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Energetics and diffusion of point defects in Au/Ag metals:
A molecular dynamics study∗

Zhi-Yong Liu(刘志勇), Bin He(何彬), Xin Qu(瞿鑫), Li-Bo Niu(牛莉博),
Ru-Song Li(李如松)†, and Fei Wang(王飞)‡

Xi’an High Technology Institute, Xi’an 710025, China

(Received 8 March 2019; revised manuscript received 10 May 2019; published online 9 July 2019)

To reveal the potential aging mechanism for self-irradiation in Pu–Ga alloy, we choose Au–Ag alloy as its substitu-
tional material in terms of its mass density and lattice structure. As a first step for understanding the microscopic behavior
of point defects in Au–Ag alloy, we perform a molecular dynamics (MD) simulation on energetics and diffusion of point
defects in Au and Ag metal. Our results indicate that the octahedral self-interstitial atom (SIA) is more stable than the
tetrahedral SIA. The stability sequence of point defects for He atom in Au/Ag is: substitutional site > octahedral interstitial
site > tetrahedral interstitial site. The He–V cluster (HenVm, V denotes vacancy) is the most stable at n = m. For the
mono-vacancy diffusion, the MD calculation shows that the first nearest neighbour (1NN) site is the most favorable site
on the basis of the nudged elastic band (NEB) calculation, which is in agreement with previous experimental data. There
are two peaks for the second nearest neighbour (2NN) and the third nearest neighbour (3NN) diffusion curve in octahedral
interstitial site for He atom, indicating that the 2NN and 3NN diffusion for octahedral SIA would undergo an intermediate
defect structure similar to the 1NN site. The 3NN diffusion for the tetrahedral SIA and He atom would undergo an inter-
mediate site in analogy to its initial structure. For diffusion of point defects, the vacancy, SIA, He atom and He–V cluster
may have an analogous effect on the diffusion velocity in Ag.

Keywords: interatomic potential, radiation damage, point defect, diffusion barrier

PACS: 34.20.Cf, 61.80.–x, 61.72.–y, 36.40.Sx DOI: 10.1088/1674-1056/28/8/083401

1. Introduction

Over the past few years, we have witnessed great progress
of nucleation and growth mechanisms for He behavior in Pu-
based materials, in particular pure δ phase Pu and Pu–Ga
alloy.[1–9] As a radioactive nuclide, Pu α decay would produce
various defects, such as He interstitial atom, self-interstitial
atom (SIA), and vacancy, result in a collision displacement
cascade, and disrupt the physical, chemical and mechanical
properties of Pu-based system. Therefore, the self-irradiation
effect, in particular He–V (V denotes vacancy) cluster, would
be useful for revealing the aging mechanisms in Pu-based
materials. However, we have not yet completely understood
the self-irradiation effect in Pu material, in particular the ag-
gregation of He atoms, the nucleation and growth of He–
vacancy cluster and/or He bubble, which still need further
investigation.[10] Recently, many research groups[11–14] have
done a lot of excellent work on the electronic, magnetic and
structural properties of metallic Pu and its alloys, 5 f itin-
erant/localized behavior, superconductivity and collision dis-
placement cascade induced by self-irradiation in Pu-based ma-
terials by using multi-scale simulation technique, such as first
principle, molecular dynamics and kinetic Monte Carlo. How-
ever, the low symmetry for ground state of metallic Pu (i.e.,

α phase Pu), the relativistic effect resulting from high atomic
number of Pu and the strongly correlated effect arising from
the partially filled Pu 5 f orbitals pose a considerable challenge
for condensed matter physics.

In fact, the theoretical research on the physical, chem-
ical and mechanical properties of He atom in δ -Pu is very
difficult to perform due to the δ -Pu having chemical activity,
toxicity, radioactivity, complex 5 f occupation, and metastable
phase stability, which is extremely sensitive to temperature,
pressure and chemical doping. Therefore, experimental obser-
vation and/or numerical simulation on a substitution material
for Pu–Ga alloy can be a feasible approach. In principle, self-
irradiation effect induced by 239Pu α decay is dependent on
the lattice structure and mass density, thus we consider Au–Ag
alloy (fcc structure) to be an apposite substitution for Pu–Ga
alloy (fcc structure). In this respect, the physical properties,
point defect properties and He behavior in Au–Ag alloy can
be useful for understanding the He behavior in Pu–Ga alloy.
Stevens et al.[15] have used a transmission electron microscope
(TEM) to investigate the nucleation and growth of He defects
in Au–Ag alloy, and found that He bubbles are non-uniformly
distributed across the crystal lattice, and the nucleation of He
bubble might not be related to He irradiation in Au–Ag alloy.
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For He behavior in Au–Ag alloy, Thomé et al.[16] have inves-
tigated the radiation damage to He implanted Au-based alloy
(Au3Ag2) by using the positron annihilation spectrum (PAS)
technique. Their results indicate that a fundamental reason for
the degradation of Au3Ag2 alloy is pressure increase result-
ing from the nucleation and growth of He bubble. Zhu[17] has
studied the typical point defects in Au–Ag alloy, such as He
atom interstice, vacancy and its cluster, by using the density
functional theory (DFT), and evaluated the formation energy
for He atom in individual defect sites. These results show that
the relative stability of point defects and the formation energy
for He in Au–Ag alloy are closely related to the atomic con-
figuration of host atom in the vicinity of defect site and mass
density.

