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Based on the atomic superposition approximation (ATSUP) and first-principles pseudopotential plane-wave meth-

ods, the bulk and Mg mono-vacancy positron lifetime of magnesium oxide were calculated using Arponen—Pajamme

and Boronski—-Nieminen positron-annihilation-rate interpolation formula respectively. The calculated values are in good

agreement with experimental values and the first-principles method gives more convincing results. The positron anni-

hilation density spectra analysis reveals that positrons mainly annihilate with valence electrons of oxygen atoms when

the magnesium-vacancy appears within magnesium oxide.
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1. Introduction

The rocksalt structured magnesium oxide (MgO)
is a well-known mineral in the Earth’s lower mantle
and has been the object of theoretical and experi-
mental studies for many years.['2l MgO has a rela-
tively simple structure and has historically served as
a model of the wide band gap oxide crystals. MgO
belongs to the group of radiation resistant materials.
Much attention has been paid to the MgO-based ce-
ramic system to study the radiation damage due to
the fact that it is of interest to control the solubility
of radionuclides,®! such as transuranic waste, which
needs to be stored safely for long periods of time.
Thus it is necessary to research the irradiation-related
defects. In addition, the origin of ferromagnetism in
undoped MgO has also been studied and the result
shows that Mg vacancies can induce local moments
in MgO while O vacancies cannot, irrespective of the
concentration.[* More generally, there is a consensus
that the ferromagnetism is related with native defects.
In ionic systems such as MgQO, the dominant intrin-
sic defect is the pair vacancy with Mg and O sites
vacant.%) Analysis of the defect feature can help us
better understand the physical properties of MgO.

Positrons have been widely used to study the
crystal structure and the important applications of
positron annihilation methods in condensed matter
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are the numerous studies on various vacancy-type
defects.[®! Experimental methods based on positron
annihilation give valuable information on the elec-
tronic and ionic structures of condensed matter. The
positron traps at vacancy defects are experimentally
observed by an increase in positron lifetime and a nar-
rowing of the momentum of the annihilation electron—
positron pairs.[”] Although there have been some
positron annihilation experiment results for MgO,
the conclusions or interpretations are contradictory.
Tanaka et all®¥ studied the ultradilute dopants in
ceramics and found that the undoped MgO sample
shows the shortest lifetime of 141 ps. Nitesh et al.[%!
studied the defect-induced ferromagnetism in MgO
nanoparticles and obtained that the positron lifetime
of bulk MgO is about 161 ps.

In this paper, the theoretical calculations of
positron annihilation in rocksalt structured MgO
are carried out employing the ATSUP[Y and first-
principles pseudopotential plane-wave method.[!!]
The bulk and mono-vacancy positron lifetimes of
MgO are obtained using the Arponen-Pajammel*213]
and Boronski-Nieminen!'¥ formula, respectively. And
the calculations based on this scheme agree with
Tanaka’s!®!

Doppler-broadening spectrum for MgO and the results

experimental data. We also calculate

show that positrons mainly annihilate with 2 valence
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electrons of oxygen atoms in MgQO.

2. Method

The description of the state of thermal positrons
in a defect-free bulk crystal or of the positron trapped
in a defect requires the solution of the Schrédinger
equation. Here, the essential thing for a valid theory
is that it gives a realistic description of the positron
distribution and energy in the solid. In order to eval-
uate the positron wave function, we assume that there
is only one positron for many electrons. As a result,
there is no exchange part because there is no positron—
positron interaction. Thus the total positron potential

can be expressed as[!9]

Vo(r) = Vi(r) + Ve(r) + Vep(r), (1)

where V; is the potential due to the ion core, V,
is the potential due to the electrons and Vi, is the
electron—positron correlation potential. A practical
form for V;,, is the parameterisation by Bororiski and
Nieminen. ™

The electron density and the positron potential
are calculated at the grid points of a three-dimensional
mesh. For the ATSUP method, the electron density
of the solid is approximated by the superposition of
the charge densities of free atoms. For first-principles
method, the electron density of the solid is obtained
by pseudopotential plane-wave method. The calcula-
tions for localized positron states at defects in MgO
are based on the ‘conventional’ scheme in which the
positron does not affect the average electron density
around the defects. When the potential sensed by a
positron is obtained, the corresponding Schrodinger
equation can be solved. Once the positron and elec-
tron densities are known, the positron annihilation

rate can be calculated
A= WT(Z)C/d’I’ “np(r) - ne(r) - y(ne)
= [ drag(r) - r0o), @)

where rg is the classical electron radius, c is the speed
of light, v(ne) is called the enhancement factor of
the electron density at the positron and I'(n.) is the
positron annihilation rate in a homogenous electron
gas with density ne.

The enhancement factor is a manifestation of
electron—positron interactions and it is always a
crucial ingredient when calculating the positron

lifetime.['8] Many-body calculations for a positron in
a homogeneous electron gas have been used to model
the electron—positron correlation.

