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Systematic investigation of positron annihilation in transition metals from first principles
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In this work, we present a systematic theoretical study on the positron annihilation characteristics (positron
lifetimes and momentum distributions) in transition metals (3d , 4d , and 5d metals) and other elements (carbon,
aluminum, silicon, and phosphorus). Our calculations agree well with available reference experimental and
theoretical data. We show that clear patterns exist in the evolution of the positron annihilation characteristics in
pure elements. The evolution of momentum distribution in one transition metal series is mainly contributed by the
filling of d-band electrons. For the positron lifetimes, the lifetimes of transition metals evolve with their d-band
filling in a similar behavior as their atomic volumes. A case study is performed to show qualitatively the effect of
solute elements on the Doppler spectra of defects. It is demonstrated that vacancy-solute complexes depict similar
annihilation characteristics as the corresponding pure solute elements, meaning that vacancy-solute complexes
can be reliably identified if the Doppler spectra of the pure solute elements are known. For the positron lifetimes,
we found that they have a linear relation with the atomic volumes of elements for the same transition metal
series. This work is expected to improve understanding of the positron annihilation characteristics of transition
metals. The results could be used to investigate and identify the microstructures in alloys and compounds, such
as vacancy-solute complexes, solute clusters, precipitates, and vacancies in different sublattices of compounds.
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I. INTRODUCTION

The mechanical properties of metallic materials are sig-
nificantly affected by solute elements and lattice defects.
Different solute elements exist in metallic alloys either as
intentionally added alloying elements or as impurities. Many
theoretical studies have shown that vacancy-solute complexes
are formed because of the attractive interactions between
vacancy and solute atoms in lattice [1–3]. The diffusion of
these complexes is vital to defect evolution and the formation
of solute clusters and nanoprecipitates. These defects and
precipitates in materials eventually play important roles in
determining the mechanical properties. Therefore, it is crucial
to investigate these atomic-scale vacancy-solute complexes in
materials. However, due to their small size, these complexes
are hard to be directly detected by conventional techniques,
such as transmission electron microscopy.

Positron annihilation spectroscopy (PAS) is a nondestruc-
tive technique that is sensitive to atomic-scale vacancy-type
defects in materials [4]. It has been broadly applied to in-
vestigate the lattice and defect properties of metals and
semiconductors [4,5]. The two most frequently used PAS
methods are positron lifetime spectroscopy and Doppler
broadening spectroscopy (DBS) [4]. Positron lifetime mea-
surements are sensitive to defect sizes, which could yield
the information about the vacancy cluster sizes in materials
[4,6,7], but they are very insensitive to the local chemical
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environments of defects. DBS is, on the contrary, very sensi-
tive to the local chemical environments of defects. Numerous
studies [8–12] have demonstrated that, both in metals and
semiconductors, the solute atoms near defects can be clearly
seen and distinguished with DBS. Hence, DBS is an important
technique for investigating atomic-scale defects in materials.

The Doppler spectra of atomic-scale defects in alloys
may depict the characteristic features of the pure elements
[13]. For example, various experimental and theoretical stud-
ies on alloy systems, such as iron-based alloys [8,14–17]
and aluminum-based alloys [10,18–21], have shown that the
vacancy-solute atom complexes and solute atom clusters de-
pict similar annihilation characteristics, particularly Doppler
spectra, as the corresponding pure solute elements. Therefore,
knowing the Doppler spectra of pure elements is one funda-
mental step to understanding the microstructural evolution of
alloy systems. The recent development of the two-component
density functional theory (TCDFT) [4,22] provides the oppor-
tunity to compute the Doppler spectra of pure elements with
satisfactory accuracy. However, while there are both many ex-
perimental and theoretical works that contributed the Doppler
spectra of various pure elements [13,23–25], no study has yet
been carried out to cover the systematics in pure metals. The
potential systematics in the transition metal series has not yet
been fully revealed or discussed.

