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The positron-vacancy interaction in metals and semiconductors has been studied by the two-component
density-functional-theory formalism. If a positron is not trapped at the vacancy, atoms surrounding the vacancy
show inward relaxation for most cases except for nitrides, where outward relaxation is observed. The presence of
positron suppresses the inward relaxation. Positron lifetimes have been calculated with and without the positron
effect. The difference between two lifetime values is investigated in relation to the bulk modulus.
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1. Introduction

The positron can be utilized as a powerful probe for
detecting vacancy-type defects in various solids, since
positrons are selectively trapped at (cation) vacancies
in metals and semiconductors [1-3]. The momentum
distribution of positron-annihilation radiation and the
positron lifetime reflect the local environment of the an-
nihilation site. This makes it possible to detect defects
and to distinguish them. In practical cases, theoretical
predictions are often crucial in interpreting experimen-
tal results and in identifying defect species. To describe
the positron state in solids, where many nuclei and elec-
trons exist, the two-component density-functional-theory
formalism was introduced [4, 5]. Boronski and Niemi-
nen derived explicit expressions for the electron-positron
correlation-energy functional and proposed the fully self-
consistent scheme [6] (described as “two-component (TC)
scheme” hereafter). In many practical calculations, a
simplification is made assuming that the positron af-
fects neither the electronic structure nor the atomic ar-
rangement. This simplified scheme is called “conventional
(CV) scheme”. To describe the delocalized positron state
in a bulk, the CV scheme is appropriate.

So far, there have been a limited number of appli-
cations of the (full) TC scheme in calculating positron
states trapped at defects. One reason is that the compu-
tational cost for the TC scheme is approximately 10 times
higher than that for the CV scheme. Another reason is
that, in many cases, the CV scheme and the TC scheme
give similar annihilation parameters (Doppler broadening
spectra and positron lifetimes) because of the feedback
effect [7].

Recently, we reported calculated results of Doppler-
broadening spectra and positron lifetimes using the two
schemes for divacancies in C, Si, Ge, SiC, AIN, GaN
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and InN and found that the difference between the two
schemes depends on the bulk modulus [8]. For the rel-
atively soft materials Si and Ge, the difference is signif-
icant. Subsequently, the positron—-monovacancy interac-
tion in d-block metals (except for Mn, Tc, and Hg) was
investigated [9]. When the atomic positions are relaxed
neglecting the positron effect, for most cases, inward re-
laxation of the atoms surrounding the vacancy occurs,
especially for the group V metals. The inward relax-
ation is suppressed when the positron effect is taken into
account. As a result, the positron lifetime calculated ne-
glecting the positron effect is generally shorter than that
obtained considering the positron effect.

In the present paper, extending the previous studies
mentioned above, a computational study of the positron-
vacancy interaction in Mg and Al as well as in III-V
zinc-blende (ZB) semiconductors has been performed. As
for AIN, GaN and InN, they usually have the wurtzite
(WZ) structure. Calculations were made on their WZ
structures also for comparison. Positron states and life-
times have been calculated by the CV scheme and the
TC scheme with and without structural relaxation.

2. Computational method

All the calculations have been performed with our
computational code QMAS (Quantum MAterials Simula-
tor) [10, 11]. In the conventional scheme, electronic struc-
tures and atomic positions are calculated independently
of the presence of the positron. On the other hand, in the
TC scheme, electronic structures and atomic positions
are affected by the presence of the positron through the
electrostatic energy and the positron-electron-correlation
energy [6, 7]. Electronic wave functions were described
with the plane-wave basis in the framework of the projec-
tor augmented-wave (PAW) method [12]. For the elec-
tronic exchange-correlation energy, the Perdew-Burke-
Ernzerhof (PBE) functional of the generalized gradient
approximation (GGA) [13] was used. Calculations were
performed on supercells with the size of 3 x 3 x 3 for
FCC (108-1 atoms), 4 x 4 x 4 for BCC (128-1 atoms), or
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3x3x3 for ZB (216-1 atoms). As for HCP and WZ cases,
an orthorhombic supercell equivalent to 4 x 4 x 2 prim-
itive unit cells was constructed for each. In the super-
cell, there are 64—1 atoms for HCP while there are 128-1
atoms for WZ. We used experimental lattice parameters
and, for semiconductors, experimental high-frequency di-
electric constants. The number of k points is 8 for metals
while 1 (T point) for semiconductors. Further details in-
cluding the computational procedure for the TC scheme
are described in Refs. [8, 9].

3. Results and discussion

For each metal and scheme (CV or TC), the change
in the average distance Ad of the first-nearest-neighbor
atoms (6 for HCP, 12 for FCC, 8 for BCC) from the va-
cancy center were evaluated. The results including those
for the d-block metals (except for Mn, Tc, and Hg) [9]
are plotted in Fig. 1 as a function of the atomic number
Z. For HCP metals, values for the six second-nearest-
neighbor atoms are also plotted. Similarly to most d-
block metals, vacancies in Mg and Al show inward re-
laxations when the positron effect is neglected (CV). If
the positron effect is considered (TC), slight outward re-
laxations are observed. Makkonen and Puska reported
structural relaxations around vacancies for several repre-
sentative materials [14]. Although a direct comparison
is difficult due to different computational conditions (the
electronic exchange-correlation, etc.), the present results
for metals show a similar qualitative tendency to their
previous results. They pointed out that the total energy
curve is very flat over a large range of ionic relaxation.
In such a case, subtle changes in the computational con-
ditions may result in different degrees of structural relax-
ation.

