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The lifetimes of positrons in an edge dislocation, a jog, and vacancies, which are associated
with the edge dislocation (associated vacancy), in bcc iron are calculated. The structures of the
defects are obtained by static relaxation using the Finnis-Sinclair potential. The positron lifetimes
are calculated using the superimposed-atom method, which was developed by Puska and Nieminen.
The positrons are not localized strongly in the pure edge dislocation and the jog. The lifetimes in
them are almost the same, and are only a few picoseconds longer than in the matrix. The vacancy is
trapped on the edge-dislocation line, and is not collapsed completely by the strain in the core region
of the dislocation. The positron lifetime in the associated vacancy is shorter than that in a vacancy
in the matrix, and is compared to the experimental value observed in deformed iron. These results
indicate that the deeper trap associated with the dislocation line is not the jog but the vacancy.

I. INTRODUCTION

Positron-annihilation-lifetime measurements have
been made to investigate the behavior of lattice defects.
This technique brings its ability into full play in the study
of open-structured defects, such as atomic vacancies and
microvoids.’™ When sufficient amounts of these defects
exist, the positron wave function is localized in them.
The positron lifetime in these defects is longer than in a
perfect lattice, because the overlap of a positron and elec-
trons in these defects is smaller than in a perfect lattice.
The lifetime becomes longer up to a saturated value when
the microvoid in which the positron is trapped grows
larger.5¢

On the other hand, the interactions between positrons
and non-open-structured defects such as loops, stack-
ing fault tetrahedra (SFT), and various dislocations have
also been studied.” 6 It is generally considered that the
positron lifetime in these defects is between that in a va-
cancy and that in a perfect lattice, because the atomic
density at the core of them is slightly lower than in the
surrounding region. There is, however, another opinion
that a kind of interstitial loop can trap the long-lived
positrons.®

Arponen et al.® assumed that the positron lifetime ob-
served in a deformed metal is due to a dislocation line.
This assumption means there is a strong interaction be-
tween the positron and the dislocation. Shirai et al.l®
measured the positron lifetimes in some metals and al-
loys which contain only a given type of dislocation, and
found a close relation between the lifetime and the mag-
nitude of the Burgers vector. They concluded that this
result suggests the predominant trapping of positrons by
the dislocation core.
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On the contrary, Doyama and Cotterill’! and Smedsk-
jaer et al.?2 proposed the shallow trap model for disloca-
tions. According to them, the positron binding energy in
a pure straight dislocation line is small, and the positron
is detrapped to the bulk or is trapped further into defects
associated with the dislocation line. Hikkinen et al.}3:14
calculated the positron states in the core region of pure
edge dislocation and in the defects (vacancy and jog) as-
sociated with the edge dislocation in Al and Cu. Their
results showed that the positron binding of the pure edge
dislocation is weak, and the lifetime in it is almost the
same as that in the perfect crystal. Their results for the
jog and the vacancy associated with the edge-dislocation
line indicated that the lifetimes in these defects are al-
most the same each other and have a medium value be-
tween that in the matrix and that in a single (isolated)
vacancy. Hidalgo et al.'® measured the positron lifetime
in a deformed iron, and found the lifetime to be 150 ps.
Their discussion suggested that the positrons annihilate
at associated defects rather than at the dislocation line.

In this paper we give the results of calculations of
the positron lifetimes in a jog and vacancies associated
with the edge-dislocation line (associated vacancy) in
iron. In Sec. IT we calculate statically the stable config-
urations of atoms around the edge dislocation with and
without a point defect by using the Finnis-Sinclair (F'S)
potential.'” Consequently, no significant open space in
which the positron might be bound is found in the struc-
tures around the edge-dislocation core and the jog in iron.
The vacancy on the edge-dislocation line in iron does
not collapse. Next, in Sec. III we calculate the positron
lifetimes in the defect structures obtained above. The
method to calculate the positron states here has been
developed by Puska and Nieminen,® and gives reliable
lifetime values. The results show that the lifetimes in

879 ©1995 The American Physical Society



880 KAMIMURA, TSUTSUMI, AND KURAMOTO 52

the pure edge dislocation and in the jog are almost the
same in iron. The lifetime in the associated vacancy is
shorter than in a single vacancy in the perfect lattice and
fairly longer than in a matrix. Section IV contains our
conclusions.