In this work, we present the first-principles calculations of
transition metals. Other elements (carbon, aluminum, silicon,
phsophorus) are also included as they also commonly exist in
crystalline materials. We calculated the positron lifetimes and
Doppler broadening spectra of these elements with TCDFT.
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FIG. 1. Doppler spectra of the 3d transition metals and other materials. The gray, dashed horizontal lines indicate the bcc iron lattice. The
reference experimental data in (a)–(c) are from Ref. [13]. The reference experimental data in (d) are from Ref. [37]. The computational results
are convoluted with a Gaussian function with a FWHM of 4.3 × 10−3 m0c, which corresponds to the experimental resolution.

The calculated results are compared with the available ex-
perimental results. The evolution of the Doppler broadening
spectra is deeply analyzed by calculating the contributions of
each electron shell. We also present a qualitative case study
to illustrate the influences of solute atoms on the Doppler
spectra of defects. This work is expected to provide a deeper
understanding to determine the microstructures in materials
by using PAS.

II. COMPUTATIONAL METHODS

The first-principles calculations were performed using the
Vienna ab initio Simulation Package (VASP) [26] code with
the projector augmented-wave (PAW) [27] method. We used
the generalized gradient approximation with the Perdew-
Burke-Ernzerhof exchange-correlation functional [28] for the
electron exchange and correlation potential. The lattice con-
stants of all materials were self-consistently relaxed using
DFT. When calculating the lattice constants of graphite carbon
and phosphorous, the van der Waals force was included with
the generalized gradient approximation-D2 method developed
by Grimme et al. [29]. The 4 × 4 × 4 conventional bcc
supercells with 128 lattice sites were used for the calculations
of vacancy-solute complexes. The 3 × 3 × 3 �-centered
k-point mesh was used for these supercells. We tested that
these settings yield similar positron annihilation characteris-
tics, with the results calculated by the 6 × 6 × 6 conventional

bcc supercells with 432 lattice sites and 2 × 2 × 2 �-centered
k-point mesh. The plane-wave cutoff energy was set to 520 eV
for all calculations. The standard potentials from the VASP
library were used for all elements. The convergence criterion
of ionic relaxation was 0.01 eV/Å.

After the density functional theory (DFT) calculations, we
then solved the positron state based on the electronic struc-
tures computed by DFT. The implementation to compute the
positron density and positron annihilation characteristics was
developed by Makkonen et al. [22]. We describe the methods
of positron modeling; the complete description of the code and
theory can be found in Refs. [4,22,30]. In this work, the so-
called conventional scheme [4,22] was utilized, in which the
positron was approximated not to affect the average electron
density, and the zero-positron-density limit was used [31].
This scheme was shown to yield results that agree well with
more self-consistent modeling due to certain compensation
and feedback effects [32]. In this computational scheme, after
the electronic structure was computed by DFT, the positron
state can then be solved in the potential as [4,22]

V+ = −∫ dr′ ne(r′)
|r − r′| − Vext (r) + Vcorr (r), (1)

where the Vext is the external potential, ne is the electron den-
sity, and Vcorr is the zero-density limit of the electron-positron
correlation potential δEe−p

c /δnp(r) [31,33], in which Ee−p
c

and np are electron-positron correlation energy functional and
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FIG. 2. The calculated Doppler spectra of all transition metals.
The gray, dashed horizontal lines indicate the bcc iron lattice. The
computational results are convoluted with a Gaussian function with a
FWHM of 4.3 × 10−3 m0c, which is close to the resolution of typical
experimental positron facilities.

positron density, respectively. For systems with vacancy-type
defects (single vacancy and vacancy-solute complexes), the
positron-induced repulsive forces on ions are also included
in our calculations. The positron-induced force on ion j is
the negative gradient of the lowest positron energy eigenvalue

FIG. 3. The calculated Doppler spectra of 4d and 5d transition
metals. Ruthenium and osmium are used as references to present
the ratio curves of 4d and 5d metals, respectively. These two ele-
ments are in the same group as iron in periodic table (group 8). The
computational results are convoluted with a Gaussian function with a
FWHM of 4.3 × 10−3 m0c, which is close to the resolution of typical
experimental positron facilities.

