PRAMANA © Indian Academy of Sciences Vol. 72, No. 5
— journal of May 2009
physics pp. 857-869

Self-interstitial configuration in molybdenum
studied by modified analytical embedded
atom method

JIAN-MIN ZHANGY*, FANG WANG! and KE-WEI XU?

LCollege of Physics and Information Technology, Shaanxi Normal University, Xi’an 710062,
Shaanxi, People’s Republic of China

2State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University,
Xi’an 710049, Shaanxi, People’s Republic of China

*Corresponding author. E-mail: jianm_zhang@yahoo.com

MS received 29 June 2008; revised 29 October 2008; accepted 11 November 2008

Abstract. The stability of various atomic configurations containing a self-interstitial
atom (SIA) in a model representing Mo has been investigated using the modified analytical
embedded atom method (MAEAM). The lattice relaxations are treated with the molecular
dynamics (MD) simulation at absolute zero of temperature. Six relatively stable self-
interstitial configurations and formation energies have been described and calculated. The
results indicate that the [111] dumbbell interstitial S111 has the lowest formation energy,
and in ascending order, the sequence of the configurations is predicted to be Si11, C,
Si10, T, Soo1 and O. From relaxed displacement field up to the fifth-NN atoms of six
configurations, we know that the relaxed displacements depend not only on separation
distances of the NN atoms from the defect centre but also strongly on the direction of the
connected line between the NN atoms and the defect centre. The equilibrium distances
between two nearest atoms in the core of the Si11, C, S110, T, Soo1 and O configurations
are 0.72a, 0.72a, 0.71a, 0.72a, 0.70a and 0.70a, respectively.
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molecular dynamics.
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1. Introduction

In order to design and obtain desired properties of modern materials, a thorough
understanding of the material microstructure is necessary. Although the rapid im-
provement and development of experimental tools in recent years, e.g., the scanning
tunneling microscope (STM), the field ion microscope (FIM), the high-resolution
transmission electron microscope (HRTEM), etc., have significantly improved the
prospects for directly observing the structures of crystal defects at atomic level,

857



Jian-Min Zhang, Fang Wang and Ke-Wei Xu

many details of these structures remain beyond the scope of these tools [1]. Fur-
thermore, it is not easy to experimentally determine precisely the atomic quantities
such as the formation energy of an interstitial or a single vacancy, since these quanti-
ties are affected by the local environment (for instance, the impurities) of the defect
which is very difficult to probe [2]. Therefore, atomistic simulations based on realis-
tic physical models are becoming powerful supplement to the current experimental
methods.

Despite a great body of existing work, there is still uncertainty in understand-
ing the structure and basic properties of SIA defects in bece molybdenum. For
examples, Xu and Moriarty [1], using multi-ion interatomic potentials derived from
first-principles generalized pseudopotential theory, predicted the [110] dumbbell as
the most stable SIA configuration in Mo, while Han et al [3] and Nguyen-Manh
et al [4], using ab initio calculation, found that the [111] configuration had the
lowest formation energy. Thus it is necessary to investigate the issue with other
theoretical approaches. In this paper, six self-interstitial configurations T, O, C,
Soo1, S110 and S117 in Mo have been investigated by the modified analytical embed-
ded atom method (MAEAM), which was developed by Zhang et al [5] from initial
EAM [6-8] and AEAM [9-11] by adding a modified term to describe the energy
deviation from the linear superposition of atomic electronic density in crystal and
has been used successfully in our previous paper to investigate the interface [12,13],
grain boundary [14,15], surface adsorption [16] and vacancies [17-19]. The results
that the formation energy of the self-interstitial configuration increases for Si11, C,
S110, T, Spo1 and O successively are consistent with ab initio calculation [3,4]. Fur-
thermore, the equilibrium distances between two nearest atoms in the core of the
S111, C, S110, T, Sgp1 and O configurations are 0.72a, 0.72a, 0.71a, 0.72a, 0.70a and
0.70a, respectively. The detailed relaxed displacement fields up to the fifth nearest-
neighbour (NN) atoms show that the relaxed displacements depend not only on
separation distances of the NN atoms from the defect centre but also strongly on
the direction of the connected line between the NN atoms and the defect centre.