For the positron annihilation rate I'(ne), Ar-

ponen and Pajamme give the following form (AP
model):[12:13]

I(ne) = mracne[l + 1.23r¢ — 0.0742r2
+(1=1/e) - (1/6)], (3)
where ry is the electron density parameter,
ne = 3/ (4nrd) (4)

and ¢ is the high-frequency dielectric constant. In the
model of Boronski and Nieminen (BN model),!'¥ the

annihilation rate is replaced by

I'(ne) = mracne[l + 1.23rg + 0.8295r1° — 1.2672
+0.3286r2° + (1 — 1/¢) - (r3/6)]. (5)

In the calculations of MgQO, the experimental lat-
tice parameters of a = b = ¢ = 4.211 A (1 A=0.1 nm)

[17] For the first-principles method, the

were adopted.
calculations were performed using generalized gra-
dient approximation (GGA), the valence configura-
tions were 3s? and 2s22p* for Mg and O, respectively.
An energy cutoff of 500 eV was set for the plane
wave basis. For the Brillouin-zone sampling, 4x4x4
Monkhorst-Pack k mesh['8 was used for the electron

density calculation.

3. Results and discussion

3.1. Positron lifetime

Positrons are sensitive to sites with less electron
density such as defects and may become trapped by
them. Positrons implanted into a material rapidly
reached thermal equilibrium with the medium and en-
ter a Bloch state from which they may annihilate di-
rectly with a characteristic lifetime 7, or from which
they can trap to defect states prior to annihilation.
The decomposition of the positron lifetime spectrum
is explained by the trapping model which gives the
rate equations for the positron annihilating in delo-
calized states and in localized states.

Theoretically calculated positron lifetimes using
ATSUP and first-principles methods in defect-free
MgO and with Vi (mono-vacancy of magnesium),
Vo (mono-vacancy of oxygen) are shown in Table 1
and these values are in good agreement with the re-
cent research.[®19 In the defect-free MgO, positrons
are delocalized (as shown in Fig. 1) and annihilate
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with a single bulk lifetime component. As for the bulk
positron lifetime 7, reference [9] obtains even bigger
value of about 166ps, and this value is somewhat be-
tween that of the bulk value and the mono-vacancy of
magnesium of our calculated results. We analysed the
reason for the discrepancy and concluded that these
measured longer bulk lifetimes are the weighted aver-
age lifetime over bulk value and mono-vacancy values.
Carefully analyse one time, we can find out that the
change in lifetime from the bulk value is small for oxy-
gen vacancies. A simple ionic model gives the local
charge state of Vo as 27, so the isolated oxygen va-

cancy may not trap positrons.[2°) Probably the most
direct reason why the positron lifetime is increased is
the reduction in average electron density in the lat-
tice. When oxygen-vacancy arises, the open volume
in the lattice increases and could also weakly local-
ize the positron wave function. Sharma et al. calcu-
lated positron lifetimes in ZnO wurtzite supercell and
also obtained similar results.[*!) However, magnesium-
vacancy is a deep potential well capable to confine
the positron wave function and it can be clearly seen
from Fig. 1 that positron states are localized at mono-

vacancy of magnesium.

Table 1. Calculated positron annihilation lifetime in bulk (7,), in mono-vacancy of oxygen (7o) and
magnesium (7yg) of MgO.
ATSUP method First-principles method
expt.[lg]
AP model BN model AP model BN model

/DS 110 120 122 134 130

70/ps 118 129 128 140

‘ng/ps 154 171 167 186 180
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Fig. 1. Positron density map in MgO on [110] plane:
(a) defect-free, (b) with Viyg.

3.2. Momentum distributions

Figure 2 illustrates the calculated positron anni-
hilation density spectra with momentum distributions
in defect-free MgO with/without Vo or Var,. Based
on analysing the annihilation probability density with
core and valence electrons, it is easy to observe that
positrons are mainly annihilated with valence elec-
trons of oxygen within the low momentum range and
core electrons of magnesium within the high momen-
tum range in defect-free MgO. Once oxygen vacan-
cies appear, the positron annihilation probability with
electrons of magnesium increases slightly. However,
the predominance of these annihilations is replaced
in turn by electrons of oxygen within almost all mo-
mentum ranges in the MgO with mono-vacancies of
magnesium.

The reconstructed positron annihilation probabil-
ity density spectra are all shown in Fig. 2(d). Com-
pared with defect-free MgQO, the positron annihilation
probability density for MgO with V5 decreases more
prominently in low momentum range. Although the
annihilation probability increases in high momentum
range, the absolute value is small (as can be seen in
Fig. 2(b)). Thus the positron lifetime of MgO with Vo
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increases somewhat. On the contrary, although sim-
ilar decrease appears in higher momentum range for
MgO with Wy, the situation is reverse in lower mo-
mentum range. This means that more positrons anni-

hilate with valence electrons of oxygen which make a
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predominant contribution in lower momentum range.
By comparison, we may safely draw a conclusion that
positrons mainly annihilate with valence electrons of
oxygen when the magnesium-vacancy appears within

the magnesium oxide.
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Fig. 2. Calculated positron annihilation density spectrum with momentum distributions: (a) in defect-free
MgO; (b) in MgO with Vo; (c) in MgO with Vitg and (d) ratio to defect-free curves.

4. Conclusion

In this paper both the atomic superposition
approximation (ATSUP) and first-principles pseu-
dopotential plane-wave methods have been used to
calculate the positron annihilation lifetime of bulk
MgO with/without Vg or Vo. And both of
Arponen—Pajamme and Boroniski-Nieminen positron-
annihilation-rate interpolation formula are employed
in these analyses. The calculated values are in good
agreement with experimental values and the first-
principles method gives more convincing results. The
results show that the positron lifetime of bulk MgO is
about 134 ps and the positron lifetime of Mg mono-

vacancy is about 186 ps. The positron annihila-
tion density spectra analysis reveals that positrons
mainly annihilate with valence electrons of oxygen
atoms when the magnesium-vacancy appears within

the magnesium oxide.
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