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Multiscale simulations in face-centered cubic metals: A method
coupling quantum mechanics and molecular mechanics *
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An effective multiscale simulation which concurrently couples the quantum-mechanical and molecular-mechanical
calculations based on the position continuity of atoms is presented. By an iterative procedure, the structure of the dislocation
core in face-centered cubic metal is obtained by first-principles calculation and the long-range stress is released by molecular
dynamics relaxation. Compared to earlier multiscale methods, the present work couples the long-range strain to the local
displacements of the dislocation core in a simpler way with the same accuracy.
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1. Introduction

Initiation, motion, and evolution of dislocations play an
important role in the plastic deformation and mechanical prop-
erties of materials. Many dynamic processes such as dislo-
cation climb, cross-slip, and diffusion of atoms depend on
the atomic structure of the dislocation core. Accurate mod-
eling of the dislocation core configuration is the key to un-
derstanding the mechanism of dislocation movement and the
interaction between solid-solution elements and dislocation in
alloys. Elastic theory can deal with far-field distributions of
stress and strain for dislocation but the elastic solution di-
verges near the dislocation core. Molecular dynamics (MD) is
a powerful tool to simulate structural evolution at the atomic
level but the accuracy of the result largely depends on the
interatomic potential used in the simulation. Moreover, the
empirical potentials are limited by their capability to provide
details regarding the chemical contributions of solid-solution
elements. Density functional theory (DFT) can provide ac-
curate calculations on the electronic and atomic structures of
local defects in materials but the long-range strain field pro-
duced by a dislocation is too large to be studied directly by
DFT. Several multiscale methods have been developed to cou-
ple DFT calculation with elastic theory or MD simulation.
For example, based on the framework of the Peierls—Nabarro
model, the core structures and properties of dislocations in
some materials!'~8! have been studied by combining DFT with
elastic theory using the concept of generalized-stacking fault
(GSF) energy introduced by Vitek.[>!% This method needs
the nonlinear misfit energy obtained by GSF energy derived
from first-principles calculations and the elastic energy calcu-
lated in the continuum framework. Therefore the accuracy of
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the method relies on the reliability of both GSF energy and
the elastic energy of the dislocation. Choly et all'!l cou-
pled DFT-based calculations with empirical embedded-atom-
method (EAM) simulations for simple metals. They divided
the system into two subsystems: quantum-mechanical (QM)
region where detailed physics were relevant and the rest of
the system was molecular-mechanical (MM) region. The total
energy of the system was the sum of the energy of QM re-
gion evaluated with DFT, the energy of MM region calculated
via a classical potential and the interaction energy between the
two subsystems which can be treated using both classical po-
tential and quantum-mechanical method. The total energy of
the system was minimized with respect to the coordinates of
atoms in an iterative way until the system was relaxed. Lu et
all">131 improved upon Choly’s method and developed a qua-
sicontinuum DFT (QCDFT) method which concurrently cou-
ples DFT calculation to MD simulation and to finite-element
modeling in a unified description for metallic systems. The
efficiency of this coupling scheme has been demonstrated in
an aluminum system.['*13] Woodward er al.['*2%! developed
the first-principles lattice Green function boundary condition
method (FP-GFBC) to couple the local dislocation strain field
to the long-range elastic field using a flexible boundary con-
dition. In the FP-GFBC method, the incompatibility forces
produced by the DFT region were relaxed by moving all the
atoms in the simulation cell according to the Greens function
solution. This method has been applied to dislocations in bce
molybdenum and tantalum metals, fcc iridium and aluminum
metals, and ordered alloys. QCDFT and FP-GFBC are effec-
tive methods to predict and simulate the core structure of dislo-
cation, but complicated processes exist during the simulations
in both methods. For the QCDFT method, in order to couple
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QM and MM regions, the interaction energy between these
two regions must be calculated. Treating the interaction en-
ergy using different methods will induce different results. For
the FP-GFBC method, the lattice Green function for a given
crystal structure must be derived using the calculated elastic
constants and the force-constant matrix, which increases the
complexity of the simulations. In addition, the result of the
simulation relies on the accuracy of the Green function’s solu-
tion.

