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Abstract-The effects of lattice structure on the high momentum part of the Doppler broadening of the positron- 
electron annihilation radiation was studied for a number of materials. The momentum distribution of the 
annihilation radiation was measured using two Ge. detectors to record “in coincidence” the energies of both 
the upshifted and downshifted gamma rays. First-principles calculations were performed to complement the 
experimental data. We present results for diamond and graphite, OL and fl Sn, amorphous and crystalline Si, well- 
annealed and deformed Cu, and Fe, with and without vacancy clusters. The bulk systems provide a good test case 
for the present approach, since the delocalized positron has no effect on the surrounding lattice. These results show 
that the two-detector technique, which exhibits enhanced elemental sensitivity, can also be used as a probe of the 
geometry of the annihilation environment, and hence can be used for identifying defect structures. 6 1997 Elsevier 
Science Ltd. All tights reserved. 
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1. INTRODUCTION 

The measurement of positron lifetimes, the Doppler 
broadening (DBAR) and two-dimensional angular corre- 
lation of the annihilation radiation (2D-ACAR) have 
traditionally been used for the identification of defects 

in solids [l]. In order to conserve momentum, the 
annihilation of the electron-positron pair produces two 

gamma rays (the much less likely 3y-annihilation is 
omitted in our discussion) whose relative direction differs 

from 180” by the angle 0 = prfmOc, where m. is the 

electron mass and c is the speed of light. pr is the 
transverse component of the momentum and can be 
measured using 2D-ACAR. The longitudinal momentum 

component pi along the direction of the photon emission 
is related to the Doppler shift AE by 

pL = 2AElc. (1) 

Significant improvements in the Doppler broadening 

measurement can be achieved by coincidence measure- 
ments of the two annihilation quanta [2-71. The signal- 
to-noise ratio can be improved further by using two Ge 

detectors [3, 51, leading to better measurements of the 
higher momentum region where few annihilation events 
occur and result in a low count rate. 

This higher-momentum part of the DBAR spectrum 
arises from annihilations with the core electrons. These 

*Present address: Materials Research Center, Washington 
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electrons retain their atomistic character in a solid, and 
the momentum distribution resulting from their annihila- 

tion can be used for identifying the chemical environment 
of the annihilation site. The screening of the core elec- 
trons by the valence electrons, and hence the penetration 

of the positron wave function into the core and the partial 
annihilation rates for each core level depend on the lattice 

structure or the geometry at the annihilation site. Hence, 
this technique can be used for identifying both the 

elemental character as well as the geometry. The pro- 

pensity of positrons to trap at open-volume defects prior 
to annihilation thus makes them extremely useful for 
identifying defects like vacancy-impurity complexes in 
solids [7]. 

The positron annihilation characteristics depend on the 
amount of overlap between the positron and electron 
wave functions [l]. An increase in the overlap of the 
positron and electron wave functions results in an 

increase in both the partial (and hence total) annihilation 
rates as well as the amplitude of the momentum distribu- 
tion. Variations in the positron lifetime, which is 

inversely proportional to the total annihilation, are lar- 
gely dominated by the contributions of the valence 
electron-positron annihilation rate, whereas the momen- 

tum distribution is equally sensitive to both the valence 
and core electron contributions. The valence electron- 
positron overlap dominates the low-momentum part, and 
the core electron-positron momentum dominates the 
high momentum part of the momentum distribution. 
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For positrons trapped at vacancies the total annihilation 
rate goes down and the positron lifetime goes up [ 11. The 
partial annihilation rates decrease for both core and 
valence electron annihilation; however, the decrease in 
the core electron annihilation rate is much larger than the 

decrease in the valence electron annihilation rates. 

The elemental specificity of the method has been 
demonstrated in earlier works [4, 51. Here we discuss 

the lattice structure dependence of the Doppler spectrum, 

using as examples diamond and graphite, a! and /3 tin, and 

amorphous and crystalline Si. Defects in deformed Cu, 
and vacancy clusters in Fe are compared with corre- 

sponding defect-free or well-annealed samples. It is 
shown that two different structures of the same element 

produce significantly different Doppler spectra. The 
differences are illustrated [5, 61 by plotting the ratio 

curves (with respect to another material) rather than the 
momentum distribution itself. Our experimental results 

indicate that the positions of the peaks in the ratio curves 
depend on the elemental nature of the core electrons, 

while the amplitude of the peak varies with the lattice 

structure or the geometry of the defect. The impact of the 
directional asymmetry on the momentum distribution of 

the core electrons is being investigated in a separate study 

[a. 

2. EXPERIMENTAL AND THEORETICAL METHODS 

The experiments were perforined using a new 
coincidence-detector set-up, described elsewhere [S]. 