2. Methodology
2.1 MAEAM

In MAEAM, the total energy Fiota of a crystal is expressed as [5]

B = Y F(p) + 5 30 3 6lrig) + 30 M(P), (1)
i ) i
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pi= Y flri), (2)
J(F#1)

P= " ), (3)
j (#1)
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where F(p;) is the energy to embed an atom in site ¢ with electron density p;,
which is given by a linear superposition of the spherical averaged atomic electron
density of other atoms f(r;;), r;; is the separation distance of atom j from atom i,
¢(ri;) is the pair potential between atoms i and j, and M (P;) is the modified term,
which describes the energy deviation from the linear superposition. Embedding
function F'(p;), pair potential ¢(r;;), modified term M (P;) and atomic electron
density f(r;;) take the following forms [20,21]:

s ()] (2)

i \2 ri \ o\
gb(Tij) =ko+ k1 (> + ko () + k3 () , (Tij < 7‘26), (5)

Tle Tle Tij

@]

Frig) = 1. () (7)

Tij

2
M(R)za(i—l) exp

where the subscript e denotes equilibrium state and r. is the first nearest-neighbour
distance at equilibrium. In this paper, the atomic electron density at equilibrium
state f. is chosen as [20]

_ 3/5
= (B ©

where ) = /2 is the atomic volume of a metal with bee structure.

The seven parameters Fo, n, ko, k1, k2, k3 and « in egs (4)—(6) can be determined
by fitting the cohesion energy E., the mono-vacancy formation energy Ei¢ (the
definition of Ey¢ is that Ey¢ = EY — (Ey — E.), where EY and E; are the total
energies of the lattices with and without a vacancy and FE. is the cohesion energy
and compensates for the missing atom), the lattice constant a, and elastic constants
C11, C12 and Cyy. According to the principle that the energy versus separation
distance curve fits the Rose equation [22], we get

. Q(C11 +2C12)(C1y — Cr2) (9)
(216 E1:C14) ’

_ Q(Olz — C44) . TL2F0
32 8

(67

Fy = E. — Ey;. (11)
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The parameters of the potential energy ko, k1, k2 and k3 can be calculated with
the following formulae for bee metals [23]:

Ey¢  Q(—57111C11 + 57111C12 + 51519C44)

ko — — ——% _ 12
0 7 471800 ’ (12)
o SU=52563C +52563C15 + 33327C44) (13)
r= 269600 ’
Q(147456C11 — 147456C15 — 59049C,4)
kz = 9 (14)
1887200
1536Q2(—C11 + Cr2 + 4C44)
ks = . 1
3 412825 (15)

According to Zhang and Ouyang, the pair-potential ¢(r;;) represented by eq.
(5) is useable only if the separated distance between atoms is shorter than the
second neighbour distance 9. and should be substituted by the following cubic
spline function (termed as a cut-off potential) [20]

2 3
(i) = lo + 1y (r”— >+12 (”-7—1> +13 (“-7—1> ,
T2e T2e T2e
(r2e < 1ij <7Te). (16)

Four parameters Iy, 1, l2, I3 and cut-off radius r. are taken as

lo = ko + k15% + kgs® 4 kgs™12, (17)

ll = 2k182 + 4k284 — 12k38_12, (18)
21 3l

ly = ———" 0 (19)

(-1 (-1

o 20
SRR ) R v L (20)

Te = T2e + 0~75(T3& - 7'26)1 (21>

where 79, and rs. are the second and third neighbour distances at equilibrium,
§ =719 /r1e and ¥ = ¢ /Toe.

Inserting physical parameters such as lattice constant a [23], cohesion energy FE.
[24], mono-vacancy formation energy Fi¢ [25] and elastic constants C11, Cho and
Cl4 [26] (all these are listed in table 1 for convenience) into eqs (8)—(15) and then
into eqs (17)—(20), we can obtain the model parameters f., Fy, n, «, k; and [;
(i=0,1,2,3) for Mo, which are listed in table 2.
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Table 1. The input physical parameters for Mo.

a (A) E. (eV) Eif (eV) C11 (eV/nm?) C12 (eV/nm?) Cys (eV/nm?3)

3.1468 6.82 3.10 2.87 1.05 0.69

2.2 Computational procedure

A system which consists of an outer region and an inner region containing a SIA
at the centre is used in the simulation. The atoms in the outer region are assumed
to be fixed at their perfect lattice sites and are used as boundary to ensure that
each atom in the simulation region has a complete set of neighbours within the
range of interatomic potential. The atoms in the inner simulation region are fully
relaxed till the minimum energy is reached. The lattice relaxations resulted from
the existence of the SIA are treated with the MD simulation [20,21]. The force
applied to the ith atom from the other atoms is calculated by

. 0E s
fi:_aia:_ F/pz Zf z] + Z¢ z] ]
re
J J(#1)