In this paper, we perform a simple and effective QM and
MM coupling simulation to study the core structures of dis-
locations. Our method is based on the position continuity of
atoms across different scales. The positions of atoms in one
region and another mutually act as the boundary condition for
each other. In the simulation, the system is divided into three
regions: MM region, coupling region, and QM region. The
method proceeds as follows: (i) the initial positions of atoms
are approximated by the anisotropic elastic solution of the dis-
location. (ii) The positions of atoms within the QM region are
optimized using a DFT method. The atoms within the cou-
pling region are fixed as the boundary conditions of the QM
region during the relaxation. (iii) The atoms in the coupling re-
gion and the MM region are relaxed by a MD method holding
the atoms in the QM region fixed to relieve the incompatible
forces for the atoms in the coupling region. Steps (ii) and (iii)
are repeated until the force and displacement are sufficiently
small. By the iterative procedure, the structure of the disloca-
tion core can be obtained accurately by DFT calculation and
the long-range stress can be released by MD relaxation. To
check the validity of our method, we first study the disloca-
tion in aluminum because many experimental and calculated
results are available for comparison. Also we demonstrate the
effectiveness and transferability of this approach by studying
edge and screw dislocations in nickel. The details of our cal-
culations and results are discussed below.

2. Computational models and methods

The relaxations of edge dislocations are calculated in the
cells of 137.5 Ax140.3 Ax4.96 A (1 A = 0.1 nm) for Al and
119.5 Ax121.9 Ax4.31 A for Ni in the x[110], y[111], and
z[1-1-2] directions as shown in Fig. 1(a). The dashed box
represents the QM region. The two layers of atoms around
the QM region are the coupling-region atoms. In step (i), an
edge dislocation is introduced in the center of the cell by the
anisotropic elastic solution. In step (ii), all the atoms in both
QM and coupling regions are calculated by the DFT method
while the positions of the coupling-region atoms are fixed, and
a 15-A vacuum region outside the coupling region is intro-
duced in x and y directions to separate the dislocation from
its periodic images. The vacuum region will produce a charge
dipole at the surface with decaying Friedel oscillations in the

16,19

charge density.'®!"! In order to isolate the dislocation core

electrostatically from the surface, the cell size of QM region
needs to be big enough. For the calculation of Al, the QM
region contains 136 atoms surrounded by 116 atoms in the
coupling region. For the calculation of Ni, the QM region
contains 184 atoms surrounded by 140 atoms in the coupling
region. The DFT calculations are carried out with the plane-
wave based Vienna ab initio simulation package (VASP) [21:22]
using the projector augmented wave method ?3>*! and the gen-
eralized gradient approximation in the parameterization, as de-
veloped by Perdew et al!>>! Plane waves have been included
up to a cutoff energy of 360 eV for both Al and Ni, which
yields converged results. The convergence accuracy of total
energy is chosen as 107> eV in the relaxation of electronic
degrees of freedom. The structures of the models are relaxed
until the maximum force is less than 0.02 eV/A. The scheme of
k points sampling is set up according to the Monkhorst—Pack
scheme 2]

i MM region (a)

QM region

[1-11]
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[111]
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Fig. 1. (color online) The computational cells of edge and screw dis-
locations. (a) Model for an edge dislocation containing 5760 atoms in
total. (b) Model for a screw dislocation containing 6720 atoms in total.

In step (iii), the positions of atoms in the QM region are
updated by the results of step (ii), and the positions of atoms
in the coupling and MM regions are optimized by MD cal-
culation, while the atoms in the QM region are fixed. The
MD relaxations are carried out using the EAM potentials of
Al and Ni developed by Mishin et al?’! The properties of Al
and Ni predicted by Mishin potentials agree well with those
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from experimental and ab initio data. Fixed boundary con-
ditions are applied along the x and y directions and periodic
boundary conditions are applied along the z direction to sim-
ulate a straight dislocation. Steps (ii) and (iii) iterate until the
maximum force is less than 0.02 eV/A in both the coupling
region and the QM region.

