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Abstract. In order to understand how noble gas atoms may be accommodated in crystalline
materials, molecular dynamic (MD) simulations have been performed on crystalline MgO,
one of the simplest structures of oxide crystals, containing different gas atoms and different
types of defects. Calculations were done at 3000 K for an MD basic cell of about 1000
particles (2 noble gas atoms of He, Ne, Ar, Kr or Xe, 500 Mg ions and 500 O ions, with or
without 2 Mg and 2 O vacancies). In order to understand noble gas atom—vacancy
interactions, behaviors of vacancies (Schottky defects) in the crystal without noble gas atoms
were examined first. Mg and O vacancies were often associated, and they repeatedly formed
and disappeared during the simulations. Small noble gas atoms, especially He, tended to be
located in interstitial sites, while large atoms tended to occupy lattice sites by substituting for
Mg or O ions (unassociated vacancy sites); associated Mg-O vacancy sites were formed by
the larger atoms (Ar and Kr), even if vacancies were initially absent (interstitial Mg and O
ions (Frenkel defects) were formed in this case). MgO crystal with Xe and vacancies and that
with Kr or Xe without vacancies were melted due to the effect of the lowering of melting
point. Noble gas atoms favor the O vacancies (about 2/3 and 1/3 in the O and Mg vacancies,
respectively). Strains were generated in the lattice around dissolved noble gas atoms. Self-
diffusion coefficients of the noble gas atoms without vacancies are larger than those with
vacancies. With increasing the radius of the noble gas atom, the diffusivity decreases. Large
atoms such as Ar and Kr, are trapped in associated vacancies, and their diffusivities are very
small. The above results can be explained by the relative sizes of the noble gas atoms in
comparison with the size of lattice sites in the MgO crystal structure.

1. Introduction

An atomistic scale knowledge of how noble gas atoms substitute into crystalline
materials is of fundamental importance in understanding noble gas geochemistry
and cosmo-chemistry. For example, LANCET and ANDERS (1973) discussed sites of
noble gas atoms in magnetite crystal based on solubility measurements of noble
gases as a function of temperature. BROADHURST et al. (1990, 1992) measured
solubilities of noble gases in anorthite, diopside, forsterite and spinel, and proposed
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that noble gases are likely to be sited in lattice vacancy defects in the minerals.
However, it is difficult to determine noble gas sites and solubility mechanism
directly by experiments, and thus we have chosen to investigate such questions
through computer simulation. In the present paper, sites and behaviors of noble gas
atoms have been studied by molecular dynamics simulation of crystalline periclase
(MgO), which has one of the simplest structures (rock salt structure).

2. MD Calculation

Inthe MD calculations, the program MXDORTO (KAWAMURA, 1992) was used
with the two-body central force interatomic potential models of Born-Mayer-
Huggins type;
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where, 7, is the separation between ions 7 and j, e the elementary electric charge, &
the permittivity of vacuum, and fy = 6.9472 x 10-'! N for unit adaptation. The ef-
fective valence, z, of Mg and O ions and the potential parameters, a, b and ¢, of Mg,
O and noble gas atoms (He, Ne, Ar, Kr and Xe) are shown in Table 1. The values of
the effective valence and the potential parameters for Mg and O were determined so
as to reproduce measured volume-pressure relation of the periclase crystal (Fig. 1;
those of NAKAO and KAWAMURA (submitted) and TSUCHIYAMA et al. (1994) were
slightly modified). The values of the potential parameters for noble gas atoms except
for He were determined so as to reproduce the volumes of the noble gas crystals and
melts at their triple points (Table 2). The potential parameters for He cannot be
determined by MD simulations alone because quantum effects should be large.
Parameters modified from Lennard-Jones potential parameters for He (KITTEL, 1986)
were used here. Because of the electrical neutrality of the noble gas atoms the
potentials between noble gas atom and Mg or O ions are determined by the repulsive
force (second term of Eq. (1)) and van der Waals force (third term of Eq. (1)).

Table 1. Potential parameters used in the MD calculations.