The set-up is optimized to record the energies of the 

two photons when they enter the detector system in time 
coincidence. The simultaneous detection of both photons 

allows us to suppress the contributions of the background 
events that dominate the tail region of the annihilation 

spectrum of a traditional single detector set-up. The new 
system attains a peak-to-background ratio of lo5 (in 

comparison, the single detector set-up can only attain a 
ratio of = 200). As a result, we can identify the slope 
variations originating from annihilations with inner shell 
electrons. 

First-principles calculations have been done to com- 
plement the experimental work. The experimental 

technique can naturally be used alone in a phenomen- 

ological manner. However, coupling with calculations 
that model lattice structures and defect geometries pro- 
vides descriptions of the annihilation site, and enables us 
to make a detailed interpretation of the experimental data. 
Our first-principles calculations use the method described 
in [6] and [9]. The momentum distribution for each 
electron level is first calculated, these contributions are 
then summed up, being weighted with the corresponding 
partial annihilation rates [9]. These rates are calculated 
using the method of superimposed atoms [lo]. (The effect 
of the lattice structure on the enhancement of the 

Table 1. Lifetimes 7 and annihilation rates X in (ns-‘) for differ- 
ent electron levels in graphite and diamond 

Tc,lc (ps) 
Texp (PS) 
Al, 
x zs 
A 2F 

*From [21]. 
‘From 1221. 

Diamond Graphite 

93 205 
115* 215+ 

0.113 0.024 
5.111 2.023 
5.558 2.838 

annihilation rate was recently studied by Sormann 

[ 111.) The electron density and potential for the positron 
are calculated by superposing the atomic densities and 

potentials. The total potential affecting the positron is the 
sum of the Coulomb potential thus obtained, and a 

correlation potential calculated using the density func- 
tional theory [ 121 within the generalized gradient 

approximation for the electron-positron correlation 

[13]. Since the method is based on using atomistic 
electron wave functions, the good quantitative agreement 

between theory and experiment in the case of diamond 

and graphite may be somewhat fortuitous. This is due to 
the fact that in both cases the major contribution to the 

Doppler curves up to the momenta = 3Om,,c ( = 4 a.u.) is 

due to the 2s and 2p electrons, responsible for the bond 
formation, which is not taken properly into account in the 
atomic superposition calculation. Graphite is highly aniso- 
tropic, therefore the use of a directionally averaged posi- 

tron wave function is also not a good approximation. For 
Sn, on the other hand, the method is expected to work 

better, since here the contributions arising from core 

electrons dominate the behavior of the curve at relatively 

low momenta. This calculation also gives positron life- 
times that are shown below (Tables 1 and 2) to be in a good 
agreement with the experiment. 

3. RESULTS AND DISCUSSION 

Fig. l(a) shows the momentum distributions for diamond 
and graphite. A 2D-ACAR measurement [14] shows a 

clear difference in the momentum distribution between 
the orientations parallel and perpendicular to the crystal- 

lographic c-axis of graphite. However, the behaviors 

above lOm& ( = 1.4 a.u.) are quite similar [14]. The 

Table 2. Lifetimes T and annihilation rates h (in ns-‘) for the 
outermost core electxon levels in (Y and j3 tin 

rc.1c (PS) 
7,xp (ps) 
A 4s 
A, 
h4d 

*From [23]. 
‘From [24]. 

oc-Sn &Sn 

286 201 
289* 201+ 

0.009 0.02 1 
0.044 0.100 
0.303 0.650 
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Fig. 1. Positron annihilation probability density for diamond 
(squares, experiment; solid line, theory) and graphite (triangles, 
experiment; dashed line, theory). (b) Positron annihilation prob- 
ability density for 6% (dashed line) and &Sn (squares, 

experiment; solid line, theory). 1 a.“. = 7.3 X lO-‘mr,c. 

difference between the momentum distributions for dia- 
mond and graphite in our experiments and calculations is 

seen better by plotting the same curve normalized with 
respect to another element, in this case Si, because of the 
availability of high-quality Si samples (Fig. 2). The 
normalization procedure is described in [5]. This figure 

clearly shows that position of the peak is the same for 
both diamond and graphite, and is indicative of the 
elemental difference between these. materials and Si. It 

also shows that the amplitude of the peak is different. 

This difference can be explained in terms of the annihila- 
tion rates in both systems. The calculated rates are 
tabulated in Table 1. In the graphite structure there is 
plenty of space for the positron wave function between 
the layers and, therefore, the annihilation rates with the 
different electron levels are small, resulting in a small 
total annihilation rate and, therefore, a long lifetime. In 
contrast, diamond is very closely packed, and the positron 
is squeezed into the small interstitial space. This results in 
high annihilation rates and in a very short lifetime (see 
Table 1). 
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Fig. 2. Experimental positron annihilation probability density for 
graphite and diamond normalized to Si. 1 a.u. = 7.3 X IO-‘QC. 

