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Abstract. The Doppler broadening of annihilation radiation spectra of some single-element
materials from the second to the sixth periods measured by the coincidence technique have
been compared with the theoretical calculation based on the projector-augmented wave (PAW)
method. Having appropriate valence electron configurations the calculation well reproduces the
measured spectra.

Introduction

Electron-positron momentum distribution obtained through the Doppler broadening of annihilation
radiation (DBAR) measurement is quite useful for identifying defects species in materials since the
spectrum shape reflects the elemental difference where positrons annihilate. To interpret the
experimental DBAR spectra, detailed theoretical calculation is needed. It is pointed out that the ordinal
pseudo-potential manner hardly calculates the realistic electron wavefunctions near core region and
this is especially serious problem when calculating the DBAR spectra for transition metals [1]. To
avoid this difficulty, one way is to employ the all-electron manner for calculating electronic state. In
this study, we measured the DBAR spectra of some single-element materials from the second to the
sixth periods and compared them with the theoretical spectra based on the projector-augmented wave
(PAW) method developed by Blohl [2] and the two-component density functional theory.

Experiment

Samples used in this study were Be polycrystals, highly oriented pyrolytic graphite (HOPG) from the
second period, Mg and Al polycrystals, Si single crystals from the third period, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn and Ga polycrystals and Ge single crystals from the fourth period, Zr and Mo polycrystals
from the fifth period, Gd, Au and Pb polycrystals from the sixth period. After electro-chemical
polishing, polycrystals were annealed in appropriate temperatures to reduce defects.

A *Na positron source deposited onto a titanium film of 5 um thick was sandwiched by two samples
and coincidence Doppler broadening measurements were carried out using two high-purity Ge
detectors and the FAST-ComTec MPA-Win system. In each spectrum, more than 10’ counts were
accumulated. The energy resolution was approximately 1 keV in the full width at half maximum
(FWHM). Here, the Doppler energy shift of 1 keV corresponds to 3.92 mrad in angle deviation from =
of two annihilation radiations and 0.54 a.u. (3.92x10~* myc) in momentum shift.

(© 2010 IOP Publishing Ltd 1



International Symposium on Advanced Science Research 2009 IOP Publishing
Journal of Physics: Conference Series 225 (2010) 012027 doi:10.1088/1742-6596/225/1/012027

Calculation
The DBAR spectra were calculated within the local density approximation [3]. The valence electron
momentum distribution is calculated using the conventional scheme:

py(P) = a2 |[ &P W ()W, (1 )y (e (1)

where r¢ is the classical electron radius, C is the speed of light, W.(r) is the positron wave function,
W.u(r) is the valence electron wavefunction of the n-th band, and y(r) is the enhancement factor. The
summation was performed over all the occupied states. The core electron momentum distribution
is calculated by

pe(p) = ¢ Y

i,nim

where ¥, ,im(r —Ri) represents the core electron wavefunction specified by the principal, azimuthal, and
magnetic quantum numbers (nlm) for the i-th atom and R; denotes the position vector. Here, we
follows the Alatalo’s method. That is, the positron wavefunction is assumed to be spherically
symmetric and the core wavefunction is given by Wi ym(r)=Rin(r)Ym(6,9), where Ry (r) is the radial
part of the wavefunction and Y 4(0,9) is the spherical function. Consequently, Eq. (2) is rewritten as

Pe(P) = T @+ D[ §i(PR 4 (V. (1 +R, DfyOrar] ()

after integrating on the 0 and ¢ axes, where ji(pr) is the spherical Bessel function. Thus, pc(p) becomes
isotropic. The total momentum distribution is given by p(p)=pv(P)+pc(p). One-dimensional angular
correlation of annihilation radiation (1D-ACAR) spectrum is obtained by integrating the total
momentum density in two momentum directions. Subsequently, DBAR spectrum is obtained by
convoluting the ID-ACAR spectrum with the resolution function having a FWHM of 3.92x10~ mc.
Supercells with a 1x1x1 conventional unit cell were constructed for individual crystal systems
considered in this study. The valence electron wavefunctions were calculated based on the projector
augmented-wave (PAW) method [2] using the ABINIT4.6.4 code [4]. The potentials and projectors
were generated using the ATOMPAW code [5]. The k-point mesh was 2x2x2 or 4x4x4. The cut-off
energy of the plane wave basis set was 60 Ryd. The radial part of core electron wavefunction was
represented by the Slater function parameterized by Clementi and Roetti [6]. A self-consistent positron
wavefunction was calculated based on the two-component density functional theory in order to
minimize the energy functional. The Borénski—-Nieminen enhancement factor was adopted [7].