II. STABLE CONFIGURATION OF DEFECTS
A. Method of calculation

The lattice relaxation around a defect is calculated us-
ing the FS potential.)” The FS potential is an empirical
many-body potential which has been obtained on the ba-
sis of density functional theorem, and is similar to the
EAM (embedded atom method) potential.'® In the FS
potential the total energy Ui of the model crystal con-
sists of two terms:

Utot = UN + UP ) (1)

where Uy is the many-body term and Up is the pair term.
Up is written as

Uv=-4AY [> $(Ri), (2)
)

i\

where R;; is the distance between the ith atom and the
jth atom and

_ [ (R-d)?+B(R-d)*/d, R<d
am ={ FESANC)
for iron. The pair potential term Up is written as
1
Up =3 2 Ve(Ry;) (4)

where

(R—c)%*(co +c1R+ c2R?), R<c,
0

v = { { Rie ©

In these equations, the sum over 7 is taken for all atoms,
and the sum over j is taken for the first and the second
nearest-neighbor atoms of the ith atom. The parameters
(4, d, B, c, co, c1, and ¢z) in the FS potential have been
determined by fitting to the actual material characters
such as the lattice constant, the elastic constants, the
cohesive energy, etc.l”

The model lattice is constructed as large as possible,
because a dislocation has a long-range strain field around
it. The results obtained from model lattices which have
different sizes are compared to confirm that the model
crystal size does not influence the result. The relaxed and
optimal lattice configurations can be obtained through
the iteration of the Newton-Raphson method. This iter-
ation process is continued until the total energy of the
model crystal reaches a saturated minimum value.

B. Edge dislocation

At the beginning, the stable configuration of the pure
(a/2)[111] edge dislocation in bcc iron is calculated. The
size of the model crystal is 804/2/3b for the [110] di-
rection, 80b for the [111] direction, and 2v/2b for the
[112] direction where b = 2.4825 A is the magnitude of
the Burgers vector. The numbers of the (110), (111),
and (112) planes are 80, 240, and 6, respectively. The
number of the atoms contained in this crystal is 19 200.
The initial (a/2)[111] edge-dislocation line parallel to the
[112] direction is introduced at the center of the model
crystal by displacing the atoms according to the elastic-
ity theory. The periodic boundary condition for the [112]
direction and the fixed boundary conditions at the two
(110) surfaces and the two (111) surfaces are employed.
The stable configuration is obtained after 3000 steps of
the iteration process.

In the similar way, we obtain another crystal in which
the edge-dislocation line is displaced toward the [110] di-
rection by one atomic plane distance (= 1/2/3b). For
the sake of convenience, we define “assembly I” as the
relazed original crystal and “assembly II” as the relazed
crystal in which the dislocation line is displaced; i.e., the
dislocation line in assembly II lies on the slip plane down-
ward adjacent to that for the dislocation line in assembly
I. The difference of the total energy between these two
crystals is < 0.001 eV at the final state.

The structure of the edge dislocation is represented by
the density distribution p(z) of the Burgers vector which
is defined (assuming « axis parallel to the [111] direction)
as

pla) = A2, (6)

where Au is the displacement difference between the
atoms in the adjacent (110) planes above and below the
slip plane. The p(z) in both assembly I and assembly II is
plotted in Fig. 1, which shows that the structures of these
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FIG. 1. The density distribution of the Burgers vector in
assembly I (open circles) and in assembly II (solid circles).
The difference between them is small enough (see the magni-
fication of the peak point) to be neglected. The smaller model
which contains 14 700 atoms has almost the same distribution
within the accuracy of 10™%b.
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two dislocations are almost the same; therefore these two
dislocations can be dealt with equivalently. The similar
simulation for the smaller model crystal (whose size is
70+/2/3b for the [110] direction and 705 for the [111]
direction, and 14700 atoms are contained in it) is also
performed. The smaller model also has almost the same
dislocation structure as the larger ones. This indicates
that the size of the model crystal is large enough to ob-
tain the structure of the edge dislocation.

C. Jog on the edge-dislocation line

To prepare the initial model crystal which includes
a jog, all assemblies I and II (see Sec. IIB) were
stacked toward the [112] direction in the sequence of
...ITITIIIIII... resulting in a crystal which has a jog
at the joint of assembly I and assembly II. The size of
the calculated region is 404/2/3 b for the [110] direction,
40b for the [111] direction, and 28+/2b for the [112] di-
rection. The jog is centered in this region. The numbers
of the (110), (111), and (112) planes are 40, 120, and 84,
respectively. This region contains 67200 atoms. Fixed
boundary conditions at the surfaces of the calculated re-
gion are employed. The stable configuration is obtained
after 200 steps of the iteration process.

