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Computational study of the stable atomic trapping sites
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Stable atomic trapping sites in the Lennard-Jones face-centered cubic Ar crystals are investigated by means
of the global optimization strategy and convex hull concept for thermodynamic stability. Five generic site types
are found in full accord with crystallographic intuition: interstitial within tetrahedral and octahedral hollows
and substitutions, single, tetra- and hexavacancy. Their identities are established by radial distribution function
analysis. Stability regions of these sites are mapped into the space of Lennard-Jones parameters of the guest—host
interatomic interaction. Predictions made for the number and types of the stable sites for selected atoms (H, Mn,
Na, Yb, Eu, Ba) are found to be in line with the results of more sophisticated models and matrix isolation spec-

troscopy experiments.
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1. Introduction

Studies of atomic species isolated in rare gas (RG) solids
are of interest in many fundamental and applied respects.
For atomic physics, they complement characterization of
the interatomic interactions and electronic energy transfer
pathways [1], can give atomic structure parameters unavail-
able from gas-phase experiments [2], and occasionally pro-
vide highly sensitive detection schemes [3]. For solid state
physics and chemistry, they serve as the models of the
structure, mobility and electronic properties of the point
defects, as well as of the reactivity in solids [4-6].

Most of these links rely on the fact that in the free
standing RG crystals or carefully prepared RG matrices
guest atoms occupy well-defined, sometimes multiple,
stable trapping sites. Evidences are numerous, see, for in-
stance, Refs. 7-17. However, the structure and energy of
such sites can hardly be established from experiment alone.
Among rare exceptions are the ESR experiments in Xe
matrices depleted or enriched in nuclear spin-bearing iso-
topes, which allowed Feldman and co-workers prove the
existence of interstitial and substitutional sites for hydro-
gen atoms [7]. Partial resolution of the phonon structure of
the narrow b4D, a4D and a6D emission bands of atomic
manganese by McCaffrey group [8,9] revealed the tetrahe-
dral (7,;) and octahedral (O),) symmetry of the host envi-

ronment for two sites observed. Energy order of three stable
sites occupied by Yb in Ar were established from the light-
and heat-induced site interconversion kinetics [10]. Of course,
classical modeling is very helpful for trapping site charac-
terization, especially if addresses kinetic [11,18] or thermo-
dynamic [10,19] stability of the predicted sites.
Fortunately, crystallographic intuition helps a lot. It
tells [1] that the face-centered cubic (fcc) RG lattice offers
guest atom G two hollows for interstitial (IS) occupation,
T; and Oy, (ISTd and ISOh hereinafter), single substitution
(SS), as well as two larger vacancies with substitution of
four (vertex plus three face-centered) or six (all face-cen-
tered) lattice atoms, tetra- and hexavacancies (TV and HV),
respectively. Knowing effective volumes of the respective
voids in the ideal lattice, one can easily judge which one fits
the effective volume of atom G (given, e.g., by the G-RG
equilibrium distance) better. There are strong indications
that other occupations are at least much less probable.
They never appear in the models as the low energy or sta-
ble sites. All the “intuitive” accommodations possess high
symmetry that unavoidably leads to characteristic triplet
Jahn-Teller structure of the S — P absorption and excita-
tion bands. It becomes a custom to explain the lack of such
structure in the spectra and assign the bands with different
shapes to atoms located at grain boundaries and other de-
fects [12]. However, the powerful intuitive arguments do
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not account for lattice relaxation, which may well contrib-
ute to minimization of the accommodation energy and
eventually lead to counter-intuitive structures.

Does a handful of “intuitive” accommodations really
exhaust all the variety of stable sites to be found in solid
rare gases? Is the volume matching criterion reliable enough
for judging their stability? Could one expect other typical
sites and what would be their spectral signatures? The im-
portance of the answers goes beyond atomic matrix isola-
tion being related to a wider context of the defect and im-
purity distributions in crystalline materials. Of course, the
answers cannot be given at the mathematical rigor. Instead,
one can seek them in a “maximum likelihood” sense under
certain restrictions. Rapidly developing field of computa-
tional structure prediction, see, e.g., Refs. 20-22, provides
useful recipes.

In the present contribution we report on the computa-
tional search of the thermodynamically stable atomic trap-
ping sites in the Ar crystal. As an atomistic model, we used
the one proposed before [10,19]. It describes an ideal crystal,
but provides enough flexibility for accommodating a guest
in the vacancies of different volume. In line with the previ-
ous experience in modeling RG clusters and solids, e.g.,
Refs. 23-30, we used simple Lennard-Jones (LJ) interaction
potentials. Aside of known inaccuracies arising from non-
negligible many-body interactions in RG crystals [31,32],
this assumption excludes from consideration guest atoms
bearing non-zero electron orbital angular momentum for
their anisotropic interaction with host atoms. Furthermore,
we work with potential energy instead of free energy. En-
tropy and work contributions can be accounted for, but for
the present qualitative analysis they may not be decisive,
while require atomic mass to be introduced as an extra
variable dimension.