To our knowledge, although some research groups have
employed first principles calculation within the framework of
DFT to study the physical properties of Au–Ag alloy and the
microscopic behaviors of He defects, few reports have paid at-
tention to the molecular dynamics (MD) simulation[18–22] for
He behavior in Au–Ag alloy. In this work, we employ MD
method on basis of embedded atom method (EAM) to ana-
lyze the physical properties and He behaviors in Au and Ag
metal, which can be useful for understanding He point defects
in Au–Ag alloy, even δ phase Pu–Ga alloy. As mentioned
earlier, experimental work poses a huge challenge due to the
special character of Pu-based system, so we plan to perform
an MD simulation on alternative candidate for δ phase Pu–Ga

alloy (i.e., Au–Ag alloy) in a future work.

2. Computational details
Face-centered cubic (fcc) metal usually possesses a tetra-

hedral interstitial site comprised of four atoms, an octahedral
interstitial site made up of six atoms, and a substitutional site
originating from an impurity atom replacement of a host atom.
To estimate the formation energy for point defects, we first
construct a 20a0× 20a0× 10a0 supercell including 1.6× 104

atoms, then add or delete atoms to model the corresponding
defect configuration. A simulation model for defect configu-
ration is shown in Figs. 1(a)–1(c). All of the calculations in
this work are implemented with the classical molecular dy-
namics package-LAMMPS code. Periodical boundary con-
dition is employed in all cases. For the formation energy of
interstitial atom, the annealing molecular dynamics method is
used to completely relax a system including interstitial atom,
and obtain an atomic configuration with the minimum energy.

For an initial configuration, the temperature slowly in-
creases to 300 K during 5× 105 steps in the NVT ensemble;
the time step is set to be 0.5 fs. An interstitial atom is added to
a defective site when temperature reaches 300 K, the system
is then completely relaxed through isothermal process of 5000
steps in the NPT ensemble. Next, the system slowly cools
down to 1× 10−4 K during 5× 104 steps in the NVT ensem-
ble. Finally, we obtain an energetically optimal configuration
including the point defects.

(a) (b) (c)

Fig. 1. Three typical defect sites in fcc Au and Ag metal: (a) octahedral interstitial site, (b) tetrahedral interstitial site, and (c)
substitutional sites, with blue and red sphere denoting host atom Au/Ag and interstitial atom, respectively.

In the MD simulation, we use Au, Ag, and Au–Ag em-
bedded atom model (EAM) potentials of Zhou et al.[23,24] and
He–He potential of Valone et al.[25] For Au–He and Ag–He
cross potentials, we perform a first principles calculation on
a hypothetical Au3He/Ag3He crystal (L12 lattice structure)
within space group of Pm3̄m, and fit to a revised form of uni-
versal equation of state of Rose et al.[1,26]

E(R) =−Ec

(
1+a∗+δa∗3

re

R

)
e−a∗ , (1)

a∗ = α

(
R
re
−1
)
, (2)

α
2 =

9ΩB
Ec

, (3)

where Ec, re, Ω , and B are the cohesive energy, nearest-
neighbor distance, atomic volume, and bulk modulus at equi-

librium reference structure, respectively; δ is a dimensionless
quantity related to pressure derivative of the bulk modulus.

The first principles calculations are implemented by den-
sity functional theory through using all-electron full poten-
tial linearized augmented plane wave (FP-LAPW) method
within the framework of WIEN2K code.[27–29] The exchange–
correlation energy is approximated with Perdew–Burke–
Ernzerhof (PBE)[30] form of generalized gradient approxima-
tion (GGA). The maximum l value for partial waves used in-
side the muffin-tin (MT) sphere is lmax = 10. The cutoff pa-
rameter is Rmt×Kmax = 9. In the interstitial region, the charge
density and the potential are expanded into a Fourier series
with wave vectors up to Gmax = 12 a.u.−1. The MT radius
values are set to be 2.00 Bohr, 2.00 Bohr, and 1.60 Bohr for
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Au, Ag, and He atoms, respectively. Optimized lattice con-
stants for Au3He and Ag3He are 4.0671 Å and 4.1256 Å. The
modified EAM (MEAM) potential parameters for Au–He and
Ag–He are shown in Table 1.