(ε+) corresponding to the potential of Eq. (1) [4,22]. The
positron-induced force F+

j is expressed as [4,22]

F+
j = −∇ jε+ = −〈ψp|∇ jH (r)|ψp〉 = ∫ drnp(r)[−∇ jV+(r)],

(2)

where ψp is the positron wavefunction, H (r) is the positron’s
single-particle Hamiltonian, and V+(r) is approximated with
the atomic superposition method [34] as

V+(r) =
∑

j

V j
Coul(|r − R j |) + Vcorr

⎛
⎝∑

j

n j
e (|r − R j |)

⎞
⎠, (3)

where V j
Coul is the Coulomb potential and n j

e is the charge
density of ion j. The positron-induced forces would lead
to the positron-induced ionic relaxations. Such relaxations
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FIG. 4. The contributions of the different electron shells to the positron annihilation in 3d metals. The results were calculated using the
atomic superposition method [34]. Only the outermost five electron shells are presented, since the contributions of the other electron shells are
negligible.

are particularly important to calculate accurately the positron
annihilation characteristics in vacancy-type defects. For in-
stance, in this work, for pure iron, the calculated positron
lifetimes of single vacancy before and after including the
positron-induced forces are 146 ps and 170 ps, respectively.
The experimental positron lifetime of single vacancy in iron
is ∼175 ps [35]. It is clear that, with the positron-induced
forces, the calculated lifetime agrees well with the experimen-
tal value. In this work, all supercells with vacancy-type defects
were fully relaxed by including the repulsive forces on atoms
induced by the localized positron. A more comprehensive
comparison on the effect of positron-induced relaxation can
be found in Ref. [22].

The positron lifetime τ was calculated as [22]

λ = 1

τ
= πr2

e c
∫

drne(r)np(r)γ (ne(r)), (4)

where λ is the annihilation rate, re is the classical electron
radius, c is the light speed, and γ (ne(r)) is the enhance-
ment factor [31]. The momentum distribution ρ(p) of the
annihilating electron-positron pairs was calculated by the
state-dependent model [36] and the PAW method [22]. It is
expressed as

ρ(p) = πr2
e c

∑
j

γ j

∣∣∣∣
∫

dre−ip·rψp(r)ψ j (r)

∣∣∣∣
2

, (5)

TABLE I. Positron lifetimes of transition metals and other elements. Our calculations are compared with theoretical and experimental
references.

Element Calculation (ps) Experimenta (ps) Element Calculation (ps) Experimenta (ps)

C (graphite) 184 170, 215 Nb 122, 126b 127, 119, 122
C (diamond) 93, 93b Mo 106, 109b 119, 103, 121
Al 163, 168b 160 Tc 98, 98b

Si 213, 218b 220, 228 Ru 94, 94b

P (black) 208 Rh 97, 97b

P (white) 252 Pd 110, 107b 98b

Ti 142, 147b 145, 147, 148 Ag 129, 125b 135, 131, 138
V 111, 116b 123, 130, 125 Hf 147, 150b 179
Cr 96, 104b Ta 117, 119b 120b

Mn 91, 104c, 106b 121 W 101, 102b 115, 105, 120
Fe 96, 102b 110, 106, 107 Re 94, 94b

Co 93, 97b 100, 119 Os 89, 89b

Ni 95, 96b 105, 110 Ir 91, 90b

Cu 106, 108b 115, 110, 122 Pt 100, 99b 99, 117
Zr 159, 160b 159, 165 Au 118, 112b 119,117,118

aExperimental results are from Ref. [25] and references therein unless specifically marked.
bReference [40].
cCalculated in this work with the experimental lattice constant.
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FIG. 5. Top: The Doppler spectra of Vac1-X8 complexes (X =
3d metals). The gray, dashed horizontal line indicates the bcc iron
lattice. Bottom: The SW plot of corresponding complexes. The com-
putational results are convoluted with a Gaussian function with a
FWHM of 4.3 × 10−3 m0c, which is close to the resolution of typical
experimental positron facilities.