Fig. 1.

Z-dependence of the change in average distance
Ad of the first-nearest-neighbor atoms from the vacancy
center after atomic-position relaxation. For HCP met-
als, values for the second-nearest-neighbor atoms are
also plotted. The results for d-block metals are taken
from Ref. [9].

Figure 2 represents calculated positron lifetime 7 val-
ues for the two schemes (CV and TC) with no relaxation
(NR) or relaxation (RL). For both Mg and Al, even on
the unrelaxed structures, the positron lifetime values for
the TC scheme are longer than those for the CV scheme.
As already mentioned in Ref. [9], it is due to lower en-
hancement factors in the TC scheme. The differences
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Fig. 2. Z-dependence of the calculated positron life-

time 7 trapped at a vacancy. The results for d-block
metals are taken from Ref. [9)].
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Fig. 3. Difference between positron lifetimes A7 cal-

culated by the CV and TC schemes with structural re-
laxation as a function of bulk modulus B. Triangles,
squares, and circles correspond to HCP, FCC, and BCC
metals, respectively. Filled symbols correspond to Mg
and Al. The results for the group V metals are shown by
double circles. The results for d-block metals are taken
from Ref. [9].

between positron lifetimes A7 calculated by the CV and
TC schemes with structural relaxation for Mg and Al
are plotted together with the results for d-block metals
in Fig. 3 as a function of bulk modulus B. The results for
Mg and Al follow a general trend for the d-block metals
except for the group V metals, which show an extraordi-
nary behavior.

The Ad values for a cation vacancy in III-V ZB semi-
conductors are plotted in Fig. 4. For InAs, no well-
localized positron state was obtained. Since the TC
scheme is appropriate only for well-localized positron
states, the TC result for InAs is not shown. Except for
nitrides and BP, similarly to most metals, inward relax-
ations are observed. The inward relaxation tends to in-
crease with the row of the periodic table in which the
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Fig. 4. Change in average distance Ad of the first-

nearest-neighbor atoms from the vacancy center after
atomic-position relaxation for a cation vacancy in III-V
ZB semiconductors.

TABLE I
Comparison of Ad and 7 for ZB and WZ nitrides.

Ad [%] 7 [ps)
CV | TC |[CV-NR|CV-RL|TC-NR|TC-RL

AIN 7ZB [11.81]11.04| 200.8 | 228.4 | 201.7 | 233.9
WZ(10.55] 9.68 | 199.8 | 223.8 | 200.4 | 227.9
GaN ZB|19.61 | 7.58 | 209.0 | 229.2 | 211.8 | 232.8
WZ|7.51 ] 6.07 | 206.8 | 222.0 | 208.8 | 225.3

InN 7ZB | 3.11 |-0.03| 245.8 | 250.3 | 253.8 | 251.7
WZ|2.82|0.02 | 244.0 | 247.3 | 251.7 | 249.7

constituent elements are located. As for the outward re-
laxation observed in the CV case for nitrides (BN, AIN,
GaN and InN), it can be ascribed to the Coulombic repul-
sion among the anion atoms as Mizuno et al. speculated
for oxides [15]. For AIN, GaN, and InN, the outward re-
laxation is suppressed by the presence of a positron. In
Table I, the results for three WZ nitrides are listed and
compared with the ZB results. Except for the case of
“InN TC”, each value of Ad for ZB is marginally larger
than the corresponding WZ value.

Figure 5 represents calculated positron lifetime 7 val-
ues for the cation vacancy in the III-V ZB semiconduc-
tors. There seems a systematic trend depending on the
position in the periodic table. For each compound except
for the nitrides, a significant difference between the CV-
RL and TC-RL results is observed. The results for the
WZ nitrides are listed and compared with the ZB results
in Table I. Each 7 value for ZB is slightly longer than the
corresponding WZ value. The A7 values for the cation
vacancy in the III-V ZB semiconductors are plotted as
a function of B in Fig. 6. Although the relationship be-
tween A7 and B is obscure compared with the metal
case, A1 tends to be large for low-B compounds.

In the present calculations, valence and core electrons
are not distinguished in evaluating the enhancement fac-
tor and the positron-electron-correlation energy. For
semiconductors, the high-frequency dielectric constant
for the bulk is used to describe the less screening even
in treating trapped states at vacancies. Perhaps, these
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Fig. 5. Calculated positron lifetime 7 trapped at a
cation vacancy in III-V ZB semiconductors.
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Fig. 6. Difference between positron lifetimes A7 calcu-
lated by the CV and TC schemes with structural relax-
ation for a cation vacancy in III-V ZB semiconductors
as a function of bulk modulus B.

are oversimplifications. To remove these drawbacks, one
possible solution is applying the GGA to the positron-
related terms in the calculation [16,17]. Unfortunately, a
TC version of the positron GGA has not yet been estab-
lished. Developments in this field is awaited.

4. Conclusion

The positron-vacancy interaction in metals and semi-
conductors has been studied by the two-component
density-functional-theory formalism. If the positron ef-
fect is neglected, except for nitrides where the Coulom-
bic repulsion among the anion atoms surrounding the
vacancy is strong, inward relaxation is observed for each
material. The inward relaxation is suppressed when the
positron effect is taken into account. For a low-B mate-
rial, there is a significant difference in calculated positron
lifetime depending on whether the positron effect exists.
Calculations by the two-component DFT method are de-
sirable for such a case.
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