Table 1. MEAM potential parameters for Au–He and Ag–He interatomic
potential. MEAM parameters for cross potential. Parameters are for a fit
to a Rose curve.

Parameter Au–He Ag–He Meaning

Ec/eV 0.0775 0.1104 cohesive energy
R0/Å 2.8763 2.9177 nearest-neighbor distance

α (dimensionless) 34.4269 21.9906 definition in Eq. (3)
δ (dimensionless) 6.0685 5.9578 definition in Eq. (1)

B/GPa 97.2395 54.1364 bulk modulus
Z (dimensionless) 1 1 number of nearest-neighbor

For the formation energy of HenVm cluster (V denotes va-
cancy), we delete a host atom in the center site of the simula-
tion cell to model a mono-vacancy defect. We then fully relax
this system to reach a new energy equilibrium state. Next, we
estimate the total energy of every atom in this system, delete
the atom with the maximum energy, and obtain di-vacancy
defect. We then further estimate the formation energy of di-
vacancy. The vacancy number gradually increases, and we ob-
tain a vacancy cluster with a different size and structure. For
HenVm cluster, we introduce a He atom in the above vacancy
cluster, then the system is fully relaxed to reach a new energy
equilibrium state. Next, we will obtain an atomic configura-
tion containing He1Vm cluster and with a minimum energy, and
further estimate the formation energy of this cluster. Then, we
add another He atom into this system. Finally, we estimate
the formation energy of the corresponding system. The largest
HenVm cluster includes eight vacancies and seven He atoms in
this work, hence n/m≤ 7.

Self-interstitial atom (SIA) is an elementary point defect
in crystal lattice, in which a host atom occupies an interstitial
site. Formation energy is a criterion for structural stability of
impurity doping and/or chemical reaction in metallic material.
Thus the formation energy of SIA can be used to understand
the structural properties of point defect. Formation energy of
SIA is given by

Ef(SIA) = Ec(16001X)−Ec(16000X)−Ec(X), (4)

where X denotes the host atom (Au/Ag atom in this work),
i.e., Ec(Au) = 3.93 eV and Ec(Ag) = 2.85 eV; Ec(16000X)

is the total energy of the ideal lattice including 16000 metallic
atoms; Ec(16001X) is the total energy of above system includ-
ing an SIA.

Similarly, the formation energy of He interstitial site is
given by

Ef(He) = Ec(16000×+1He)−Ec(16000X)−Ec(He), (5)

where X represents the Au/Ag atom, and superscript int de-
notes interstitial atom.

Substitutional defect for He atom represents the point de-
fect configuration of one He atom combining with one vacancy
in lattice, and reads,

Esub
f (He) = Ec(15999×+1He+1V )

−Ec(15999X+1V )−Ec(He), (6)

where superscript sub refers to the substitutional defect, V is
the vacancy, Ec(15999X+1He+1V ) represents the total en-
ergy of a simulation system containing a vacancy and a He
atom occupying vacancy site.

In addition, the formation energy of HenVm cluster is use-
ful for understanding the initial stage for the nucleation of He
bubble, and is given by

Ef(HenVm) = Etot(HenVm)− (N−m)Ec(X)−nEc(He), (7)

where Ef (HenVm) is the formation energy of HenVm cluster,
and Etot(HenVm) the total energy of a system containing HenVm

cluster; n and m represent the number of He atoms and the
number of vacancies in a HenVm cluster, respectively; N de-
notes the number of metallic atoms in an ideal lattice, thus
(N−m) is the number of Au/Ag atoms in the simulation sys-
tem.

In this work, we adopt nudged elastic band (NEB) method
to calculate the migration energy for point defect diffusion
at ambient temperature. In this method, several intermedi-
ate transition states between initial and final sites for atomic
diffusion should be introduced. Diffusion atom can occupy a
space site with a lower energy during diffusion procedure un-
der elastic tension, automatically diffuse into these sites, and
forms the so-called minimum energy path (MEP). Migration
energy of atomic diffusion can be obtained by subtracting the
total energy of initial site from the total energy of saddle point
on the MEP[24]

Em = Es−E0, (8)

where Em represents the migration energy of atomic diffusion,
Es is the total energy of interstitial atom located in a saddle
point on the MEP, and E0 the total energy of a system when
an interstitial atom sits on the initial site. When there are more
transition states for defect diffusion between the initial and fi-
nal site, the saddle point will be more precise.