J&™ W, (), T ~R Wy (el )

Results and Discussion

Figure 1 shows the DBAR spectra for the Be and HOPG samples as examples of the second period
elements. The electron configuration of a Be atom is given as 1s2s>. We first calculated the DBAR
spectrum for Be assuming 1s core electrons. However, the calculation hardly reproduced the
experimental spectrum. We therefore treated 1s electrons as valence electrons. As shown by the solid
curve, the experimental spectrum is well reproduced. In the case of graphite, due to the sp> bonding
among C atoms, a layered structure is formed. Therefore, the assumption of 1s core electrons seems to
be plausible. However, again the calculation with 1s core electrons failed to reproduce the
experimental spectrum. The reason is that the positron wavefunction was approximated as a
spherically symmetric function following the Alatalo’s method despite that real positron wavefunction
is anisotropically localized at the interlayer spacing [8]. Thus, by assuming 1s valence electrons, and
hence considering an anisotropic positron wavefunction, the calculation reproduces the experimental
spectrum. Probably, for diamond, the 1s electrons can be approximated as isotropic core electrons.
Figure 2 shows the DBAR spectrum for the Al samples as an example of the third period elements. In
this case, the calculation assuming 1s*2s”2p° core and 3s’3p' valence electrons reproduces the
experimental spectrum. A similar result was obtained for the Si samples. For the Mg samples, both 2p
3s electrons should be treated as valence electrons.
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Figure 3 shows the DBAR spectra for the Ti, Fe, Cu and Ge samples as examples of the fourth period
elements. From Ti to Ni, 3s and 3p electrons should be treated as valence electrons in addition to 3d
and 4s electrons. From Cu to Ge, 3s and 3p electrons may be treated as core electrons. Probably, from
Ti to Ni, 3d and 4s orbitals are only partially filled and hence underlying 3s and 3p wavefunctions are
modulated, while, from Cu to Ge, the nature of valence electrons may be mostly determined by 3d, 4s
and 4p electrons.

Figures 4 shows the experimental DBAR spectra for the V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga and Ge
samples differentiated by the spectrum for the Ti samples. It is seen that the DBAR spectra change
systematically with increasing atomic number from Ti. For the V, Cr and Mn samples, the change in
the spectrum shape is relatively small, but the broad bump at around 20x10” mgc increases
dramatically from Fe to Cu. This change corresponds to the filling of 3d bands. From Zn to Ge, the
bump at around 20x10” myc decreases and the intensity at low momentum region increases. This
reflects the enhancement of annihilation rate between positrons and the 4sp band electrons. Figure 5
shows the calculated differential DBAR spectra corresponding to the elements in Fig. 4. The
calculation reproduces the experimental differential spectra. Although the effect of crystal structure
on the DBAR spectrum shape seems to be small for bec, fcc and hep, the diamond structure (Ge) gives
rise to a dramatic change.

Figures 6 shows the DBAR spectra for the Zr and Mo samples as examples of the fifth period elements.
Similarly to the Ti and Cr in the third period, by treating 4s, 4p, 4d and 5s electrons as valence
electrons, the calculation reproduces the experimental spectra. Figure 7 shows the DBAR spectra for
the Gd and Pb samples as examples of the sixth period elements. In their calculations, the valence
electron configurations are assumed to be 4f'5s*5p°5d'6s’ and 5d'°6s’6p’, respectively. The
calculations reproduce the experimental spectra suggesting that the assumed valence electron
configurations are valid.

Conclusions

In the present work, we compared the measured and calculated DBAR spectra for a series of single
element materials from the second to sixth periods. Assuming appropriate valence electron
configurations, the calculation based on the PAW method for electronic state and the two-component
density functional theory reproduced the measured spectra. Having this theoretical calculation, the
DBAR measurement will be a useful manner for analysing electronic state of materials as well as
defect identification and elemental analysis.
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Figure 3. DBAR spectra for the Ti, Fe, Cu and Ge samples (the fourth period). Open circles and
solid lines denote measured and calculated spectra, respectively.
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Figure 6. DBAR spectra for the Zr and Mo Figure 7. DBAR spectrum for the Gd and Pb
samples (the fifth period). Open circles and samples (the sizth period). Open circles and
solid lines denote measured and calculated solid lines denote measured and calculated
spectra, respectively. spectra, respectively.
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