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Abstract Low-background Doppler broadening profiles have been measured in AI. The KKR 
methodology has been used to calculate the profile and study the effect of positronelectron 
correlation. 

Introduction 
The two-detector Doppler broadening method [ 11 attracts considerabie interest as a technique for 
the detection, study and characterization of (defects in) materials. A measurement of the annihilation 
radiation of positronelectron (e* - e') pairs with the aid of two collinear solid state detectors in 
coincidence yields the Doppler-broadened annihilation lineshape with a strongfy suppressed 
background and improved energy resolution. This facilitates the study of annihilations with core 
electrons. particularly of atoms neighbouring a vacancy, and leads to increased elemental specificity 
of positron annihilation spectroscopy [2,3]. It also opens the possibifity to study e* - e- correlation 
over a greatly extended range of momenta. 

Calculations of the high-momentum pan of Doppler broadening curves have so far been 
based predominantly on the overlapping free-atom model (41. This yields useful results in the high- 
momentum regime where core annihilation dominates. but is unsatisfactory at low momenta where 
most annihilations invoive valence electrons and band-structure effects are important. Furthermore. 
the valence electrons also affect the high-momentum part of the curve directly by superimposing 
high-momentum components (HMC) of their wavefunctions on the core contribution, and indirectly 
through their effect on the e* wavefunction. particularly when vacancies are present. Thus, other 
methods which produce full crystal wavefunctions and describe the full momentum range more 
satisfactorily should be explored. Comparison between experiment and theory should then give 
insight in e' - e' conelafion. In the present study of AI we have employed the KKR-based 
methodology used successfully in high-7'' and other materials [SI. 

Theory 
The electronic structure of core and valence electrons for AI (a = 0.4050 nrn) has been  calcdated 
self-consistently at 489 k points in 1/48th of the Bdlouin zone [6].  Valence electron wavefunctions 
include spherical waves up to and including k 3 .  The positron crystal potential contains a e' - e' 
correlation term obtained via parametrization 171 of the results of Arponen and Pajanne [SI. The 
same band-structure methods as used for the electrons are applied to generate the positron 
wavefunction. The momentum density p'Y(p) of the annihilating positron-electron pairs is given by 
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b where yEn-(r)] represents the enhancement of the annihilation probability due to e* - e- correlations, 
1z-(r) denotes the electron density, and the other symbols have their usual meaning. The integration 
is carried out by expanding y into plane waves and convoluting it with the plane-wave expansion 
of the positron wavefunction. The result is then convoluted with the plane-wave expansions of the 
electronic wavefunctions [5] .  p”@) is calculated at -5xIO’p points filling a cube in p space of side 
230 in units of 10-’moc, with m, the electronic rest mass and c the velocity of light (a momentum 
of 10-3moc corresponds to an angle of 1 mrad i n  an angular correlation experiment). All calculations 
are well converged and corrected for resolution. The Doppler profile is obtained by integration of 
p”@) with respect to two of the three momentum components, while the positron lifetime is 
obtained by integrating p”@) over ail momenta. 

’ 

Fig. I Doppler broadening curves in A1 [loo] for LDA [9 ]  (solid) and GGA ( I l l  (dashed) 
enhancement. Die LDA core arid valence coritributioris are shown separately. Theory and experiment 
have been normalized at p=O. 

Results and discussion 
Figure 1 shows, experimental results for the Doppler broadening of the annihilation radiation emitted 
along the [ 1001 direction in an AI single crystal. measured with two Ge detectors in coincidence 
(total resolution 0.90 keV FWHM) at the beam at Delft. These data are consistent with similar 
results obtained at Brookhaven with a lower resolution. They are compared with the results of three 
KKR calculations. In the first one, enhz8,cement has been applied according to the local density 
approximation (LDA), Le., yLDA(r) = g,(r,f df Ref. 191. The agreement with experiment is fair over 
the entire range of momenta except between 10 and 2OxlO-h~g where the valence electron HMC’s 
contribute to the fact that the calculated density is slightly higher than the experimental one. 



Because of the large solid angles subtended by the detectors. the direction of the resolved 
momentum component is not well defined in the experiment; this may well result in the measured 
HMC's being smalfer than expected. The e+ lifetime T is found to be I66 ps, in fairly good 
agreement with the experimental vaIue of 163 ps [IO]. The second calculation (not shown in Fig. 
I )  employs the stronger enhancement introduced by Barbiellini et al. ( 1  I]. It leads to a slightly 
worse fit (between 20 and 35x103m,c) and a lifetime 'I: = 143 ps which is far too short. 

The third calculation empIoys e' - e- correlation and enhancement according to the 
generalized gradient approximation (GGA) (1  I]. This yields z = 161 ps (significantly longer than 
found earlier [ 1 I]) but the strong non-linearity of yGGA(r) introduces a considerable amount of high 
momentum. Consequently, more plane waves are required to obtain convergence and the 2s and 2p 
contributions to the profile become broader, resulting in significant disagreement with the 
experimental data (up to a factor of 1.5) between -10 and -50~1O~~m,c. 

Although it would be premature to draw general conclusions concerning e+ - e' correlation 
from this work before a range of representative perfect and defected metals have been considered, 
the present results seem to favour an enhancement factor which is a weaker function of the electron 
density than the factors used in the second and third calculation i I]- In general, however. well- 
converged caIculations of the electronic structure and the momentum density are essential before 
conclusions can be drawn concerning e+ - e- correlation. 
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