+2M'(P) > frij) ' (rij) ”_ : (22)
J(F0) i

where the superscript a (denotes z, y or z) in f& and ri; represents the ath com-
ponent of the force (f;) and the separation distance (r;;) of atom j from atom i.
E; =F(p;)+ % > (i) @(rij) + M(P;) is the energy contribution from atom ¢ and
eq. (1) becomes

Etotal = Z Ez (23)

The interstitial formation process is defined here as the creation of an interstitial
structure from a corresponding perfect crystal lattice having the same number of
normal atoms [27]. The relaxed SIA formation energy E' is defined as [28]

Ej = Bl — (B + E), (24)

where E! and E; are the energies of the relaxed lattices with and without a SIA
and FE. is the cohesion energy and counteracts the adding interstitial atom.

3. Results and discussion
3.1 Unrelaxed

An interstitial atom can position in a crystal in two ways: (1) normal atoms at
their perfect lattice sites and the interstitial atom lying in interstitial position of
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Z, [001]

Yy, [010]

x, [100]
Figure 1. A single SIA or one of the dumbbell atoms assumed to move on
the representative symmetrical plane (001) or (110) of bce crystal.

the coordination polyhedrons of the crystallite, (2) dumbbell interstitial, that is,
two atoms are symmetrically split in one direction sharing a vacant normal lattice
site. From the analysis of the resultant force, we know that these interstitial de-
fects should be distributed on the symmetrical planes of the crystal, that is {100}
and {110} for cubic structure. As is shown in figure 1, a single STA or one of
the dumbbell atoms with position coordinate (x,y,0) or (z,y = x,z) is assumed
to move at intervals of 0.05 A on the representation plane (001) or (110), and
at each position the interstitial energy is calculated, The minimum values of the
energy and the corresponding positional coordinates are listed in table 3 and shown
schematically in figure 2.

We can see that these relatively stable self-interstitial positions are tetrahedron,
octahedron and crowdion single interstitial sites, and [001], [110] and [111] dumb-
bell interstitial sites. These sites locate either in a large ‘open space’ or at the higher
symmetry element positions of the lattice. To describe conveniently, we abbreviate
these six positions as T, O, C, Sgp1, S110 and S111, respectively. The crowdion is
lying in the closest packed row of the lattice and a [h k] dumbbell (or split) in-
terstitial lies in a position in which the interstitial and another atom are arranged
symmetrically in the [h k] direction sharing and slightly displaced from a vacant
normal lattice site. Johnson et al [31] have also demonstrated its stability in a lat-
tice model rather similar to ours. The distances of the T, O and C SIA separated
from their first-NN atoms are 0.56a, 0.50a and 0.43a and the lengths of the Syg1,
S110 and Sy117 dumbbells are 0.68a, 0.65a and 0.59a, respectively.

3.2 Relazed

The calculated interstitial formation energies after relaxation are listed in table 3
along with ab initio calculation data [3,4] for comparison. The calculated inter-
stitial formation energies are generally lower than the ab initio calculations and
may be resulted from simplifications of the last two terms on the right-hand side
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Sonr %(0,0,0.34a) Suo +(0.23a,023a,0) S %(0.17a.,0.17a,0.17a)

Figure 2. Schematic figures of the six relatively stable self-interstitial con-
figurations for Mo.

of total energy expression (1), i.e., pair potential ¢(r;;) and the modified term
M(P;). The pair-potential ¢(r;;) between atoms ¢ and j is not included while
the separation distances of atoms j from atom i are larger than the cut-off radius
Te = roe + 0.75(r3e — 1r2.) selected in eq. (21). The modified term M (F;) is added
to describe the energy contribution from a non-linear superposition of the spheri-
cal averaged atomic electron density of other atoms f(r;;). A complete form of a
non-linear superposition of the spherical averaged atomic electron density of other
atoms f(r;;) should be P; =37, [f2(rij) + f3(rij) + - - -]. However, as presented
ineq. (3), P = > ;4 f?(rij), only the second-order term is considered and the
terms corresponding to the higher-order have been neglected. If a relatively larger
cut-off radius and more higher-order terms are used in egs (21) and (3), the higher
interstitial formation energies can be obtained with the MAEAM interatomic po-
tentials. Although the present results are lower than the ab initio results, as shown
in figure 3 for the formation energies of the six SIA configurations relative to the
lowest-energy configuration Sy11, the sequences of the six configurations in energetic
order are identical. From the minimization of the formation energy, we know that
the preferred interstitial configurations are Sy11, C, S119, T, Spo1 and O successively.