where ψ j (r) is the wavefunction of the electron on orbital
j, and γ j = λ j/λ

IPM
j , where λ j is the annihilation rate of the

electron on orbital j. This was calculated in the same way as
in Eq. (4). λIPM

j is the annihilation rate calculated using the
independent-particle model (IPM), in which γ ≡ 1. In this
work, the Boroński-Nieminen local density approximation
[31] was used for the electron-positron correlation and the
enhancement factor. The computed momentum distributions
were convoluted with a Gaussian function with a full width
at half maximum (FWHM) corresponding to the experimental
resolution.

III. RESULTS AND DISCUSSION

A. Doppler broadening spectra

The computed Doppler spectra are presented as the
ratio-curve normalized to the momentum distribution of the
reference material. In this work, the bcc iron lattice is the

FIG. 6. The Doppler spectra of carbon, aluminum, silicon, and
phosphorus. The gray, dashed horizontal line indicates the bcc iron
lattice. The computational results are convoluted with a Gaussian
function with a FWHM of 4.3 × 10−3 m0c, which is close to the
resolution of typical experimental positron facilities.

main reference material. Figure 1 shows the comparison be-
tween the calculated and reference experimental ratio curves
of various materials. Figure 1(a)–1(c) presents the curves
of transition metals and other solute elements (carbon, alu-
minum, silicon). Most of the calculated results show excellent
agreement with the experimental results. For manganese, the
agreement between the calculation and the experiment is less
satisfactory, as the calculation overestimates the intensity of
the curve. For carbon and molybdenum, the shapes of the
calculated curves are similar to the experimental curves, and
the agreement at the low-momentum range (<10 × 10–3 m0c)
is also very good. But, the calculation underestimates the
intensity of the curve at a higher momentum range (>10 ×
10−3 m0c). Figure 1(d) presents the curves of TiO2 and Y2O3.
These two oxides are included as they are widely used in oxide
dispersion-strengthened alloys. The curve of Y2O3 is in very
good agreement with the experimental data. For TiO2, our
calculation agrees well with the experimental result at a low
momentum, and it shows a slight underestimation of intensity
at a higher momentum.

Figure 1 shows that TCDFT can generally yield reason-
able results for different materials. Therefore, we present a
systematic comparison of the Doppler broadening spectra of
transition metals (3d , 4d , and 5d) in Fig. 2. Clear patterns
are shown in all transition metal series. For the 3d metals,
there are broad valleys/peaks at ∼20 × 10–3 m0c. The inten-
sities of the valleys/peaks increase with the d-band filling
of elements. These characteristics are useful to detect and
distinguish vacancy-solute complexes or solute clusters in
alloys. For instance, many studies have shown that PAS can
detect copper clusters in an iron matrix with or without the
existence of vacancies [8,15,16,38,39]. Therefore, it is also
expected that other 3d metal solutes in iron are detectable
and even distinguishable by PAS if vacancy-solute complexes
or solute clusters are formed. For 4d and 5d metals, their
spectra also have valleys and peaks at ∼15 to 20 × 10–3 m0c
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FIG. 7. Top: Positron lifetime as a function of d-band filling.
Bottom: Atomic volume as a function of d-band filling.

and at ∼30 × 10−3 m0c, respectively. Figure 2 shows that the
characteristic valleys and peaks of 4d and 5d metals are not as
unique as 3d metals. This seems to imply that the detectability
and distinguishability of 4d and 5d metals in alloys is not
as good as 3d metals. However, the choice of the reference
material is also decisive. Figure 3 presents the ratio curves of
4d and 5d metals using ruthenium and osmium as references,
respectively. These two reference elements are in the same
column as iron in periodic table. It is shown that, using differ-
ent reference elements, the trends in the 4d and 5d series are
similar to those of the 3d series. This indicates that the 4d and
5d elements are also distinguishable from each other with the
proper choice of reference materials.

