
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 218.22.21.3

This content was downloaded on 26/11/2014 at 02:18

Please note that terms and conditions apply.

Self-consistent field method and non-self-consistent field method for calculating the positron

lifetime

View the table of contents for this issue, or go to the journal homepage for more

2010 Chinese Phys. B 19 117802

(http://iopscience.iop.org/1674-1056/19/11/117802)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/1674-1056/19/11
http://iopscience.iop.org/1674-1056
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


Chin. Phys. B Vol. 19, No. 11 (2010) 117802
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Many methods are used to calculate the positron lifetime, these methods could be divided into two main types. The

first method is atomic superposition approximation method and the second one is the so called energy band calculation

method. They are also known as the non-self-consistent field method and self-consistent field method respectively. In

this paper, we first introduce the two basic methods and then, we take Si as an example and give our calculation results,

these results coincide with our latest experimental results, finally, we discuss the advantages and disadvantages of the

two methods.
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1. Introduction

Positron was rapidly applied to material science
since it was discovered in the 1930s, and positron anni-
hilation in physics is called positron annihilation spec-
troscopy (PAS). PAS includes a variety of experimen-
tal techniques and it is an important method for prob-
ing the electron and atomic structure of solids.[1−4] As
in the case of other methods, the theory underlying
positron annihilation has developed from some mod-
els describing the positron–solid interaction to ‘first
principles’ methods predicting the annihilation char-
acteristics for different environments and conditions.[5]

The description of the state of a thermalized positron
in a crystal requires the solution of the Schrödinger
equation, from this point of view, it is very important
to obtain the potential of the positron.

Different approaches dealing with the poten-
tial of positron form the so called different calcu-
lation methods. As mentioned above, for calcu-
lating positron lifetime, there are two main ways.
The first one is the atomic superposition approxima-
tion method (ATSUP).[6−8] Essentially, it is a non-
self-consistent process, so we can also call it non-
self-consistent method (NSCF). The second one is
energy band calculation method.[5] Because it is a
self-consistent process, we can call it self-consistent
method (SCF). There are many methods in the inter-
nation at present, such as the linear muffintin orbital
(LMTO) method,[9−12] full-potential linearised aug-

mented plane-wave (FLAPW) method,[13] pseudopo-
tential method[14,15] and so on. In fact, in theory,
all the methods which could be used to calculate the
electron structure of condensation can also be used to
calculate the positron lifetime.

In our nation, the ATSUP method has been devel-
oped several years ago,[16,17] so, here we only introduce
the method briefly. In this paper, we give the details of
the pseudopotential method since it is the first time
in our nation to use this approach to calculate the
positron lifetime. As an example, here we only give
the calculation results of silicon, these results coincide
with our latest experimental results. Because the cal-
culation process of positron defect lifetime is similar
as the process for calculating positron bulk lifetime,
here we only give the positron bulk lifetime of silicon
(of course, we have used the pseudopotential method
to calculate positron lifetime of many materials, these
results will be given in later papers).

2. Calculation methods

The positron state of a thermalized positron
in a crystal requires the solution of the following
Schrodinger equation:[18,19]

[
−1

2
∇2 − VH(r) + Vnuc(r) + u(ne)

]
ψ+(r)

= ε+ψ+(r), (1)
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where VH(r) is the Hartree potential of positron,
Vnuc(r) is the nucleus potential, u(ne) is the positron–
electron exchange–correlation potential. There
are three frames to deal with the exchange–
correlation potential at present—local density ap-
proximation (LDA),[20] weighted density approxima-
tion (WDA),[21,22] generalised gradient approximation
(GGA).[23] In this study the LDA scheme is adopted
to calculate the exchange–correlation potential. The
other potential could be calculated in the following
two methods:

2.1.ATSUP method (NSCF method)

In this method, the electron density and the crys-
talline Coulomb potential are constructed in a non-
self-consistent process:

n− (r) =
∑

i

nat
− (r −Ri), (2)

where nat
− is the free-atom electron density, Ri is the

occupied atomic site. The crystal Coulomb potential
VC(r) is expressed as:

VC (r) =
∑

i

V at (r −Ri). (3)

2.2.Pseudopotential method (belongs to

SCF method)

In this method, only the outer electrons are con-
sidered, the inner electrons together with the nucleus
are considered as atomic core (From this point of view,
this method only considers the positron annihilation
with valence electron but ignores the positron anni-
hilation with inner electrons. For most solids, this is
right,[24] meanwhile, we can predict that the calcu-
lation results of positron annihilation rate are a little
small and so the positron lifetime is a little bigger than
the experimental one). The valence electron density
is obtained from a self-consistent process. After the
electron density is obtained, the total potential of the
positron Vt(r) can be obtained:

Vt(r) = −VH(r) + Vnuc(r) + u(ne)

=
∑

n

∑

i

v(r − Rn − Ti)−
∫

ρe(r′)
|r − r′| · d

3r

+ uLDA(ne), (4)

where Rn denotes the set of all Bravais lattice vectors
and Ti is a non-primitive vector of a two-atom basis.

v(r) = Ze2/r, here Z is the charge number of the
cation.

From the above two methods, the potential of the
positron can be obtained, and then the Schrödinger
equation can be solved. After we get the positron
wave function, the positron density distribution could
be calculated through the following equation:

np(r) =
Np∑

i

|ψp
i (r)|2, (5)

where Np is the number of positrons, ψp
i (r) is the

wave function of positrons. When positron density is
known, then the positron lifetime could be obtained.[5]

3. Calculation results

The single crystal silicon has the diamond struc-
ture, its crystal structure is given in Fig. 1.

Fig. 1. Unit cell of diamond structure.

Some parameters used in our calculation are given
in Table 1. a0 is the lattice constant of silicon and ε∞
is the high frequency dielectric constant.

Table 1. Lattice constant and high frequency dielectric

constant of silicon.

crystal a0/Å ε∞
Si 5.43088[25] 12.0[26]

In practical calculation, we first divide the unit
cell into 50 × 50 × 50 grid points. Although the cal-
culation results are good, the calculation time is long.
Thus we divide the unit cell into 24 × 24 × 24 grid
points, the calculation results are also fine, and the
time is significantly reduced. The calculation results
of positron bulk lifetime are shown in Tables 2 and 3.
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Table 2. The calculated positron bulk lifetime of silicon (the grid points: 50× 50× 50).

crystal ATSUP (NSCF) pseudopotential (SCF) our latest experimental result

Si 219ps 221ps 220ps

Table 3. The calculated positron bulk lifetime of silicon (the grid points: 24 × 24× 24).

crystal ATSUP (NSCF) pseudopotential (SCF) our latest experimental result

Si 217ps 226ps 220ps

Form Tables 1 and 2, we can see that the calculation results within two schemes are coincide with the
experimental ones. Figure 2 gives the positron density distribution within the pseudopotential frame. The
positron wavefunction has already normalized.

Fig. 2. Positron density distribution. (a) The positron density distribution in the (001) atomic plane; (b) The

positron density distribution in the 〈001〉 direction.

4. Discussion

From our practical calculation, we find the cal-
culation results of the pseudopotential method are a
little larger than the experimental ones (see Tables
2 and 3), this is in our expectation. As mentioned
above this method ignores the positron annihilation
with the core electrons. As a result, the calculation
of the positron annihilation rate is a little small and
the positron lifetime is a little bigger than the exper-
iment ones. In a word, from these results, we can see
that the two methods for calculating positron bulk are
powerful and we can also use these methods to pre-
dict the positron bulk lifetime. Besides, in order to
obtain a good calculation result and reduce the calcu-

lation time, in general, we can divide the unit cell into
35× 35× 35 grid points.

5. Conclusion

Two methods for positron calculation are in-
troduced, the first one is a non-self-consistent field
method and the second one is a self-consistent field
method. In this study, the pseudopotential method
is used. We take silicon as an example and give the
calculation results, which coincide well with our lat-
est experimental ones. For general solids, it is good
enough to divide the unit cell into 35 × 35 × 35 grid
points. In this circumstance, a good calculation result
can be obtained and the calculation time is short.
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