Atom z a/A b/A ¢ /A3(kcal/mol)"?
0 .15 1.755 0.160 20.00
Mg  +15 1.288 0.090 2.00
He 0 1.200 0.110 476
Ne 0 1.415 0.112 11.03
Ar 0 1.878 0.117 38.53
Kr 0 2.041 0.130 55.33
Xe 0 2.258 0.145 85.55
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Fig. 1. Relation between the molar volume of crystalline MgO and pressure obtained by the MD
calculation with the present potential parameters (Table 1) and high pressure experiments (MAO
and BELL, 1979; PEREZ-ALBUERNE and DRICKAMER, 1965).

Table 2. Lattice parameters and densities of noble gas crystals and densities of noble gas liquids at the
triple points simulated by MD calculations.

Crystal (f.c.c.) Liquid

Lattice parameter /.
MDcalc. Meas.*

Density /g cm™ Density /g cm
MDcalc. Meas.* MD calc. Meas.*

Temperature /K
MD Triple point*

He
Ne

Xe

4.5406(02) 4.5375
4.5378(02)
4.5428(01)
5.4709(02) 5.4695
5.4763(02)
5.4593(01)
5.8433(06) 5.8417
5.8420(12)
5.8370(08)
6.3426(14) 6.3522
6.3638(03)
6.3515(02)

0.3
1.4324(03) 1.4347 1.2784(08) 1.2472
1.6221(03) 1.6217  1.4269(07) 1.4146
2.7880(14) 2.7921  2.4622(14) 2.4417

3.3997(19) 3.4022  3.0554(34) 2.9630

5 4.25%*
24.5 24.553
86.8 86.806

116.0 115.763

162.0 161.391

MD calculations were done with 108 or 256 particles (3x3x3 or 4x4x4 cells of an f.c.c. unit) in basic
cells for crystals and 256 particles in basic cells for liquids.

*
ok

Crawford (1977)
Boiling point for He.
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Correction for quantum effects, which could be important for He, was not made.
Detailed computational procedures are essentially the same as those described in
KAWAMURA (1991) and TSUCHIYAMA et al. (1994).

The calculations were done at constant pressure (1 bar) and constant temperature
(3000 K). The total number of atoms in an MD basic cell, N, is about 1000 (5 x 5 x
5 unit cells of the MgO structure). In order to understand noble gas atom—vacancy
interaction, vacancies (Schottky defects) are also considered. The following three
kinds of calculations were done; (1) no noble gas atom and two Mg and O vacancies
(N =996), (2) two noble gas atoms (He, Ne, Ar, Kr or Xe) with two Mg and O
vacancies (N=998), and (3) twonoble gas atoms without vacancy (N=1002); hereafter
these will be referred to as cases 1 to 3. For the case 1 two types of calculations were
made; (la) in which the vacancies were located separately at the start of the
simulation, and (1b) in which the Mg and O vacancies were associated initially and
the two associates were separated. In the calculations for case 2 and case 3 the noble
gas atoms were initially located in interstitial sites of the MgO lattice. The two noble
gas atoms (and the four vacancies) were separated as far as possible. Simulations
employed time step of 2 fs, and the behaviors of the vacancies and noble gas atoms
were examined every 3000 steps. The 3000 step runs were repeated eight times for
each set of the calculations. The total energies of the systems and their volumes were
stabilized within the first 500 steps. Information on the noble gas atom sites in the
crystal lattice was obtained after each 3000 steps. Self-diffusion coefficients of the
noble gas atoms were calculated from the Einstein equation, and the mean values
were obtained from the last seven runs.

3. Results

3.1 Vacancy behavior

The MgO crystal belongs to the cubic system and has the NaCl-type structure
in whichMgand O ions are surrounded by six ions of the opposite charge. Generally,
Mg and O ions are not located in the ideal Mg and O sites due to thermal vibrations.
We consider the cubes with the centers at the ideal Mg or O sites and the length of
the Mg-O bond. If such an Mg or O cube is not occupied by any ions or atoms, the
site represented by the cube was regarded as a vacancy. If a cube is occupied by two
ions, we assume that an interstitial ion is present in the cube. Sometimes, three atoms
occupy a single cube. Any effects by the difference of the Mg and O ion sizes were
not considered (ionic radius of Mg?" and O~ are 72 and 140 pm, respectively
(SHANNON, 1976)).