Another example of different lattice structures of the 
same element is tin, which undergoes a phase transition 

from the diamond structure (Y phase to the tetragonal /3 
phase slightly below room temperature. Fig. 1 (b) clearly 

shows the difference in the calculated Doppler curves. 

The core annihilation rates tabulated in Table 2 also show 
this difference. In &Sn, the open volume is smaller and 

the positron wave function has to penetrate deeper into 
the core region, which increases the annihilation rates 
with the core electrons, thus broadening the momentum 
distribution. Since alpha Sn is difficult to obtain and 

changes to the beta phase at room temperature, measure- 
ments were only done for beta Sn. 

Positrons are. easily trapped at open volume defects 
owing to the missing ionic cores. In addition to the 

relaxation caused by the intrinsic structure of the 
defect, localized positrons may also alter the atomic 

coordinates around a defect site [15, 161. These two 
effects will produce similar effects encountered earlier, 
i.e. they will alter the overlap of the positron with the 

inner shell electrons. In order to clarify this effect we 
have studied elements containing different kinds of open 

volume defects. the ratio curves for defect-free and N 
implanted Fe with respect to Si are shown in Fig. 3(a). 
The defects in N-implanted Fe are mostly vacancy 

clusters, as monovacancies are not stable at room tem- 
perature [17]. The figure clearly shows that the peak 
positions are identical, whereas the amplitudes are quite 

different. A similar pattern is observed for deformed and 

annealed Cu [Fig. 3(b)]. The defects in deformed Cu are 
believed to be mainly dislocations and vacancy loops 

VU. 
In the case of amorphous vs crystalline Si, Fig. 3(c), the 

difference is also clearly visible. Note that even in this 
case, the amplitude changes almost by a factor of 2, 
whereas the corresponding change in the traditional 
defect parameter S is only the order of a few percentage 
points. Because of this difference between amorphous 
and diamond structure, it is expected that this technique 
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Fig. 3. Experimental positron annihilation probability densities 
for (a) bulk Fe and Fe containing microvoids, (b) bulk and 
mechanically deformed Cu (containing dislocations), and 
(c) crystalline and amorphous Si. The data in (a) and (b) 
are normalized to Si; the data in (c) is normalized to Cu. 

1 a.u. = 7.3 X IO-‘mg. 

could be used successfully for the characterization of 

diamond-like features in amorphous carbon films [ 191. 
In the case of both graphite vs diamond and (Y vs /3 tin, 

the positron lifetimes are different enough to distinguish 

easily between the two structures. Positron lifetimes in 
defect-free materials or the same material containing 
monovacancies, divacancies, vacancy clusters or dislo- 
cations are very different, indicating that the positron 
lifetime spectroscopy can be used to identify these 

defects, and it would appear that there is no clear 
advantage involved in using the momentum distribution 
measurement. However, positron lifetime spectroscopy 
is relatively insensitive to changes in the core annihila- 
tion rates. The fact that the momentum distribution 
technique can look at contributions from many electronic 
levels allows it to identify impurities bound to vacancies, 

even when the positron lifetime remains unaltered. This 

has been demonstrated in the case of zinc-impurity 

phosphorous-vacancy pairs (Zn-V,) in InP [4]. 
The good agreement between the theoretical and 

experimental momentum distributions as well as the 

calculated and measured positron lifetimes gives 

credence to the theoretical models for positron states 

and annihilation characteristics. This supports the con- 

clusion [9] that the overlaps of the positron and core 
electron densities are well described and that the general- 

ized gradient approximation for electron-positron corre- 
lation [ 131 reproduces faithfully the core annihilation 

rates for defect-free bulk materials. This is a good starting 
point for considering the theory for positrons trapped by 

defects in solids. In that case one has to consider the more 

complicated effects of the lattice relaxation and the finite 

positron density [ 16,201. 

4. CONCLUSION 

We have performed experiments and first-principles 

calculations which show that the lattice structure of the 
smaple has a significant effect on the positron-electron 

annihilation spectrum, even on the core electron part of 
the momentum distribution. This feature can be utilized 
for the identification of the environment at the positron 

annihilation site, yielding information about the chemical 

composition as well as the lattice structure and lattice 
relaxations. Since positrons trap selectively at open 

volume sites prior to annihilation, this is an excellent 

technique for studying vacancy-impurity complexes in 

materials. 
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