The structure of the jog is shown in Fig. 2, which il-
lustrates the (110) plane lying between two adjacent slip
planes separated by one atomic plane distance. We di-
vide the atomic plane into two regions as explained in the
figure. The jog is positioned at the center of the figure;
therefore the dislocation line lies over this atomic plane
in region I and under this plane in region II. The density
of atom in region I is lower than in the perfect lattice
because this region is in the expansion side of the edge
dislocation. Region Il is included in the compression side,
and the density of atoms in this region is higher than in
the perfect lattice.

region i

region |

[112]

FIG. 2. The structure of the jog in iron. This plane is
divided into two regions by the dotted line. Region I is in-
cluded in the expansion side of the dislocation, and region II
is included in the compression side. The (110) atomic plane
which includes the edge of the extra half plane of the edge
dislocation in region II is illustrated. This atomic plane is be-
tween the two different slip planes. The radius of the circles
is half of the distance (= b/2) between nearest neighbors in
the perfect lattice.

D. Associated vacancy on the dislocation line

The initial model crystal which contains an associated
vacancy on the edge-dislocation line is obtained as fol-
lows. All assemblies I (see Sec. II B) were stacked toward
the [112] direction, resulting in a crystal which consists of
80 (112) planes. And then an atom is removed to make a
vacancy. The vacancy is located always on the slip plane
(in the compression side), and the distance between the
vacancy and the dislocation line is varied for the purpose
of studying the vacancy trap on the edge dislocation. The
size of the calculated region is 404/2/3 b for the [110] di-
rection, 40b for the [111] direction, and (80+/2/3)b for the
[112] direction. The dislocation line penetrates the cen-
ter of this region. The numbers of the (110), (111), and
(112) directions are 40, 120, and 80, respectively. This
region contains 64 000 atoms. Fixed boundary conditions
at the surface of the calculated region are employed. The
calculations are iterated 200-1400 times in each case of
the vacancy position to optimize the configuration.

The vacancy formation energy Ef is defined as

Bl = UL, ~ U§* ~ B, ™)

where U;g’_tv and Ut are the total energy of the crystal
which includes the edge dislocation, with and without
the vacancy, respectively. E¢ = 4.28 eV is the cohesive
energy. The variation in Ef versus the vacancy position
is plotted in Fig. 3, which indicates that the vacancy
is trapped by the edge dislocation. Since the vacancy
formation energy in the perfect lattice is 1.83 eV and
that on the edge-dislocation line is 0.91 eV, the vacancy
trapping energy of the edge dislocation is

E (perfect) — Ef (on dislocation) = 0.92 eV . (8)

The structures of the vacancy in the matrix and on the
edge dislocation line are shown in Fig. 4. The distance
between the two neighboring atoms existing on the op-
posite sides of the vacancy in the [111] atomic row is
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FIG. 3. The vacancy formation energy Ef around the edge
dislocation in iron. The abscissa is the position of the atomic
site to be a vacancy, measured from the dislocation line in
the unit of the magnitude of the Burgers vector. The positive

value in the abscissa means that the vacancy is positioned in
the [111] direction of the dislocation line.
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FIG. 4. The structure of (a) the isolated vacancy and (b)
the associated vacancy (on the edge-dislocation line). The
radius of the circles is half of the distance (= b/2) between
nearest neighbors in the perfect lattice.

1.94b in the matrix (if the lattice relaxation is not taken
into consideration, this value is 2b). In the case of the
vacancy on the dislocation core, this distance is reduced
to be 1.49b because of the large strain in the core region.

III. POSITRON LIFETIME CALCULATION
A. Method of calculation

The positron lifetimes in the defects described in
Sec. II are calculated according to the method of Puska
and Nieminen.® This method gives a reliable positron life-
time value. The electron density distribution n_(#) in a
crystal is approximated by superimposing the spherical
averaged charge densities n,.(r) (r is the distance from
the atomic center) of an isolated atom:!®

n-(r) = Znat(lr — Ri), (9)

where R; is the position at which the ith atom is placed.
The Coulomb potential Vo (r) is, therefore, represented

by superimposing the function V,¢(r) of distance r from
an atom:

Ve(r) = ZVE‘;(V - Ry)). (10)

The correlation potential Viorr(n—(7)) which is due to
the interaction between the positron and the host elec-
trons is represented as the function of the local electron
density, based on the local density approximation. The
practical form of the function Vo (n) has been deter-
mined by Boroniski and Nieminen.2? The total potential
felt by a positron is

V(r) = Ve(r) + Veore (n—(7)). (11)

The positron wave function ¥ (7) as the numerical solu-
tion of the Schrédinger equation can be obtained through
the iteration process of the Kimball-Shortley method,?!
in which the Schrodinger equation is solved at the nodes
of the three-dimensional mesh. The boundary conditions
and the separations of each mesh point are varied depend-
ing on the defect in question, and are described later.
The energy eigenvalue of the positron wave function is
obtained every iteration, and this process is continued
until the eigenvalue reaches a saturated minimum value.