We have shown in Figs. 2 and 3 that clear patterns exist
in the Doppler spectra of transition metals. This is mainly
contributed by the filling of d-band electrons. Figure 4 shows
the calculated contributions of electron shells involved in
the positron annihilation in 3d metals. It is clear that at
the momentum range between ∼5 and ∼30 × 10−3 m0c, the
contribution of the 3d electrons gradually increases with
the d-band filling. For titanium, both 3p- and 3d-electrons

FIG. 8. The positron lifetime as a function of atomic volume. The
linear regressions of each metal series are included. ki (i = 3d , 4d ,
5d) is the slope of each line.

dominate at the momentum range between ∼5 and ∼30 ×
10−3 m0c, and the 3p-electrons dominate at a higher momen-
tum (>30 × 10−3 m0c). For copper, the contribution of the
3d-electrons is much higher than the other electron shells, and
the 3d-electrons dominate at the momentum range between
∼5 and ∼40 × 10−3 m0c. The increase of the contribution of
3d-electrons results in an increase in the intensities of the
valleys/peaks of 3d metals in Fig. 2. For 4d and 5d metals, the
evolution of their Doppler spectra also changes with the filling
of d-band electrons. The details of the contribution of electron
shells for 4d and 5d metals are included in the Appendix.

We also present a simple qualitative case study on 3d met-
als since they are frequent alloying elements in ferritic alloys,
which is one of the most widely used alloy types. Solute
clustering, either induced by thermal treatment or radiation,
is a common phenomenon in ferritic alloys. Vacancies can
bind with solute atoms and form Vac-Xn (X = 3d metals,
n � 1) complexes [1,3]. In crystalline materials, the Doppler
broadening spectra of vacancies would then be influenced by
the neighboring solute atoms, as clearly shown in various
theoretical and experimental works [8,15,16,19]. Such infor-
mation might be used to identify the type of solute atoms
near vacancies. In the bcc structure, each atom has eight first
nearest neighbors (1NNs). In this qualitative case study, we
enforced one single vacancy to bind with eight 3d metal atoms
at 1NN positions and form Vac1-X8 complexes. We empha-
size that we understand such cases are probably not realistic
for elements like titanium or vanadium, but it is possible to
happen for elements with a strong clustering tendency, such
as copper. The purpose of this case study is to understand
qualitatively the effect of solute atoms on the Doppler spectra
of vacancy defects. Figure 5 shows the Doppler spectra and
SW plot of Vac1-X8 complexes. The Doppler spectra show a
similar trend as that seen in Fig. 2 for pure 3d metals. At a low
momentum, the difference between the complexes is small; at
a higher momentum (∼20 to 25 × 10−3 m0c), the intensities
of curves gradually increase with d-band filling. Broad peaks
at a high momentum are observed for cobalt, nickel, and
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FIG. 9. The contributions of the electron shells in the positron annihilation in 4d and 5d metals. The results were calculated using the
atomic superposition method [34]. Only the outermost five electron shells are presented, since the contributions of the other electron shells are
negligible.

copper. The differences in the ratio curves are reflected in
the SW plot in Fig. 5. In this work, the momentum ranges
to calculate the S and W parameters are 0 to 4 × 10−3 m0c
and 18 to 30 × 10−3 m0c, respectively. In Fig. 5, both the
ratio curves and the SW plot clearly illustrate the detectability
and distinguishability of 3d metals in an iron matrix. For
elements with Doppler spectra that are significantly different
from iron, such as titanium, vanadium, nickel, and copper,
their complexes are easier to be detected and distinguished
by Doppler spectra. This is particular for copper, as shown by
numerous experimental and theoretical studies [8,15,38,39].