After setting up the model with the fixed interaction
within the host crystal, we embed guest atom G into vari-
ous vacancies of the fixed discrete “volume”, measured in
the number of host atoms N > 0 dislodged from the lattice.
The G—Ar LJ interaction parameters vary in a reasonably
wide range. Performing global optimization, we define the
site structures with the lowest energy. Using the convex hull
concept [33] adapted to present case of N as the phase vari-
able, we identify the stability of the structures found. The re-
sult is the map of stable sites of the volume N in the two-
dimensional space of LJ parameters. Additional step is the
structure analysis across the parameter space, which allows
us to identify distinct site structures of the same volume.

This approach gives the solid proof that “intuitive” ac-
commodations are indeed most probable candidates to the
stable atomic trapping sites. Our stability maps allow one
to guess the site stability knowing just the equilibrium dis-
tance and binding energy of the guest-host interaction po-
tential. The certainty of such predictions is confirmed for
several atoms investigated with more accurate potential
models and experimentally.
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2. Computational methods
2.1. Model

The model for trapping site structure and stability used
here is an extention of the approach introduced in Refs. 10
and 19. Its starting point is the (large) set of Ar atoms that
forms the fragment of an ideal fcc crystal, as optimized
with the particular pairwise Ar—Ar interaction potential.
The set is confined by an outer surface close to the sphere
and is further subdivided in two sets. The first one, bound
by another concentric surface of the smaller size, contains
movable atoms, whose positions may vary, manually at the
sampling or naturally under the action of classical forces
from other atoms during optimization. The fixed atoms
belong to the second set and are located between two sur-
faces. They always keep their lattice positions. Thus, Ar
atoms of the movable set can adapt themselves to the force
induced by embedded atom G, while the atoms of fixed set
maintain the long-range periodic order of the host crystal.
In contrast to our previous applications [10,19], where
the sizes of the sets were chosen once by convergency
of the results, we need here more flexibility to handle the
variation of the guest—host interaction potential automati-
cally. So the present model allows for slight tuning at each
potential parameter choice, as described in the Sec. 2.2
below.

Trapping of the host atom G is assumed to occur in the
central region, where it can substitute few host atoms. The
number of Ar atoms dislodged from the system by embed-
ded guest, N >0, serves as the parameter of the model and
as the discrete descriptor of the trapping volume. Potential
energy of so prepared system, Uc@ar(N;X), is subjected
to global optimization with respect to coordinates of all
movable atoms x to find (more precisely, approximate)
global minimum Egga,(N), which represents the most
favorable trapping site for a given volume N. The corre-
sponding accommodation energy is equal to

AE(N) = EGgar (N)— Ep + NEY, (1)

where the second term is the energy of original ideal Ar
crystal and the third term is the energy cost of removal of
Ar atoms proportional to the crystal atomization energy per
atom. Eq. (1) ties all accommodation energies to the com-
mon energy zero, ideal crystal plus free atom.

The minimum of AE as function of N, AE(N,)), corre-
sponds to the ground trapping site. Other thermodynami-
cally stable sites can also be found if one identifies poten-
tial energy with the free energy of defect formation,
omitting the work against pressure for removal of Ar atoms
and entropy contribution. Here we follow this approxima-
tion avoiding additional parameter (the mass of atom G)
and aiming a qualitative overview. Thus, AE(N) is directly
related to the convex hull analysis of the discrete composi-
tion phase diagrams in crystal structure investigation [33].
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In our particular case, the structure with some N # N,
whose energy AE belongs to the convex hull of the
(N,AE(N)) graph, is considered as thermodynamically
stable (or N-stable). Considered are N <15.

To describe Ar—Ar interaction, we used LJ potential as
the function of interatomic distance 7:

12 6
U (F) = Ear H‘%“f] —4‘%’“] ] )

with the parameters adjusted to the gas-phase semiem-
pirical potential by Aziz [34], namely, equilibrium distance
Par =3.76 A and binding energy g4, =100 cm . This
potential approximates relevant crystal parameters as
a=5.17 A and E* =861 cm_l, worse than the original
potential function [34] (a =5.20 A, E* =787 cm ). One
can also recall the values from the “best pairwise” ab initio
calculations [32], @ =5.21 A and E* =760 cmﬁl, which,
being amended by three- and four-body contributions and
vibrational zero-point energy correction, accurately re-
produces experimental data [35,36] a=5.311 A and
E* =646 cm .