The positron annihilation rate A which is the inverse
of the positron lifetime 7 is obtained by

A =mric /dr Ny (r) [ny (P)Ty (ny (7))
+ne(r)le + na(r)Ta], (12)

where ny = 932 is the density of the positron, and n,,
n¢, and ng represent the density of valence, core, and
d electrons, respectively. r¢ is the classical electron ra-
dius, and c is the light velocity. I',, I';, and T’y are the
enhancement factors corresponding to each electron due
to the positron-electron correlation effects. According to
Brandt and Reinheimer??

3
Ty(ny) =1+ 5{;—10, (13)
where 7, = (3/47n,)'/? is the density parameter of the
valence electrons. For core electrons, I'. has been esti-
mated as 1.5 by Bonderup et al.2®> We determined the
constant value for I'y so that the calculated lifetime in
the matrix agrees with the experimental result. When
we set the I'y = 2.20, the matrix lifetime 110 ps is repro-
duced in iron.2*

The size of the region for the calculation of the positron
lifetime in the edge dislocation is 6a for the [110] and [111]
directions and 2v/2b = v/6 a for the [112] direction where
a = 2.8665 A is the lattice constant. The dislocation line
penetrates the center of the (112) surface of this region.
The mesh spacing is v/6 a/30 for the [112] direction and
a/10 for the other two directions. Vanishing boundary
conditions at the two (110) surfaces and the two (111)
surfaces and the periodic boundary condition for the [112]
direction are employed.

The calculation of the positron lifetime in the jog is
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carried out in the cubic region which has the sides parallel
to the [110], [111], and [112] directions, and the length
of each side is 6a. The jog is placed at the center of this
region. The mesh spacing is a/10 for the three directions.
The vanishing boundary conditions are imposed at the
six surfaces of this region.

When the positron lifetime in the vacancy is calculated,
the length of each side of the calculated region is 5a. The
vacancy is placed at the center of this region. Any other
conditions are same as the case of the jog.

B. Results of lifetime calculation and discussion

The positron lifetimes obtained from the present cal-
culations are summarized in Table I, and are discussed
in this section.

The positron wave function around the edge-
dislocation line is shown in Fig. 5. The boundary con-
ditions are imposed at the frames of the figures. The
wave function has the maximum value at the dislocation
core and extends to the boundary region, indicating the
weak trapping of the positron. If the boundary condi-
tions are imposed at the further place, the wave function
extends more. Since the positron lifetime tends to be-
come shorter when the wave function is delocalized in
the lattice, this calculation gives the upper limit of the
positron lifetime. The calculated lifetime 74 = 117 ps
(Table I) in the dislocation core is longer than in the
perfect lattice by only 7 ps. To confirm that the result is
independent of the size of the calculated region, a varied
side length of the calculated region is attempted: When
the lengths along the [110] and [111] directions are varied
like as 4a-5a-6a, the lifetime gets shorter within a vari-
ation of only 1 ps. In all cases, the experimental long
lifetime (150 ps) observed in the deformed iron'® cannot
be due to the dislocation line.

The positron wave function in the jog is shown in
Fig. 6, which illustrates the same (110) plane as Fig. 2.
The jog is located at the center of this figure. The
positron is weakly localized in the jog, and extends to
the boundary. This situation is similar to the case of the
pure edge dislocation. The calculated lifetime 117 ps in
the jog is almost the same as that on the edge-dislocation
line. Hakkinen et al.'®* calculated the positron lifetime
in the jog in aluminum. Their result was that the lifetime

TABLE 1. The calculated positron lifetimes 7., and the
experimental values 7exp in iron.

Annihilation site Teal (PS) Texp (PS)
perfect lattice 110* 110°
vacancy in the matrix 181° 175°
edge dislocation line 117

jog on the edge dislocation line 117

vacancy on the edge dislocation line 140 150¢

2Fitted value.
PReferences 1 and 2.
°Reference 25.
dReference 16.
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FIG. 5. The positron wave function around the
edge-dislocation line in iron. (a) is the section between the
two adjacent (112) planes, and (b) is the (111) section which
includes the dislocation line. The boundary conditions are
imposed at the frames of these figures.

in the jog was fairly longer than on the edge dislocation
and was almost the same as that in the vacancy on the
dislocation. Their way of forming the jog resulted in
a row of vacancies along the dislocation, because a few
vacancies on the dislocation line in fcc aluminum could
not be relaxed enough to be a pair of jogs. Accordingly
they obtained almost the same lifetime for the jog as for
the associated vacancy.!® In the present calculation, the
jog is formed without vacancies and its configuration is
realistic.