We also calculated the Doppler spectra of other ele-
ments, including carbon, aluminum, silicon, and phosphorus,
given that they also frequently exist in crystalline materials.
For carbon, we used two different structures—graphite and
diamond—to calculate the Doppler structure. For phosphorus,
we used two different structures—black phosphorus and white
phosphorous—to calculate the Doppler spectra. The results
are presented in Fig. 6. For carbon, the curves of the graphite
and diamond structures are different from each other, while
the curves of the black and white phosphorous are similar
to each other. This difference between carbon and phospho-
rous is probably because of the bonding between atoms. In
both black and white phosphorous, covalent bonds and van
der Waals forces both play important roles in the bonding
of atoms. Nevertheless, while the van der Waals forces are
important in graphite carbon to bond atom layers, it is negli-
gible in diamond carbon. Figure 6 shows the low-momentum
part (<10 × 10−3 m0c) of aluminum, silicon, and phosphorus
is very similar to each other, but a clear trend exists at the
high-momentum part (>10 × 10−3 m0c), in which the inten-

sities of curves decrease with the atomic number. The details
of the contribution of the electron shells are included in the
Appendix.

B. Positron lifetimes

Apart from the Doppler spectra, we also calculated
positron lifetimes of pure elements. The calculated positron
lifetimes are listed in Table I. They are compared with avail-
able reference data. Our calculations agree well with the
reference theoretical data of Robles et al. [40], in which
they also used Boroński-Nieminen parameterization [31]. The
difference between our results is considered mainly to be
due to the lattice constants used in our work. In this work,
all lattice constants were self-consistently relaxed, whereas
the experimental lattice constants were used to calculate the
positron lifetimes of elements in Ref. [40]. The positron life-
time is very sensitive to the lattice constants of materials. For
example, our calculated positron lifetime of manganese is 91
ps with a self-consistent lattice constant (a = 8.54 Å) and
104 ps with an experimental lattice constant (a = 8.91 Å). In
Ref. [40], the positron lifetime of manganese is 106 ps with
the experimental lattice constant, which is very close to our
calculation (104 ps). Hence, we conclude that the difference
between this work and Ref. [40] is mainly due to the different
lattice constants. Compared with the experimental positron
lifetimes, although our calculations tend to underestimate the
positron lifetimes, they still show overall good agreement with
the experimental results. This indicates that our calculations
not only give good Doppler spectra, but also accurate positron
lifetimes.
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Figure 7 shows the positron lifetimes and atomic volumes
versus d-band filling. For the 4d and 5d metal series, both
the positron lifetimes and atomic volumes demonstrate a
U-shaped behavior. They would first decrease, then increase
with d-band filling. For the 3d metal series, iron is the ex-
ception in both the positron lifetimes and atomic volumes.
This finally results in the W-shaped behavior of 3d metals.
For all transition metals, their positron lifetimes evolve with
their d-band filling in a behavior similar to their atomic vol-
umes. Such similarity indicates that, for the same transition
metal series, the atomic volume is the dominating factor of
positron lifetimes. Figure 8 shows the positron lifetime as a
function of atomic volume. The positron lifetimes of transition
metals clearly show a linear relation with the atomic volumes
of elements. The linear regressions of each metal series are
presented to show the trends. The slopes of each fitted straight
line are very close to each other. Figure 8 indicates that, for
each transition metal series, their lattice positron lifetimes
could be easily estimated, with reasonable accuracy, with the
atomic volume using a simple linear equation.