Migration energy for point defect diffusion at high tem-
perature is calculated through the effective diffusion coeffi-
cient Deff, which is given by

Deff =
Dsim

Xd
, (9)

where Dsim is the atomic diffusion coefficient, and Xd the con-
centration of point defects.
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According to the diffusion law of Einstein, Dsim is defined
as

Dsim = lim
t→∞

1
2Nt

〈
|r(t)− r(0)|2

〉
, (10)

where r(t) denotes the atomic coordinate at t, r(0) is the initial
atomic coordinate, N is the dimension of simulation system
and N = 3 since the system in this work are all cubic structure.

Atomic mean square displacement (MSD) is given by

MSD =
〈
r2(t)

〉
=

1
n

n

∑
i=1

(
|ri(t)− ri(0)|2

)
. (11)

From Eq. (10) with Eq. (11) one can obtain

Dsim =
MSD

6t
. (12)

By substituting Eq. (12) into Eq. (9), one can obtain the
atomic effective diffusion coefficient

Deff =
MSD
6Xdt

. (13)

During simulation procedure, we introduce dozens of point de-
fects into the simulation system, and give the effective diffu-
sion coefficient in Eq. (13) through MSD and the concentra-
tion of point defects.

Based on classical transition state theory, Deff can be
given by an approximate expression:

Deff = l2vexp
(
− Em

kT

)
, (14)

where l is the hopping distance between energy minima, ν the
attempt frequency, Em the activation barrier, and k the Boltz-
mann constant. Obviously, one can obtain Em through the nat-
ural logarithm form of Eq. (14).

For the atomic effective diffusion coefficient in Au and
Ag metal, we construct a 20a0× 20a0× 10a0 simulation cell
(1.6× 104 atoms), and introduce vacancy, SIA and He inter-
stitial atom of 0.5 at.%, then add a He80V16 cluster composed
of 16 vacancies and 80 He atoms into this system. For the
estimation of atomic effective diffusion coefficient, periodi-
cal boundary condition is adopted, and initial atomic velocity
obeys the Gaussian distribution. The isothermal molecular dy-
namics simulation is performed at six temperatures (1500 K–
2000 K, in steps of 100 K) under the NPT ensemble. We then
record the atomic MSD, plot MSD as a function of time, and
we obtain the slope of MSD versus t curve. Finally, we deduce
the atomic effective diffusion coefficient through Eq. (10) and
the concentration of point defects.

3. Results and discussion
3.1. Formation energy of SIA

For the formation energy values of different defect sites
in Au and Ag metal, MD simulation results are summarized

in Table 2. The formation energy values of the octahedral in-
terstitial sites are smaller than those of tetrahedral interstitial
sites, indicating that the octahedral SIA is more stable than the
tetrahedral SIA. This may happen because, compared with the
volume for tetrahedral interstitial site, the volume for octahe-
dral interstitial site in fcc lattice is larger and the repulsion for
each atom in individual lattice site is smaller, hence an octahe-
dral interstitial site becomes more stable.

Table 2. Formation energy values (in unit eV) of self-interstitial atom
(SIA) in Au and Ag metals. Eocta

f and E tetra
f denote formation energy

for octahedral and tetrahedral interstitial sites, respectively.

Host atom Eocta
f (SIA) E tetra

f (SIA)

Au 3.2464 3.8808
Ag 3.1653 3.6013

3.2. Formation energy of He atom

In principle, the formation energy of point defect for sin-
gle He atom is a fundamental characteristic for evaluating its
behavior in material matrix. We mainly consider two point de-
fect structures in Au and Ag in this work; i.e., single He atom
occupying interstitial and substitution sites, respectively. The
formation energy values of He atom occupying interstitial and
substitutional sites in Au and Ag metals are summarized in
Table 3.

Table 3. Formation energy values (in unit eV) of He atom occupying inter-
stitial and substitutional sites in Au and Ag metals, respectively. Esub

f (He),
Eocta

f (He), and E tetra
f (He) denote formation energy for He atom occupy-

ing substitutional, octahedral interstitial and tetrahedral interstitial sites,
respectively.

Host atom Esub
f (He) Eocta

f (He) E tetra
f (He)

Au 1.3786 3.1026 3.5439
Aua 1.3600 3.3800 3.4700
Ag 1.8671 2.5903 2.8642
Aga 1.9000 2.9700 3.1300
Ag b 1.6000 2.6800 2.7900

aCalculation result after Ref. [17].
bCalculation result after Ref. [31].

As shown in Table 3, the formation energy of the He
atom occupying substitutional site in Au/Ag is a lower value
than the formation energy of octahedral interstitial site, while
the tetrahedral interstitial site has the largest formation energy.
This implies that the defect structure with a substitutional site
including one He atom and one vacancy is the most stable. As
discussed later, the spatial volume close to the substitutional
site is the largest value followed by the octahedral and tetra-
hedral interstitial sites in fcc Au/Ag lattice. As a completely
filled electronic shell element, He is favorable for occupying
a defect site with a larger volume, rather than bonding with
other orbital electrons from its surrounding atoms, hence the
stability sequence of defect sites for He atom in Au/Ag is sub-
stitutional site > octahedral interstitial site > tetrahedral in-
terstitial site. This result is in good agreement with the first
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principles calculations of Zhu[17] and Zu et al.[31] The site oc-
cupancy and stability of defect structure for He atom are also
in accord with their results, showing that the potential function
and other MD parameters used in in this work are feasible.