The relaxations of screw dislocations are calculated
in the cells of 1984 Ax2.87 Ax196.4 A for Al and
172.4 Ax2.49 Ax170.7 A for Ni in the x[1 12], y[110], and
z[111] directions as shown in Fig. 1(b). For both Al and Ni,
the QM region contains 96 atoms surrounded by 96 atoms in
the coupling region. The procedure of simulation is the same
as that of the edge dislocation mentioned above. In step (ii),
the 192 atoms in the QM and coupling regions are calculated
using VASP while 96 coupling-region atoms are fixed and a
15-A vacuum region is introduced in the x and z directions.
During the MD relaxation in step (iii), fixed boundary con-
ditions are applied along the x and z directions and periodic
boundary conditions are applied along the y direction. The
convergence criterion of force is also less than 0.02 eV/A in
both the coupling region and the QM region.

3. Computational results and discussion

Figures 2(a) and 3(a) show the maximum forces on the
coupling-region Al atoms given by EAM potential after DFT

calculation in step (ii) and before MD relaxation in step (iii)
in each iteration for edge and screw dislocations respectively.
Since the relaxation by DFT has been finished in step (ii), the
maximum force in the QM region is less than 0.02 eV/A. How-
ever, the forces on the coupling-region atoms are not released
because they are fixed during the DFT relaxation. The MD
relaxation in step (iii) will release the forces in the coupling
region but change the boundary condition of the QM region.
As the iterations go on, the maximum force in the coupling
region before the MD relaxation step decreases. For edge dis-
location, after 8 iterations, the maximum force in the QM re-
gion is less than 0.02 eV/A after step (ii) and the maximum
force in the coupling region is also less than 0.02 eV/A before
step (iii). Although the forces in the QM region and the cou-
pling region are calculated by different methods, they decrease
to the convergence criteria of force respectively, which means
the incompatibility forces between the QM and MM regions
are released. For screw dislocation, the convergence criterion
of force is achieved after 6 iterations.

Figures 2(b) and 3(b) show the maximum displacements
of coupling-region atoms between the current and previous it-
erations after MD relaxations for edge and screw dislocations,
respectively. The results show the displacements decrease as
the iterations continue, which means the displacements are
converging in coupling regions.
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Fig. 2. The computational results for an edge dislocation in Al. (a) The maximum force on the coupling-region Al atoms before MD
relaxation in each iteration. (b) The maximum displacement of the coupling-region Al atoms between two consecutive iterations. (c)
The splitting distance between two partial dislocations in each iteration. (d) The core structure of the dissociated edge dislocation in
Al. The open circles represent the atoms with HCP structures and the full circles represent the atoms with FCC structures. The dashed
box represents the QM region. The atoms around the QM region are the coupling-region atoms.

Iteration
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A perfect dislocation will dissociate into two partial dislo-
cations in FCC metal separated by a stacking fault. The stack-
ing fault corresponds to a block with HCP structure inserted
in the FCC structure. We perform a common neighbor analy-
sis (CNA)IZ8! implemented in OVITO softwarel?’! to identify
the HCP structure in FCC matrix and determine the splitting
distance between two partial dislocations. In this analysis,
each atom in the system is assigned a structural type (FCC,
BCC, HCP etc.) based on a nearest-neighbor graph which de-
scribes the connectivity among neighbors of a given central
atom. From the width of the HCP structure, the splitting dis-
tance between two partial dislocations can be obtained. The
changes of the splitting distances as the iterations go on are
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shown in Figs. 2(c) and 3(c). The convergent splitting dis-
tances of edge and screw dislocations in Al are 9.54 A and
7.53 A. The atomic core structures of edge and screw dislo-
cations are shown in Figs. 2(d) and 3(d). The open circles
represent the atoms with HCP structures and the full circles
represent the atoms with FCC structures. The dashed box rep-
resents the QM region. The atoms around the QM region are
the coupling-region atoms. Table 1 lists the experimental and
calculated separation distances for Al edge and screw partial
dislocations in previous studies.[>*12-13:19:20301 Compared to
the first-principles GSF, QCDFT, and FP-GFBC methods, our
results are close to the values obtained by FP-GFBC method.
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Fig. 3. The computational results for a screw dislocation in Al. (a) The maximum force on the coupling-region Al atoms before MD
relaxation in each iteration. (b) The maximum displacement of the coupling-region Al atoms between two consecutive iterations. (c)
The splitting distance between two partial dislocations in each iteration. (d) The core structure of the dissociated screw dislocation in