Numbers of vacancies due to Schottky defects and their associates involving
Mg and O vacancies in the basic cell after every 3000 step in the case-1 simulations
are shown in Table 3 along with numbers of Frenkel defects with interstitial Mg or
Oions. Itis seen from Table 3 that it is not difficult to associate Mg and O vacancies.
Formation and disappearance of the associates occurred repeatedly during the
calculations. The total number of associates in the series of calculations with initially
separated vacancies (three associates in case la) is less than that with initially
associated vacancies (five associates in case 1b). However, this difference is not
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Table 3. Behavior of vacancies (Vug = 2, Vo = 2).

Run Number of associated  Number of Number of
Mg and O vacancies Schottky defects Frenkel defects

Calculation-1a: initially separated vacancies

1 0 4 1
2 0 4 0
3 1 4 1
4 0 4 1
5 1 4 2
6 0 4 1
7 0 4 1
8 1 4 0
Calculation-1b: initially associated vacancies
1 1 4 0
2 1 4 0
3 1 4 1
4 0 4 0
5 0 4 0
6 1 4 3
7 0 4 3
8 1 4 0

considered statistically significant because formation and disappearance of the
associates were repeated. Eight associates in total were observed in the sixteen runs
done for cases 1a and 1b, with a maximum of two associates possibly formed in each
run. Thus, the probability to form associated vacancies is 8/32 =25% although some
statistical error should be present.

3.2 Behavior of noble gas atoms

Three types of the sites for noble gas atoms can be recognized in the case 2 and
case 3 calculations; a noble gas atom is located in a lattice site by substituting Mg or
O ion (an unassociated vacancy site), in an associated vacancy site, or at an
interstitial site (Fig. 2). In the associated vacancy sites, a noble gas atom is located
near the center of the associated vacancy as shown in Fig. 2(b). Table 4 shows
statistics for the noble gas atom sites after every 3000 steps. If vacancies were
initially present (case 2), small noble gas atoms (He) tended to be located in
interstitial sites (9 interstitial sites out of 16 sites), Ne at unassociated vacancy sites
(9 unassociated vacancy sites out of 16 sites), and large atoms (Ar and Kr) at
associated vacancy sites (12 associated vacancy sites out of 16 sites). Occasionally,
noble gas atoms were located in sites where three vacancies were associated. If
vacancy was absent (case 3), He and Ne atoms tended to be located in interstitial
sites, while Ar atoms tended to be located in unassociated vacancy sites or associated
vacancy sites by forming interstitial Mg and/or O ions (Frenkel defects). Strains were
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Fig. 2. Sites of noble gas atoms in the MgO structure. (a) An unassociated vacancy site. (b) An
associated vacancy site. (¢) An interstitial site. Shaded circles, small open circles and large open
circles are noble gas atoms, Mg ions and O ions, respectively. Solid lines show distortion of the
MgO lattice around noble gas atoms.

generated in the lattice around noble gas atoms even around associated vacancy sites
(Fig. 2). The MgO crystal with Xe and vacancies in case 2 calculations and that with
Kr or Xe without vacancy in case 3 calculations were melted within first 3000 steps
at 3000 K due to the effect of the lowering of melting point by these impurities
(melting point of pure MgO is 3125 K).

Self-diffusion coefficients of the noble gas atoms are plotted against the atomic
radius in Fig. 3. The diffusion coefficients in the crystal with vacancies (case 2) were
smaller than those without vacancy (case 3). This is because the noble gas atoms
without Frenkel defects in case 2 are more stable than those with Frenkel defects in
case 3. The diffusion coefficients decrease with increasing the size of noble gas atom.
Especially in the case 2 calculations, large noble gas atoms (Ar and Kr) were trapped
more tightly in associated vacancy sites than small atoms (He and Ne), and thus little
diffusion of the large atoms took place. Diffusion coefficients of noble gas atoms in
MgO crystal and melt have not been measured as far as the authors know.






