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Predicting atomistic properties of a dislocation is a first step toward an understanding of plastic behavior of materials, in

particular BCC metals. The core structure and Peierls stress of a screw dislocation in BCC molybdenum have been studied

over the years using the first-principles and empirical methods, however, their conclusions vary due to the inefficiency of the

methods. We have executed the first-principles calculation based on the density functional method, employing the most accu-

rate 1 × 1 × 20 k-point samplings, to determine Peierls stress of the a0/2[111] screw dislocation of molybdenum. We have

determined the value of 1.8GPa for the simple shear stress along  (–110)<111>.
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1. INTRODUCTION
Electronic and atomistic bonding states of materials are

required to understand fundamental mechanical properties of

nuclear materials, in particular, embrittlement and fracture

due to irradiation. Hydrogen embrittlement in BCC metals is

one of the important fundamental phenomena associated

with the stress corrosion cracking observed in light-water

nuclear reactors. Before studying the interaction of a hydro-

gen atom and a dislocation, it is first necessary to understand

a behavior of a screw dislocation in BCC metals, in particu-

lar, the dislocation core structure and Peierls stress.

Numerous first-principles and empirical atomistic simulation

studies have been carried out to determine the accurate core

properties, however, the results of the core structure and

Peierls stress differ depending on the simulation methods.

Essentially, two core structures have been proposed for a

screw dislocation in BCC molybdenum by various computa-

tional approaches [1][2][3]; the 3-fold structure (Fig. 1(a)) 

is obtained using the Finnis-Sinclair potential and the modi-

fied generalized pseudopotential theory (MGPT) potential,

while the 6-fold structure (Fig. 1(b)) is obtained by the tight-

binding and the density functional theory (DFT) methods.

Although the DFT method gives the most accurate energy

among these methods, the sizes of its supercells are severely

limited. Since a screw dislocation has a long-range strain

field around the core, the effects of core overlapping 

and image stress can be significant. Woodward and Rao [2]

proposed a boundary condition for the supercell containing

one screw dislocation, in which atomic displacements due to

a screw dislocation in the cell are allotted by the Green func-

tion method. Li et al. [3] introduced a pair of screw disloca-

tions in the supercell and proposed a shape of the supercell

in such a way as to cancel the strains among supercells.

They evaluated the accuracy of the core energy by changing

the size of the supercell, and concluded that the supercell

containing 231 atoms is good enough. We performed 

the DFT calculations using the supercell of this size and 

concluded that the core of the a0/2[111] screw dislocation 

in BCC molybdenum has a 6-fold structure [4]. In this calcu-

lation, we confirmed the convergence on the number of 

k-point samplings, using the 1 × 1 × 20, 2 × 2 × 40, and 

3 × 3 × 60 k-points. In this paper, we report the result of the

most accurate determination of Peierls stress for the screw

dislocation in BCC molybdenum.

2. COMPUTATIONAL METHOD
We have employed the VASP (Vienna ab-initio simulation

package) code [5], which implements the density functional

theory with the ultrasoft pseudopotential and the generalized

gradient approximation (GGA) for the exchange correlation
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energy, for calculating accurately the total energy of the sys-

tem. In order to exploit the vector processors on the ES sys-

tem, we have tuned the code by using the one-dimensional

FFT routine in the numerical library ASL/ES. For the prob-

lem with the supercell containing 231 atoms, the VASP code

achieved 66.4% of the peak performance on the ES. 

Using the configuration of the 6-fold core structure

obtained by the previous work as an initial condition, we

applied the additional shear strain along the e3 direction in

Fig. 2 to study the stress-driven instability of the dislocation

core. The parameter x in Fig. 2 corresponds to the shear

strain γ23. With each value of x being increased, atoms are

relaxed to a minimum energy state by the conjugate gradient

or the quasi Newton algorithm. Using the supercell consist-

ing of 231 atoms with 1 × 1 × 20 k-point samplings, this

procedure requires considerable amounts of calculation time,

which invalidates the original implementation of parallel

coding on the VASP code. To overcome this situation, we

have re-parallelized the code in terms of k-point samplings.

Figure 3 shows that new parallel code achieves almost linear

speedup. Analyzing the detailed profile data of the code, we

found that the k-point parallelization has almost no influence

on the average vector length. We have obtained the average

vector length of 229.3 with 8 processors (1 node) and 229.1

with 80 processors (10 nodes), and the vectorization ratio of

99.3% and 99.1%, respectively.

Fig. 1(a)Differential displacement map of 3-fold structure. 

Fig. 1(b)Differential displacement map of 6-fold structure.

Fig. 1  Two proposed structures of a screw dislocation core structures in BCC molybdenum.

h3 = e3

e3 = a0/2[111]

h2 = 3.5e1 + 5.5e2 + (0.5 + x) e3

h1 = 7e1

e2 = a0[110]

e1 = a0[112]

Fig. 2  The BCC Mo supercell consisting of 231 atoms.
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3. RESULTS AND DISCUSSION
Figure 4 shows the result of calculation for stress-driven

instability of the dislocation core in the (–110)<111> slip

system of BCC molybdenum. At a critical value of xc ≈

0.146, which corresponds to the shear strain of γc ≈ 1.6%, it

is found that the core structures can no longer be stabilized

and the Peierls stress is estimated to be τp ≈ 1.8GPa. At the

value of x = 0.16, the two cores move toward each other by

a0/3[–112], and the shear stress as well as the energy of the

system decreases significantly (Fig. 4. (c)). Under the same

supercell setup, Li et al. [3] gave the Peierls stress of τp ≈

2.4GPa and ≈ 3.8GPa using the Finis-Sinclair potential and

the tight-binding model, respectively. Using the different

boundary condition where the supercell contains one dislo-

cation, Xu and Moriarty [1] used the MGPT and obtained

the value of τp ≈ 3.4GPa, while Woodward and Rao [2]

derived τp ≈ 2.1GPa by the DFT calculation with four spe-

cial k-points. In comparison with these previous results, no

correlation between core structures and Peierls stresses pre-

dicted by various methods could be found, that is, higher and

lower τp values are estimated with the core structure of both

the 3-fold and 6-fold. In this work, we have performed the

most accurate DFT calculations with twenty k-points using

the periodic boundary condition where the supercell contains

two screw dislocations, and obtained the 6-fold core struc-

ture and the lowest τp value of 1.8GPa in BCC molybdenum.

Although we use the different boundary condition and k-

points sampling, our result generally comes close to the DFT

result of Woodward and Rao.

4. SUMMARY
We have implemented the VASP (Vienna ab-initio simu-

lation package) code on the Earth Simulator by paralleliza-

tion in terms of k-point samplings and achieved a good par-

allel performance. Using this code and the largest 1 × 1 × 20

k-point samplings, we have performed DFT calculations and

obtained Peierls stress of 1.8GPa for the a0/2[111] screw dis-

location in BCC molybdenum under the  simple shear stress

condition in the (–110)<111> slip system. 
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Fig. 3  Performance of k-point-parallelized VASP code.
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Fig. 4  Stress-driven instability of dislocation cores: (a) an initial position, (b) a critical position, and

(c) a moved position of the cores. The parameter x corresponds to the shear strain γ23.

Positions of dislocation cores are seen as highlighted atoms in the inset images.
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