Al

Table 1. The partial splitting distances for a/2(110) edge and screw
dislocations in Al.

Method edge/A Screw/A
Present work 9.54 7.53
FP-GSF 7.4%, 3.5b 2.1b
QCDFT 5.6¢, 5.99,7.0° -
FP-GFBC 7.0~9.5,10.82 5.0~7.5¢
Experiment 8.0h -

aRef. [2], PRef. [4], °Ref. [12], 9Ref. [13], ¢Ref. [14], [15], TRef. [19],
gRef. [20], "Ref. [30]

For edge and screw dislocations in Ni, figures 4(a) and
4(c) show the maximum forces of Ni atoms within the cou-
pling region converge after 16 and 12 iterations. The conver-
gent splitting distance of edge dislocation in Ni is 15.66 A
which is close to the lower limit of experimental results in
Table 2.1 The convergent splitting distance of screw dislo-
cation is 8.63 A. The atomic core structures of edge and screw

dislocations are shown in Figs. 4(b) and 4(d).
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Fig. 4. Computational results for the edge and screw dislocations in Ni. (a) The maximum force on the coupling-region Ni atoms
before MD relaxation in each iteration for an edge dislocation. (b) The core structure of the dissociated edge dislocation in Ni. (c) The
maximum force on the coupling-region Ni atoms before MD relaxation in each iteration for a screw dislocation. (d) The core structure

of the dissociated screw dislocation in Ni.

Table 2. The partial splitting distances for a/2(110) edge and screw
dislocations in Ni.

Method Edge/A Screw/A
Present work 15.66 8.63

EAM 14.92, 24.9° 7.4%,14.5¢,25¢
Experiment 18~34¢ -

aRef. [6], PRef. [32], °Ref. [33], [34], IRef. [34], °Ref. [31]

Most available calculated results of dislocation core struc-
ture in Ni are given by MD simulations using EAM poten-
tials as listed in Table 21532734 The separation distances of
partial dislocations predicted by MD are scattered because
the results largely depend on the values of stacking fault en-
ergy produced by EAM potentials. The EAM potential used
in the work of Szelestey er all®! produces a higher stacking
fault energy ¥ = 176 mJ/m> than the experimental datal3!]
of 120 mJ/m?~130 mJ/m?, which gives small splitting dis-
The EAM potentials used in the work of Wen et
al>331 and Qi et al* produce lower stacking fault ener-

tances.

gies ¥ = 89 mJ/m? and 40 mJ/m? respectively which give large
splitting distances. In our previous work,*! the stacking fault
energy of pure Ni was calculated by DFT to be 125.25 mJ/m?,
which is in excellent agreement with the experimental result.
This shows the necessity of treating the dislocation core by

quantum mechanics.

4. Conclusions

Based on the positional continuity of atoms, we employed
an iterative procedure to realize the QM/MM multiscale sim-
ulation. The applications of our method to Al and Ni systems
confirmed the effectiveness of this approach in FCC metals.
Compared to the earlier methods of QCDFT and FP-GFBC,
the present method treats the coupling of long-range strain to
the local displacements of the dislocation core in a simpler
way with the same accuracy. The atomic core structure ob-
tained by our QM/MM simulation can serve as the starting
structure for studying the interaction between impurity and
dislocation and the effects of alloying elements on the mechan-
ical property of alloys.
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