The potential for G—Ar interaction, ug, has the same LJ
form with the scalable p and € parameters. We vary the
former from 1.9 to 5.5 A with the linear step of 0.08 A, and
the latter from 10 to 1000 cm ' as the geometric progres-
sion with the common ratio 1.01 and scale factor 20.

2.2. Sampling and optimization

Global optimization problem for a certain potential en-
ergy surface requires extensive sampling of the configura-
tion space. Present application to the family of the poten-
tial energy surfaces adds the requirements of uniform
convergence in the energy calculation and in the sampling
efficiency. To satisfy these criteria, we use the following
way to set up crystal model sketchly introduced above.

Within the starting ideal crystal we first define the cen-
tral set containing all atoms whose distance from the center
does not exceeding 2a. The whole atomic set included in
the modelling is then determined by energetic criterion.
Namely, it includes all atoms whose minimum pairwise
interaction with the atoms in the central set exceeds the
maximum interaction of two atoms within the central set
by eight orders of magnitude. The most distant atoms satis-
fying this condition and forming the convex three-
dimensional envelope are designated as the surface atoms.
They form outer boundary of the crystal fragment and de-
fine its average radius R. Numerous tests confirmed that it
is safe to keep Ar atoms located SR/ 6 or longer from the
center as fixed. All the rest atoms, including those of the
central set, are considered as movable.

The first presampling stage takes an advantage of the
periodic nature of the problem. Within the central region,
we define the auxiliary “vacancy” lattice, which includes
all lattice nodes, as well as natural tetrahedral and octahe-
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dral hollows, and is geometrically equivalent to the spatial
body-centered cubic lattice with the constant a /4. Then all
possible placements of the guest atom G in the vacancy
lattice, accompanied by removal of N host atoms and re-
placements of the others within empty nodes, are probed
and their energies are computed for the particular choice of
G-Ar interaction parameters p and e. The configuration
with the lowest energy is identified (in case of geometrical-
ly equivalent degenerated configurations, the one in which
G atom is closest to the center is chosen). For this particu-
lar configuration, the pairwise energy condition for the
surface atoms is checked taking into account G—Ar contri-
butions. If not satisfied, the whole atomic set is enlarged
and the sets of movable and fixed host atoms are redefined
accordingly. This makes the model dependent on the G—Ar
potential and N. However, as the energy of the ideal cristal
E in Eq. (1) is always calculated for the same model as
EG@ar(N), the resulting relative accommodation energy
values AE(N) are all given at the same scale.

The second global optimization stage relies on the simu-
lated annealing (SA) method based on Metropolis algo-
rithm [37-39] seeded by the preselected structure. Few
hundred of cooling steps are made, each consist of few
hundred random walks involving all atoms in the central
region followed by the steepest descent geometry refine-
ment [39]. The lowest energy configuration found in this
process is considered as an approximation to the ground
minimum for the central set.

At third stage, resulting configuration is refined by the
steepest descent minimization of the positions of all mov-
able atoms, including those outside the central set. The latter
are slightly displaced randomly to avoid trapping in the
highly symmetric initial positions.

Repeating the procedures of the model setup, sampling,
global and local optimizations, we collect the atomic con-
figurations with the lowest energy in the space (N; p, €)
for further analysis.

2.3. Structure analysis

The set of accommodation energies AE(N) (1) obtained
for each G—Ar potential is analyzed using the convex hull
concept and the ground structure with the minimum energy
AE(Ny) at certain Ny, as well as extra stable structures
with distinct N (if any), are identified. As far as N is the
parameter of the model, the stability of accommodations
with certain N is defined uniquely in the space of the po-
tential parameters. More difficult is to distinguish and clas-
sify different structural types of the stable accommoda-
tions.

Here, the radial distribution functions (RDFs) are used
as the main structural discriptor. We implemented smooth-
ed RDFs in the form

| 2,2
p(r)—leexp[—(r—xG—x,- 12/ ] @
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where X and x; are the position vectors of the guest atom
and host atoms, the summation over { runs over all Ar at-
oms and the Gaussian smoothing parameter s is set to 0.1a
for better presentation purpose. To avoid rapid accumula-
tion of p’ at large distances, the weight factor is applied,
p(r) = w(r)p'(r), w(r) =1/ (4na®) if r < a and w(r) =1/ (4mr?)
if r>a.