3.3. Formation energy of He–vacancy cluster

As mentioned earlier, a He atom arising from the internal
or external factors, such as α decay induced by self-irradiation
and/or He implantation, prefers to combine with the surround-
ing vacancy defect due to its insolubility in material matrix,
then produces the He–vacancy complex, i.e., He–V cluster,
and finally results in the nucleation, accumulation and growth
of He bubble. In principle, HenVm cluster can be viewed as
a predecessor for three-dimensional He bubble. The plots of
formation energy of HenVm cluster in Au/Ag versus n for var-
ious m values and versus m for various n values are depicted
in Figs. 2 and 3 (n > 30 not shown here), respectively.
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Fig. 2. Plots of formation energy of HenVm cluster versus (a) number of
vacancies and (b) number of He atoms in Au metal.

As shown in Figs. 2(a) and 3(a), the formation energy
of HenVm cluster gradually decreases as the number of He
atoms increases, while the vacancy number is kept constant,
and reaches the minimum value at n/m = 1. The formation
energy of HenVm cluster then increases as the number of He
atoms increases. This shows that He–V cluster is the most sta-
ble when a vacancy site is occupied by a He atom in Au/Ag
metals. One can obtain a similar conclusion from Figs. 2(b)
and 3(b). It is should be noted that an inflection point appears
around n=m, further indicating that HenVm cluster is the most
stable at n = m.

As mentioned earlier, He readily occupies a defect site
with a larger volume in fcc Au/Ag since the electron density

of host atom with larger spacial volume is lower, and these
electrons do not bond with other orbital electrons from the
surrounding atoms. Therefore, the He atom readily combines
with vacancy and its cluster, and produces HenVm cluster that
is the most stable at n = m. For example, for m = 4, He1V4

cluster forms when a first He atom is introduced into a V4 clus-
ter; however, one He atom is insufficient to occupy so much
space that the residue space is still large, hence He1V4 cluster
is unstable. When a second He atom is introduced into this
cluster, the spacial volume for each He atom decreases, result-
ing in the decrease of degree of freedom, tending to stabilize
the He2V4 cluster, and further reducing formation energy, and
so on. For this reason, each He atom occupies one vacancy
site, and produces a stable He4V4 cluster. Correspondingly,
the formation energy reaches its minimum value at n = 4. If
n > 5, then four vacancies are insufficient to accommodate
five He atoms. The He atom will mutually repulse other He
atoms, resulting in a displacement from the vacancy site and
an increase of the formation energy, thus stabilizing the He5V4

cluster. This finding is also in agreement with the scenarios
Figs. 2 and 3, thus further implying that HenVm cluster is the
most stable at n = m.
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Fig. 3. Plots of formation energy of HenVm cluster versus (a) number of
vacancies and (b) the number of He atoms in Ag metal.

3.4. Migration energy of point defect at ambient tempera-
ture

For three typical point defects in metallic Au and Ag in-
cluding vacancy, SIA, and He interstitial atom at ambient tem-
perature, we employ the nudged elastic band method (NEB)
to estimate the migration energy values for these three defects
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diffusing into 1NN, 2NN, and 3NN sites, respectively, and an-
alyze the diffusion property and mechanism for each of these
point defects. An interstitial atom occupying the octahedral
site and an interstitial atom occupying the tetrahedral site dif-
fusing into their corresponding neighboring sites are shown in
Figs. 4(a) and 4(b), respectively. To investigate the migration
energy of point defect at ambient temperature, we consider 18
transition states in total.

(a) (b)

3NN

1NN

2NN

2NN

1NN

3NN

Fig. 4. Schematic diagrams for interstitial atom diffusing into neighboring
sites: (a) octahedral interstitial site in fcc Au and (b) tetrahedral interstitial
site in fcc Au metal.

Figures 5(a) and 5(b) show the plots of total energy ver-
sus reaction coordinate for mono-vacancy diffusion in Au and
Ag metal, respectively. The migration energy values deduced
from Eq. (5) are summarized in Table 4.
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Fig. 5. Plots of total energy versus reaction coordinate for mono-vacancy
diffusing into its 1NN, 2NN, and 3NN in (a) Au and (b) Ag metal.

As shown in Table 4, the migration energy of mono-
vacancy diffusing into 1NN site is smaller than into 2NN, and
3NN site. This indicates that the mono-vacancy is more apt
to diffuse into its 1NN site, which is in agreement with exper-
imental data of Zhu,[17] and thus further verifies the univer-
sality and feasibility of interatomic potential employed in this
work.

