell,
Including many-body enhancement effects, and are compared with experiment.

1. INTRODUCTION

Positron annihilation experiments can yield
valuable information about vacancy defects in
metals [1]. Aluminum was chosen for the present
study, since It Is accessible experimentally and
theoretically and can serve as a model material
for equilibrium var.aiicy-enserable studies: it has
a relatively large^ vacancy concentration at
melting [ CyCT^)"-!0"3] , and thus a wide tem-
perature range (~200°C) In which over 90% of
positrons annihilate from vacancy-trapped
states. Also, .'I is expected to have [2] a sig-
nifleant concentration of divac&ncies In its
high-temperature equilibrium ensemble [C2v(Tm)=

!

0.2 Cv(Tra)]; it should therefore be possible to
observe changes in the nature of the defect
ensemble with increasing temperature by positron
annihilation. In this preliminary report,
results are discussed regarding the electron
momentum density as sampled by the positron as a
function of temperature, using the two-dimen-
sional angular correlation of .innihllation radi-
ation (2D-ACAR) technique [3]. Data from
single-crystal A1 at 500°C and 630'C, where
positron trapping dominates, .ire compared with
data from 20°C, where positrons annihilate from
delocalized Bloch states. A complete set of
long-silt (1D-ACAR) results have also been
obtained, as well as 2D-ACAR data at 340°C and
575°C; these will be presented In a fuller
account of this investigation.

Z. EXPERIMENT

The present experiments were performed at
Brandeis University with the "triple-counter
pair" long-slit (1D-ACAR) apparatus, and the
multi-counter cross-correlation 2D-ACAR Instru-
ment [3]. Aluminum single crystals were mounted
on a stainless steel, resistively-heated block,
which was inserted into a UHV (10~7 to 10"°
Torr) chamber positioned between the pole faces
of a positron-focusing magnet. Temperatures
were measured with chrome1-alumel thermocouples
held between the Al sample and the heating
block. Temperature stability was maintained

either manually (to ± 5°C) or by a feedback
system (to ± 1°C). At 630°C, the temperature
could have been underestimated by as i-jch as
~10°C. The positron "spot size" on the 10 mm
diameter samples was ~6 mm in diameter; hence
significant temperature gradients over the
sampled area were unlikely. The samples were
annealed in situ at 630°C. Peak-counting and
full long-silt 1D-ACAR measurements versus tem-
perature were performed for three crystal orien-
tations, <100>, <110>, and <111>. One of the
three Independent long-slit pair detectors was
set at 2.0 mrad FWHM, and the others at 0.5 rarad
FWHM resolution. The 2D-ACAR data at temper-
ature T, N r(p y,p z) r were obtained for a <100>
axis along the integration direction px, and
<110> axes along py and p z. Lead collimators
with 1.5 cm diameter circular holes in front of
each of the 64 Nal detectors (at 10 m from the
sample-source assembly) were used. Positrons
were obtained from 100-300 mCi Co sources.

3. THEORY

The positron annihilation characteristics in a
monovacancy and a divacancy were calculated
using a self-consistent pseudopotential scheme,
based upon a local density functional formalism
incorporating many-body enhancement effects [4J.
Application of this formalism to defect-free Al
now yields results [5] in good agreement with
the earlier, high-resolution, low-temperature
2D-ACAR measurements from Brandeis [6] on Al.
The environment of the vacancies was simulated
by an unrelaxed 27-atomic-site supercell to
which the band-structure scheme was then applied
[7,8]. The electronic structures of the
monovacancy [7,8] and the divacancy [8], In the
absence of the positron, have been calculated
previously using this scheme. It was shown that
the electronic structure of the monovacancies
are effectively isolated in this supercell; the
electronic structure of the divacancy is not so
immune to supercell effects. However, In both
the monovacancy- and divacancy-trapped positron
states, the positron is extremely well local-
ized; the perturbation from neighboring defects



is therefore too small to significantly affect
the electronic structure as seen by the posi-
tron, and hence the present theoretical results
are expected to be independent of supercell
configuration. Owing to crystal symmetry, a
six-fold spatial average must be performed for
the divacancy results before comparison with
experiment can be made. The ACAR spectra for
the two defect-trapped states were determined
following the method of Refs. [4] and [5] .