IV. CONCLUSION

We have presented a systematic study of positron an-
nihilation in transition metals and other elements (carbon,
aluminum, silicon, and phosphorus). The state-of-the-art
TCDFT is used to reveal the systematics of positron an-
nihilation in materials. Our calculations of both Doppler
broadening spectra and positron lifetimes agree well with
available experimental results. For Doppler broadening spec-
tra, we demonstrate that clear patterns exist in all transition
metal series with d-band filling. For the same transition metal
series, the evolution of the spectra is mainly contributed by the
filling of d-band electrons. A simple qualitative case study is
also presented to discuss the detectability of transition metal
solutes in an iron matrix. We show that the Doppler spectra
of vacancy-solute complexes have similar characteristics as
the Doppler spectra of the corresponding solute elements.
This case study indicates that the vacancy-solute complexes
in materials could be reliably identified if the Doppler spectra
of the pure solute elements are known. For positron lifetimes,
the calculated positron lifetimes could be used as reference
to determine accurately the positron lifetimes of pure metal
lattices. Moreover, the lifetimes of transition metals evolve
with their d-band filling in a behavior similar to their atomic
volumes. For the 4d and 5d metal series, both lifetimes and
atomic volumes first decrease and then increase with their
d-band filling. A U-shaped behavior is noted. For 3d metals,
a W-shaped behavior is seen, as iron is an exception. For the
same transition metal series, a linear relation is clearly shown
between positron lifetimes and atomic volumes. The results
in this work could be used to investigate and identify mi-
crostructures in alloys and compounds, such as vacancy-solute
complexes, solute atom clusters, and probably vacancies in
different sublattices of compounds.
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APPENDIX: DECOMPOSITION OF THE DOPPLER
SPECTRA OF ALL OTHER ELEMENTS

Figure 9 shows the contributions of electron shells involved
in the positron annihilation in 4d and 5d metals. In both
series, the contributions of d-band (4d or 5d) electrons at the
momentum range between ∼5 and ∼20 × 10−3 m0c gradually
increase with d-band filling and finally dominate the positron
annihilation at this momentum range. Such evolution of the
contribution of d-band electrons is similar to 3d metals, and it
is the main reason for the patterns shown in Figs. 2 and 3 for
4d and 5d metals. At a higher momentum (>20 × 10−3 m0c),
for 4d metals, both the 3d- and 4p-electrons dominate the
positron annihilation at this momentum range; for 5d metals,
both 4 f - and 5p- electrons dominate the positron annihilation
at this momentum range. With d-band filling, the contribu-
tions of the 4d and 5d electrons also gradually increase at the
high-momentum range (>20 × 10−3 m0c). This is also similar
in 3d metals.

Figure 10 shows the contributions of electron shells in-
volved in the positron annihilation in carbon, aluminum,
silicon, and phosphorus. For diamond carbon, the contribution
of the 1s-electrons at a high momentum is higher than that
of graphite carbon, explaining the higher intensity of dia-
mond carbon at a high momentum in Fig. 6. For aluminum,
silicon, and phosphorus, the contribution of the 3p-electrons
increases with the atomic number at a high-momentum range.
However, the contribution of 2p-electrons decreases with the
atomic number. The increasing contribution of 3p-electrons
does not fully compensate the decreasing contribution of 2p-
electrons. This finally results in the decreasing intensities
with atomic number at a high-momentum range, as shown
in Fig. 6.
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FIG. 10. The contributions of the electron shells in the positron annihilation in carbon, aluminum, silicon, and phosphorus. The results
were calculated using the atomic superposition method [34]. For aluminum, silicon, and phosphorus, the 1s-electrons are not shown since their
contributions are negligible.

[1] A. Claisse and P. Olsson, First-principles calculations of (Y,
Ti, O) cluster formation in body centred cubic iron-chromium,
Nucl. Instrum. Methods Phys. Res. B 303, 18 (2013).

[2] L. Messina, M. Nastar, T. Garnier, C. Domain, and P. Olsson,
Exact ab initio transport coefficients in bcc Fe−X (X = Cr, Cu,
Mn, Ni, P, Si) dilute alloys, Phys. Rev. B 90, 104203 (2014).

[3] L. Messina, M. Nastar, N. Sandberg, and P. Olsson, Systematic
electronic-structure investigation of substitutional impurity dif-
fusion and flux coupling in bcc iron, Phys. Rev. B 93, 184302
(2016).

[4] F. Tuomisto and I. Makkonen, Defect identification in semicon-
ductors with positron annihilation: Experiment and theory, Rev.
Mod. Phys. 85, 1583 (2013).
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