The formation of interstitial defect will result in a rearrangement of the matrix
atoms in the vicinity of the interstitial. The lattice distortion is determined by an
iteration process minimizing the energy. The calculated equilibrium positions of the
SIA for the six interstitial configurations are also given in table 3. The equilibrium
distances between two nearest atoms in the core of the S111, C, S110, T, Sgo1 and
O configurations are 0.72a, 0.72a, 0.71a, 0.72a, 0.70a and 0.70a respectively. The
displacement fields around the SIA up to the fifth-NN atoms are listed in table 4 for
T, O, C, S111, S110 and Sgo1. For the single interstitials and the dumbbells, the dis-
tribution of the same NN atoms is symmetrical about the centre of the interstitial
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Figure 3. Formation energies of the six SIA configurations relative to the
S111.

defects. So only the displacements of one atom on the symmetrical position are
given. The negative values refer a motion along negative direction of axis. It is
noted that the displacements of NN atoms to a SIA are very large compared to
those to a vacancy in ref. [1]. This is because adding a SIA into normal matrix
will result in a large decrease in interatomic distance and thus a large increase in
the acting force, while removing an atom from normal matrix will result in a slight
change in the acting force.

Figure 4 shows the schematic picture of the relaxed displacements lying on the
(110) plane up to the fifth-NN atoms of the SIA O and C sites, and core of the
dumbbell S111, S110 and Sgg1. The gray and black balls represent normal matrix
Mo atoms and the STA, respectively. The arrows represent the directions and
magnitudes (enlarged different times) of the movement of these atoms. The third-
and fifth-NN atoms are absent for SIA O and C sites, respectively, since they do
not lie on the (110) plane.

From table 4 and figure 4, we can see that the relaxed displacements depend not
only on separation distances of the NN atoms from the STA but also strongly on
the direction of the connected line between the NN atoms and the self-interstitial
centre. For the occupying high-symmetry O site, each atom in the vicinity of SIA
moves approximately along the connected line between the atom and the STA. Up
to the fifth-NN atoms, the movements are outward the STA, except for the third-NN
atoms moving toward the STA. The further the NN atoms from the O site SIA are,
the smaller the relaxed displacements are. A relatively large relaxed displacements
occur for atoms aligned along the [001] direction containing SIA. Similar relaxed
configurations are obtained for C and Sq11, the deformation is largely confined to a
single string of atoms running in the [11 1] direction. The same result was reported
in ref. [4]. The relatively larger displacements occurred for atoms lying on the
[111] string are given in italics for convenience in table 4. Similar symmetry and
relaxed structures for C and S;1; result in a nearly equal formation energy as can be
seen in figure 3. For Sy and Sgg1, the relaxed displacement fields of the NN atoms
are symmetric about the dumbbell. Up to the fifth-NN atoms, the movements are
outward except the second-NN atoms of S11¢9 moving inward.
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Figure 4. The relaxed atomic displacements lying on (110) plane in the
vicinity of the SIA. The gray and black balls represent normal matrix Mo
atoms and the SIA, respectively. The arrows represent the displacement di-
rections and magnitudes (enlarged three and six times for the 1st NN atoms
and the further NN atoms in O, Si19 and Spo1, two and eight times for the
atoms in and out of the [111] string respectively in C and Si111).

4. Conclusions

This paper has mainly been concerned with the stability of various atomic config-
urations containing a STA in molybdenum. There are several points of interest to
mention. First, the [111] dumbbell interstitial has the lowest formation energy, and
in ascending order, the sequence of configurations is predicted to be Si11, C, S110,
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Table 4. The displacement field around the SIA. Az, Ay and Az rep-
resent l:i’,he relaxed displacement along xz-, y- and z-axes respectively,
(Ax)? + (Ay)? + (Az)? is the total relaxed displacement.