4. RESULTS AND DISCUSSION

Figure 1 shows the experimental N.j.(p ,pz) sur-
faces in a semi-logarithmic format, at 20°C,
500°C, and 63O°C. The Umklapp peaks in the
high-momentum regions are clearly visible at
20°C, even with the low-resolution collimators
used here, and agree well with the previous
high-r,esolution data [3,6]. Some lower inten-
sity high-momentum anisotropy is also present in
the high temperature data. Figure 2 shows the
results of the theoretical calculations for the
2D-ACAR surfaces for the Bloch, the monovacancy-
and the divacancy-trapped positron states at
0 % N B l o c h , N l v, and N 2 v > respectively. The
theoretical results are all normalized to the
same volume; the NBiocn(Py>PZ)

 l s normalized to
the peak of the experimental -^20^Py'Pz) data.

orientations. The appropriate resolution has
been included in these theoretical resrults. A
comparison of Figs. 1 and 2 shows that (i) he
Bloch-state theory fits the 20°C spectrum rattier
well, except for the magnitude of the Umklapp
peaks, which are underestimated because of the
pseudopotential approach used, and (ii) the
shapes of the experimental 500°C and 630°C sur-
faces both lie between the calculated monovac-
ancy and divacancy surfaces, with peak heights
increasing in the order N l v, N 5 0 0, N 6 3 0, N 2 v.

In order to determine if the theory can ade-
quately describe the main features of the
observed temperature dependence, firsc it was
necessary to subtract from the N 5 O Q and N ^ g
data the fraction of the N2g

 d ata corresponding
to the percentage of positrons still annihi-
lating from Bloch states at these high temper-
atures (no correction was cade to account for
the change in the Bloch state frcm 20°C to 500°C
and 630°C). The Bloch-state fractions (6% at
500°C and U at 630°C) were obtained, to first-
order, by analyzing thp long-slit data using the
two-state trapping model [1]. The high-temper-
ature trapped-state surfaces N'500 = c50O^N5OO~
0.06N20) and N' 6 3 O = C 6 3 0[N 6 3 0-0.01N 2 01 were
thus formed, where C^QQ and C^-JQ are volume
renormalization constants to match the volume of

2 0 y z
The p z and p y axes in Fig. 2 correspond to <100>
directions (the <110> directions are the
diagonals); the perspective drawings have been
rotated so as to coincide with the experimental

N20- Difference surfaces between the various
states of the positron could then be constructed
for both experiment and theory. The difference
surface N ' 5 Q Q - N 2 O is shown in Fig. 3a; the <110>
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Fig. 1. Perspective representations of the experimental 2D-ACAR data for an Al single crystal at (a)
20°C, (b) 500°C, and (c) 63O°C; the momentum axes p z and p y correspond to <110> directions.
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Fig. 2. Perspective representations of the calculated 2D-ACAR surfaces at 0°K, convoluted with the
experimental resolution, for (a) the Bloch state and the (b) monovacancy- and (c) divacancy-
trapped states of the positron. The axes pz amd py correspond to <]00> di rect ions .



Fig. 3. Difference surfaces
for the 2D-ACAR data and <110>
radial cuts through 8-fold
symmetrized versions of these
difference surfaces. Experi-
ment: (a) N ' J Q Q - ^ Q , positron
trapped-state data at 500°C
minus the Bloch-state data at
20°C, and (b) N ' ^ Q - ^ Q and
N'^QQ-N2(), in units of percent
Of N 2 0(p z = 0 , P y = 0 ) .
Theory: (c) N l v-N B l o c h, mono-
vacancy-trapped state minus
Bloch-state at 0°K, and (d)

"gv-Nfiloch a n d Nlv-NBloch a t

0 K, in units of perrent of
NBloch<Pz " °« Py " °>-

p,(iiirad)

p (rurdd)

Fig. it. Difference surfaces
for the 2D-ACAK data and <110>
radial ciitr through 8-fold
symmetrized verr.lons of these
difference surfaces. Experi-
ment: (a) N'630""ri!'500> posi-
tron trapped-state data at
630°C minus those at 500"C;
the upper data show the sta-
tistical scatter In forming
this difference; the lower
surface is smoothed with a
Gaussian of o = 1.5 mrad, and