For the fcc Au and Ag crystal, we consider two typical
defect structures for self-interstitial atom (SIA), i.e., the octa-
hedral and tetrahedral site, and estimate the migration energy
values of SIA located in these two defect sites diffusing into
its 1NN, 2NN, and 3NN sites. The plots of total energy versus
reaction coordinate for SIA along its diffusion path are shown
in Figs. 6 and 7. The values of migration energy Em deduced
from Eq. (5) are summarized in Table 5.

Table 4. Migration energy values (in unit eV) of mono-vacancy diffus-
ing into its 1NN, 2NN, and 3NN in Au and Ag metals. Em (iNN) (i = 1,
2, 3) refer to migration energy of mono-vacancy diffusing into its i-th
nearest neighbor.

Host metal Em (1NN) Em (2NN) Em (3NN)

Au 0.8939 0.8300a 3.6730 5.3151
Ag 0.6862 0.6600a 2.5852 3.8828

aExperimental result after Ref. [24].

The migration energy for SIA (Table 5) located at the oc-
tahedral or tetrahedral site diffusing into its 1NN site is the
minimum value, indicating that the SIA most likely diffuses
into its 1NN site in Au and Ag. As shown in Fig. 6(a) and
Fig. 7(a), there are two peaks in the plot of total energy versus
reaction coordinate for each of 2NN diffusion and 3NN dif-
fusion in the octahedral defect structure, and their minimum
values are close to the peak value of 1NN diffusion, implying
that 2NN and 3NN diffusion for the octahedral SIA each leads
to an intermediate defect structure similar to 1NN site.
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Fig. 6. Plots of total energy versus reaction coordinate for (a) octahedral
and (b) tetrahedral SIAs diffusing into its 1NN, 2NN, and 3NN sites in
Au metal.
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Figures 6(b) and 7(b) each show that two peaks appear in
the 3NN diffusion curve for the tetrahedral SIA, and its peak
value is close to the peak value of 1NN diffusion curve. How-
ever, its minimum value is close to zero energy, which indi-
cates that the 3NN diffusion for the tetrahedral SIA gives rise
to an intermediate site similar to its initial structure. In fact, as
shown in Fig. 4, the 3NN site can be viewed as an intermediate
site between two continuous 1NN diffusion for SIA, thus the
3NN diffusion curve may be viewed as a combination of two
curves for 1NN diffusion.

Table 5. Migration energy values (in unit eV) of the octahedral and
tetrahedral SIAs diffusing into its 1NN, 2NN, and 3NN in Au and Ag
metals. Em (octa) and Em (tetra) are migration energy of the octahe-
dral and tetrahedral SIAs diffusing into their corresponding neighboring
sites, respectively.

Host metal
Em (octa) Em (tetra)

1NN 2NN 3NN 1NN 2NN 3NN

Au 0.403 0.572 0.568 0.261 0.536 0.263
Ag 0.261 0.409 0.406 0.234 0.502 0.235
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Fig. 7. Plots of total energy versus reaction coordinate for (a) octahedral
and (b) tetrahedral SIAs diffusing into its 1NN, 2NN, and 3NN sites in
Ag metal.

The plots of the total energy versus reaction coordinate
for 1NN, 2NN, and 3NN diffusion for He interstitial atom in
Au and Ag metal, estimated with NEB method, are shown in
Figs. 8 and 9, and the values of migration energy Em deduced
from Eq. (5) are summarized in Table 6. The diffusion of SIA,
He interstitial atom prefers to diffuse into its 1NN site, no mat-
ter whether it is the octahedral or tetrahedral interstitial site
(see Table 6).

Table 6. Migration energy values (in unit eV) of 1NN, 2NN, and 3NN diffu-
sion for He interstitial atom in Au and Ag metals. Em (octa) and Em (tetra)
are migration energy value of octahedral and tetrahedral He interstitial atoms
diffusing into their corresponding neighboring sites, respectively.

Host metal
Em (octa) Em (tetra)

1NN 2NN 3NN 1NN 2NN 3NN

Au 0.392 0.596 0.602 0.309 0.586 0.311
Ag 0.352 0.509 0.511 0.205 0.409 0.207
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Fig. 8. Plots of total energy reaction coordinate for (a) octahedral and
(b) tetrahedral He interstitial atom diffusing into their corresponding
neighboring sites in Au metal.
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As shown in Figs. 6–9, He interstitial atom and SIA in
Au metal have diffusion characteristics similar to those in Ag
metal, e.g., for the diffusion of the octahedral interstitial site,
the 2NN and 3NN diffusions of He interstitial atom also lead
to a 1NN-like site, resulting in two peaks in the energy curve
of 2NN and 3NN diffusions, and their minimum values are
close to the peak value of 1NN diffusion. Similarly, the 3NN
diffusion of He interstitial atom gives rise to a site similar to
its initial structure, and also results in two peaks for the 3NN
diffusion, of which peak value is close to that of 1NN diffu-
sion.