Ad =

Nearest

Interstitial neigh- Initial
configuration bours positions Az(a) Ay(a) Az(a) Ad(a)
T 1st (0,0,0)a —0.14516 —0.07868  0.00000 0.16512
(0.5,0.25,0)a 2nd (1,1,0)a —0.01583  0.00616  0.00000 0.01697
3rd (0,0,1)a 0.00168 —0.01036 —0.02123 0.02367
Ath (0,1,1)a —0.02758  0.03168  0.03028 0.05180
(0,—1,0)a —0.01459 —0.01856  0.00000 0.02361
5th (-=1,0,0)a —0.02682 —0.00076  0.00000 0.02682
(0] 1st (0.5,0.5,0.5)a 0.00000  0.00000  0.20163 0.20163
(0.5,0.5,0)a 2nd (0,0,0)a —0.03384 —0.03384  0.00000 0.04786
3rd (0.5,1.5,-0.5)a 0.00000 —0.02965  0.00184 0.02971
4th (0,0,—1)a —0.02078 —0.02078 —0.01726 0.03410
5th (1.5,1.5,0.5)a 0.00960  0.00960  0.00483 0.01440
(0.5,0.5,1.5)a 0.00000  0.00000  0.04230 0.04230
C 1st (0.5,0.5,0.5)a 0.16420  0.16420 0.16420 0.28442
(0.25,0.25,0.25)a 2nd (0,0,a)a 0.01926  0.01926  0.02456 0.03667
3rd (—0.5,—-0.5,0.5)a 0.01160 0.01160  0.01776 0.02418
Ath (=0.5,—0.5,—0.5)a —0.08984 —0.08984 —0.08984 0.15562
(0.5,0.5,1.5)a 0.01700  0.01700  0.03124 0.03941
5th (—-1,0,1)a —0.00680 —0.00067  0.00594 0.00906
S111 1st (0.5,0.5,0.5)a 0.12565  0.12565 0.12565 0.21765
£(0.17,0.17,0.17)a (0.5,0.5,-0.5)a  —0.01719 —0.01719 —0.02066 0.03191
2nd (0,0,1)a 0.01776  0.01776  0.02939 0.03864
ard (1,1,0)a —0.00756 —0.00756 —0.01484 0.01830
(—-1,1,0)a —0.00620  0.00620  0.00000 0.00877
(0.5,0.5,1.5)a 0.01459  0.01459  0.02708 0.03403
4th (0.5,0.5,—1.5)a  —0.00302 —0.00302 —0.00667 0.00791
(0.5,—0.5,1.5)a 0.00124 —0.00562  0.00696 0.00903
5th (1,1,1)a 0.06178 0.06178 0.06178 0.10700
(1,1,-1)a —0.00270 —0.00270 —0.00410 0.00559
Si10 1st (0.5,0.5,0.5)a 0.05421  0.05421  0.10096 0.12676
+(0.23,0.23,0)a (0.5,—0.5,0.5)a  —0.00922  0.00922 —0.01436 0.01938
ond (0,0,1)a 0.00000  0.00000 —0.02914 0.02914
(1,0,0)a 0.04080  0.00982  0.00000 0.04198
(-1,-1,0)a 0.01640  0.01640  0.00000 0.02320
3rd (-1,0,-1)a —0.00725  0.01046 —0.00296 0.01306
(-1,1,0)a 0.00000  0.00000  0.00000 0.00000
(0.5,0.5,1.5)a 0.00064 0.00064 0.01706 0.01834
4th (-0.5,1.5,0.5)a  —0.00365 0.00588  0.00105 0.00699
(0.5,—-0.5,1.5)a  —0.00369  0.00369 —0.00003 0.00521
5th (1,1,1)a 0.02603  0.02603  0.02717 0.04576
(-1,1,1)a 0.00064 —0.00064 —0.00210 0.00229
contd...
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Table 4. Contd...

Interstitial Nearest Initial
configuration neighbours positions Az(a) Ay(a) Az(a) Ad(a)
Soo1 1st (0.5,0.5,0.5)a 0.03178 0.03178 0.01503  0.04738
£(0,0,0.34)a ond (0,0,1)a 0.00000 0.00000 0.09724  0.09724
(1,0,0)a —0.03810 0.00000 0.00000  0.03810
ard (0,1,1)a 0.00000 —0.01455 —0.00191 0.01468
(1,1,0)a 0.01071 0.01071 0.00000 0.01516
Ath (0.5,0.5,1.5)a 0.01179 0.01179 0.01363  0.02155

(1.5,0.5,0.5)a 0.00439 —0.00324 —0.00153 0.00566
5th (1,1,1a)a 0.01030 0.01030 0.00664 0.01602

T, Sgo1 and O. This is in agreement with the ab initio calculations. Second, the
equilibrium distances between two nearest atoms in the core of the S111, C, S110,
T, Sgo1 and O configurations are 0.72a, 0.72a, 0.71a, 0.72a, 0.70a and 0.70a respec-
tively. Finally, the relaxed displacements depend not only on separation distances
of the NN atoms from the SIA but also strongly on the direction of the connected
line between the NN atoms and the self-interstitial centre.
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