(b)
N'

N'63O~N'5OO and 575"
500' in units of percent of

N500(Pz = °> Py = °>- Theory:
(c) N2v~Niv> divacancy-trapped
state uinus monovacancy-
trapped state at 0°K, and (d)
N2v~Nlv at °°K> in unlrs of
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radial cuts for N ' ^ Q - ^ Q an& N'5OO~N2O a r e

shown In Fig. 3b. For comparison, the theoret-
ical Nlv"

NBloch s u r f a c e a n d the corresponding
radial cuts for N 2 v - N B I o c h and N l v-N B l o c h are
presented in Figs. 3c and 3d. The major quali-
tative features, for both the experiment and
theory, are the multiple maxima and multiple
crossings of the nodal plane. Analogous obser-
vations using 1D-ACUI have been reported pre-
viously [9,10], and modeled [9] using a modified
Wigner-Seitz method. The shape of the theo-
retical N i v ~ N m o c h surface follows rather well
the shapes of the experimental N ^ Q Q - N ^ Q and
N'g3Q-N2o surfaces. The absolute magnitude of
this theoretical difference accounts for ~90Z of
the experimentally observed N'5OO~N2O a t i t s

peak, and ~80% of the N ' ^ Q - ^ O difference. The
positive and negative ridges at higher momenta
are also underestimated. Such a result is
encouraging, since it supports the idea of an
expecfed significant and increasing divacancy
contribution with increasing temperature.
However, a precise quantitative comparison must
await further work, as indicated by a more
detailed comparison between the high-temperature
trapped-state data.

The effect of changing the temperature from
500°C to 630°C can be further investigated by a
comparison of the difference surface N'g-jQ-
N ' J Q Q , shown in Fig. 4a, and the theoretical
N9 v-Nj v surface shown in Fig. 4c. The corre-
sponding <110> radial cuts for these surfaces,
and N'575~H'500' a r y shown in Figs. 4b and 4d.
The effect of static lattice expansion from
500°C to 630°C on N l v has been calculated, and
found to be negligible with respect to the ~20
times larger experimental effect shown in Figs.
4a and 4b. The theoretical M2 v"

Nl v
 sllows. o n

the other hand, a large offect at the peak.
This suggests that a significant and increasing
fraction of positrons trapped at divacancies
could explain the observed pc;:k-height changes
between 500°C and 630°C. However, in the
absence of any other temperature effects, the
difference surfaces ^'630~^500 an<* ^2v~^lv
should be equal within a multiplication factor
(Fig. 4c would be suppressed by a factor <1,
which depends ort thd relative trapping at
divacancies between 630°C and 500°C). The shape
of NI

63Q-N'5oo is, however, distinctly different
from the theoretical shape of N2v~

Nlv# Thus,
before the presence of divacancies can be
verified, other temperature-dependent effects
have to be taken into account in the theory.

Among the temperature-dependent effects still to
be taken into account are: (i) static lattice
expansion for the divacancy state, (ii) lattice
expansion and phonon coupling in the Bloch
state, and (iii) the effects of the local atomic
vibrations around the vacancy and divacancy.
The thermal smearing effects, both from the
positron and the atoms, are expected to suppress
tie various theoretically predicted peak-height
differences. In addition, the lattice (atomic)

relaxations around the vacancy defects in the
presence of the trapped positron must be taken
into account. Preliminary calculations, using
the present formalism, have shown that the
trapped positron exerts an outward pressure on
the f irst-nearest-neighl,or atoms around the
monovacancy, as previously suggested [11]. A
similar effect might be expected for the divac—
ancy. Work is in progress on these various
effects. The observed anisotropies of the 2D-
ACAR data will be more carefully studied for
indications of the changing nature of the defect
ensemble. It is anticipated Chat further
analysis of the 2D-ACAR data with a theoretical
model incorporating additional temperature-
dependent effects will yield valuable infor-
mation regarding the presence of divacancies in
the equilibrium vacancy ensemble in aluminum.
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