3.5. Migration energy of point defect at high temperature

To further understand the diffusion of SIA and vacancies
in Au and Ag metal, we also estimate the atomic effective
diffusion coefficient for a simulation system containing 80
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Fig. 10. Plots of simulated MSD versus time for (a) vacancies and (b)
SIA defects in Au metal at temperatures T = 1500 K, 1600 K, 1700 K,
1800 K, 1900 K, and 2000 K, respectively.

vacancies and SIAs, respectively. The isothermal molecular
dynamics simulation is implemented in a total time of 5 ns at
each fixed temperature under the NVT ensemble, and the plots
of MSD for these six temperatures are plotted in Figs. 10 and
11. Finally, we obtain the slopes of MSD–t curve through lin-
early fitting Dsim and Deff in Eqs. (12) and (13) as summarized
in Table 7.

As indicated in Table 7, the atomic diffusion coefficient
increases with temperature increasing in each of Au and Ag
metal. A possible reason is that the higher the temperature,
the higher the internal energy of Au/Ag lattice will be, and the
more intensive the atomic thermal motion and the larger the
atomic MSD will be, hence we obtain a larger atomic effec-
tive diffusion coefficient.
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Fig. 11. Plots of simulated MSD versus time for (a) vacancies and (b) SIA
defects in Ag metal at temperatures T = 1500 K, 1600 K, 1700 K, 1800 K,
1900 K, and 2000 K, respectively.

Table 7. Atomic effective diffusion coefficients for vacancies and SIAs in Au and Ag metals. V denotes vacancy, and Dsim and Deff
are deduced from Eqs. (9) and (10), respectively.

System Diffusion coefficient 1500 K 1600 K 1700 K 1800 K 1900 K 2000 K

Au (V )
Dsim/10−2·nm2·ps−1 0.7787 0.9189 1.0711 1.2180 1.3747 1.5261

Deff/nm2·ps−1 1.5571 1.8378 2.143 2.4361 2.7511 3.0521

Au (SIA)
Dsim/10−2·nm2·ps−1 0.7797 0.9208 1.0781 1.1970 1.3890 1.5371

Deff/nm2·ps−1 1.5591 1.8421 2.1562 2.3931 2.7778 3.0742

Ag (V )
Dsim/10−2·nm2·ps−1 0.5848 0.7058 0.8341 0.9548 1.1041 1.2480

Deff/nm2·ps−1 1.1723 1.4121 1.6681 1.9112 2.2081 2.4961

Ag (SIA)
Dsim/10−2·nm2·ps−1 0.5835 0.6987 0.8216 0.9471 1.0972 1.2381

Deff/nm2·ps−1 1.1671 1.3972 1.6432 1.8942 2.1840 2.4762
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In the Au metal, the effective diffusion coefficient for va-
cancy is close to that for SIA at each of individual temper-
atures though the latter is somewhat larger than that of the
former, indicating that adding SIAs into Au will give rise to
a local field around the doping site, strengthen the interaction
between SIA and its neighboring atoms, and increase the diffu-
sion of the surrounding Au atoms. For Ag metal, the effective
diffusion coefficient for SIA is also similar to that for vacancy
at the same temperature. However, it should be noted that the
surrounding Ag atom tend to diffuse into a vacancy site by
introducing the vacancy defect, which will increase the total
effective diffusion coefficient. This result implies that the va-
cancy defect can activate the host atoms and thus enhance the
diffusion behavior.
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Fig. 12. Plots for simulated MSD versus time for (a) He atom and (b)
He–vacancy defects in Au metal at temperatures T = 1500 K, 1600 K,
1700 K, 1800 K, 1900 K, and 2000 K, respectively.

To understand the influence of He atom and He–vacancy
cluster on the diffusion characteristic in metallic matrix, we
estimate the effective diffusion coefficients for these defects in
Au and Ag metals. For this purpose, we first introduce 80 He
atoms and a He80V16 cluster into each of Au and Ag crystal,
and carry out an isothermal molecular dynamics simulation
with a total simulation time of 5.0 ns under the NVT ensem-
ble. The atomic MSD as a function of simulation time t at
T = 1500 K, 1600 K, 1700 K, 1800 K, 1900 K, and 2000 K
are plotted in Figs. 12 and 13. Next, we obtain the slopes of
MSD versus t curve through linear fitting of Dsim and Deff in
Eqs. (12) and (13), and summarized in Table 8.
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Fig. 13. Plots of simulated MSD versus time for (a) He atom and (b) He–
vacancy defects in Ag metal at temperatures T = 1500 K, 1600 K, 1700 K,
1800 K, 1900 K, and 2000 K, respectively.