The positron wave functions in the isolated or associ-
ated vacancies are shown in Fig. 7 which illustrates the
(110) plane including the vacancy. The vacancy is po-
sitioned at the center of the figures. The positron is
localized in each vacancy better than in the pure edge
dislocation and in the jog. The positron in the associ-
ated vacancy is localized in a smaller region than in the
isolated vacancy, because the neighboring atoms of the

0.03

0.015

[112] direction (a)

[111] direction (a)
FIG. 6. The positron wave function in the jog of the
edge-dislocation line in iron. The same (110) section as Fig. 2

is shown. The vanishing boundary conditions are imposed
at the frame of this figure. The circles are positioned at the
atomic positions.
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lated vacancy and (b) in the associated vacancy (on the
edge-dislocation line) in iron. The same (110) section as Fig. 4
is shown. The vanishing boundary conditions are imposed at
the frames of these figures. The circles are positioned at the
atomic positions.

vacancy are relaxed inward by the large strain in the dis-
location core region. Furthermore, since the overlap in-
tegral of the density distributions of the positron and the
electrons is larger in the associated vacancy than in the
isolated vacancy, the positron lifetime becomes shorter
in the associated vacancy. The calculated positron life-
times are plotted in Fig. 8 as a function of the relative
position of the vacancy and the dislocation line. The
lifetime decreases when the vacancy gets close to the dis-
location, and is 140 ps when the vacancy is completely
trapped on the dislocation. There are two local minima
of the positron lifetime at the position of the vacancy,
~ 12.6b. The dislocation-pinning force by the vacancy
becomes maximum at these points. (The vacancy forma-
tion energy around the dislocation shown in Fig. 3 can
be also interpreted as the interaction potential between
the edge-dislocation line and the vacancy. The maxima
of the gradient of this potential are seen at these points
in Fig. 3, indicating the maxima of the pinning force at
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Relative position of the vacancy
and the dislocation line (b)

FIG. 8. The calculated positron lifetime versus the posi-
tion of vacancy. The calculated results for the perfect lattice
(matrix) and for the vacancy in the matrix are also shown.
The abscissa is the same as Fig. 3.

these points.) This large pinning force causes the large
strain around the defects, and suppresses the vacancy
volume. This is the reason for the local minima of the
positron lifetime. The lifetimes in the associated vacancy
near the dislocation line are compared to the experimen-
tal lifetime (150 ps) observed in deformed iron.!® The as-
sociated vacancy is, therefore, the first candidate defect
for the deep trap of the positron.

IV. CONCLUSIONS

We calculated the stable configuration of an edge dis-
location, a jog, and vacancies associated with the dislo-
cation line in iron. The dislocation line and the jog do
not have any significant open space in their structures.
The vacancy trapped on the dislocation line is not col-
lapsed completely, and still remains the open volume.
The vacancy trapping energy of the edge-dislocation line
is 0.92 eV.

We also calculated the positron lifetimes in these de-
fects in iron. The positron is weakly localized in the
edge-dislocation core and the jog, and the lifetimes in
them are almost the same as each other, that is, 117 ps.
The positron lifetime in the associated vacancy is 140 ps,
which is compared to the experimental value observed in
deformed iron. These results support the shallow trap
model of the edge dislocation, and show that the deeper
trap is not the jog but the vacancy associated with the
edge-dislocation line.
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FIG. 5. The positron wave function around the
edge-dislocation line in iron. (a) is the section between the
two adjacent (112) planes, and (b) is the (111) section which
includes the dislocation line. The boundary conditions are
imposed at the frames of these figures.
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FIG. 6. The positron wave function in the jog of the
edge-dislocation line in iron. The same (110) section as Fig. 2
is shown. The vanishing boundary conditions are imposed
at the frame of this figure. The circles are positioned at the
atomic positions.
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FIG. 7. The positron wave function (a) in the iso-
lated vacancy and (b) in the associated vacancy (on the
edge-dislocation line) in iron. The same (110) section as Fig. 4
is shown. The vanishing boundary conditions are imposed at
the frames of these figures. The circles are positioned at the
atomic positions.