Table 8. Atomic effective diffusion coefficients for He atom and He–vacancy cluster defects in Au and Ag metals. He and He–V denote He
atom and He–vacancy cluster, respectively. Dsim and Deff are deduced from Eqs. (12) and (13), respectively.

System Diffusion coefficient 1500 K 1600 K 1700 K 1800 K 1900 K 2000 K

Au (He)
Dsim/10−2·nm2·ps−1 0.4312 0.5393 0.6521 0.7811 0.9178 1.0568

Deff/nm2·ps−1 0.8624 1.0786 1.3042 1.5622 1.8356 2.1141

Au (He–V )
Dsim/10−2·nm2·ps−1 0.4408 0.5435 0.6497 0.7791 0.9283 1.0521

Deff/nm2·ps−1 0.8816 1.0872 1.2994 1.5582 1.8571 2.1041

Ag (He)
Dsim/10−2·nm2·ps−1 0.6491 0.7615 0.8831 1.0065 1.1679 1.2822

Deff/nm2·ps−1 1.2982 1.5224 1.7662 2.0130 2.3361 2.5643

Ag (He–V )
Dsim/10−2·nm2·ps−1 0.5989 0.7181 0.8273 0.9533 1.1140 1.2512

Deff/nm2·ps−1 1.1982 1.4362 1.6546 1.9066 2.2281 2.5021

In analogy to diffusion of vacancy and SIA, for He atom and He–vacancy cluster in Au and Ag metals, as shown in Table 8,
the atomic effective diffusion coefficient would increase with temperature increasing. A possible reason is that the higher the
temperature, the higher the internal energy of Au/Ag lattice will be, and the more intensive the atomic thermal motion, the larger
the atomic MSD will be, hence we obtain a larger atomic effective diffusion coefficient. In Au and Ag metals, the effective
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diffusion coefficient for He atom is close to that for He–vacancy cluster at each of individual fixed temperatures, although the
latter is somewhat smaller than the former, indicating that the further introducing of vacancy defects into Au/Ag crystal will
result in the reduction of the interaction between vacancy and its neighboring atoms, and decrease of diffusion velocity for the
surrounding Au/Ag atoms. For the Au metal as shown in Tables 7 and 8, the atomic diffusion coefficients for He atom and
He–V cluster are remarkably smaller than those of vacancy and SIA, showing that He atom and He–V cluster obviously suppress
diffusion of Au atoms, which is contrary to what the vacancy and SIA do. It is interesting to note that the diffusion coefficients
for these four point defects are close to each other.

The migration energy values at high temperature, derived from the effective diffusion coefficient, are listed in Table 9. The
migration energy is much smaller than the value at ambient temperature, which is consistent with the physical intuition.

Table 9. Migration energy values (in unit eV) of eight systems at high temperature.

System Au (V ) Au (SIA) Ag (V ) Ag (SIA) Au (He) Au (He–V ) Ag (He) Ag (He–V )

Em/eV 0.3488 0.3505 0.3901 0.3882 0.4639 0.4544 0.3568 0.3802

4. Summary remark and outlook
In this work, we estimate the formation energy and effec-

tive diffusion coefficient of point defects in Au and Ag metals
by using MD method, and employ the NEB method to esti-
mate the migration energy of point defect diffusion. The re-
sults show that the octahedral SIA is more stable than tetra-
hedral SIA. Stability sequence of point defects for He atom
is substitutional site > octahedral interstitial site > tetrahe-
dral interstitial site. HenVm cluster reaches the highest stabil-
ity when the number of He atoms equals that of vacancies;
i.e., n = m. For mono-vacancy diffusion, energetically, 1NN
site can be the most favourable site. In analogy to SIA, the
2NN and 3NN diffusion for the octahedral SIA will give rise
to an intermediate defect structure similar to 1NN site. Note,
however, that the 3NN diffusion for each of tetrahedral SIA
and He atom will lead to an intermediate site in analogy to its
initial structure. For the effective diffusion of point defects,
the introduction of vacancy, SIA, He atom and He–V cluster
may have a similar effect on diffusion velocity in Ag metal.
This work could be viewed as a preliminary work for investi-
gating He behaviour in Au–Ag alloy, even the nucleation and
growth mechanism for He bubble in aging Pu–Ga alloy. In
future work, we plan to employ the MD method and/or meso-
scopic technique to simulate the properties of point defects,
such as SIA, He–V cluster and He bubble in Au–Ag/Pu–Ga
alloys, and compare theoretical result with available experi-
mental data, such as from TEM, SEM, and PAS examinations
of He-implanted and/or aging sample.
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