3. Results

The map of N, the volume of the ground sites, pre-
sented in the Fig. 1 has strikingly simple structure. First, it
shows that the ground trapping sites can only correspond to
Ny =0,1,4 and 6. Our search also identified sporadic ap-
pearance of the N = 7 structures as the ground, but in pav-
ing parameter space it has negligible measure. Second, the
volume occupied by an atom in the ground site strongly
depend on interaction potential range p. Dependence on
interaction strength is less pronounced, but becomes
stronger with growing N, obviously due to larger lattice
relaxation effects for polyatomic vacancies.

In the Fig. 2, we map the stability regions of the sites
with all N that manifests themselves as the ground sites. In
addition to the (blue, dark) regions, where each N =N,
and thus gives the ground sites, the regions where N gives
the sites with higher energy, but still stable within the con-
vex hull concept, are also shown (orange, light). As N =0
is the endpoint of convex hull, the corresponding accom-
modation energy can only be compared with that of N =1
sites. So the sites with N =0 can be either ground or un-
stable (their sporadic appearance at large p simply means
that they lie lower in energy than the N =1 sites, which, in
turn, are not the ground sites). All other border cases are
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Fig. 1. (Color online) Map of the volume N, of the ground trap-
ping sites in the LJ parameter space (p, €). Right vertical bar
specifies the color — N correspondence. Narrow shaded region
at p<2 A corresponds to Ny =0 tetrahedral accommodation, as
established by RDF analysis (see text). Black region features
Ny = 0 octahedral accommodation.
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Fig. 2. (Color online) Maps of the stability regions for the trap-
ping sites with different volume N. Orange (light) color corre-
sponds to the thermodynamic stability regions, blue (dark) — to
the regions where the sites appear as the ground.

smoother: as p increases, the larger site first emerges as
stable above the ground one, then goes down in energy to
acquire the lowest energy. Further increase of G—Ar inter-
action range first makes it more energetic than the newly
emerging larger site and finally destabilizes it. For strong
long-range G—Ar interactions (upper-right corner of the
map), the small sites with N =0,1 and ones with N =4
appear sporadically together with N =2, 3 and 5 sites (not
shown). Such sties never manifest themselves as the
ground and normally have very high accommodation ener-
gies with respect to the ground site. Moreover, scattered
pattern indicates that small variation of LJ potential desta-
bilizes them, so any deviation from LJ interaction model
towards more realistic potential should do the same. The
sites with N =7 can be considered as exception, as they
may compete with smaller N =4 and N =6 sites for the
lowest accommodation energy.

Mapping of site volume N thus reveals that only the
sites with N =0, 1,4 and 6 should be considered as ther-
modynamically stable. Among others, theoretical possibil-
ity exists to meet occasionally N =7 accommodation.

The sites of the same volume may well correspond to
distinct structural types. Definition of the type is somewhat
elusive requiring proper descriptors. Here we rely on the
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Fig. 3. (Color online) Origins of the reference RDFs for fcc lat-
tice: tetrahedral hollow (T, red), octahedral hollow (O, green) and
lattice node with cubooctahedral coordination (C, blue).

analysis of radial distribution functions (3) for the sym-
metry of the host environment of the trapped atom. To do
so, we introduced reference RDFs pg(r) describing pure
ideal fcc lattice. The origin x is replaced by three cry-
stallographic positions schematically shown in the Fig. 3,
namely (a/4,a/4,a/4),(a/2,a/2,a/2)and (a/2, a,
a/2). The origins correspond, respectively, to the tetrahe-

dral and octahedral hollows and the lattice atom, or to “in-
tuitive” ISTd, ISOh and SS accommodations of the guest
atom. They actually exhaust the types of high-symmetry
environments, tetrahedral, octahedral and cubooctahedral.
Polyatomic vacancies TV and HV belong to the same types
and their RDFs are the same except the disappearance of
the first peak due to removal of four or six nearest lattice
atoms.

In the Fig. 4 we compare the RDFs computed for all
ground sites across the LJ parameter space, but differenti-
ated in N. Looking at the relatively long-range behavior
(r>3a/2), one sees perfect correspondence between com-
puted and reference distribution functions. In case of N =0,
two very distinct patterns exist, one closely follows the
reference for tetrahedral hollow, another — for octahedral
one. They obviously correspond to the interstitial ISTd and
ISOh accommodations of the guest atom.

The sites with N =1 reveal, asymptotically, the cubooc-
tahedral environment. At short range r < a, however, the
distributions are strongly blurried. Inspection shows that
the site structure always corresponds to the single substitu-
tion, but the first coordination sphere inflates as the size of
the guest atom p increases. Noteworthy, SS site can remain
ground even if the closest host atoms are shifted to the dis-
tances pertinent to more spacious tetravacancy.
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Fig. 4. (Color online) Radial distribution functions for the ground sites with certain N. Lines with symbols show the reference RDFs:
red triangles for tetrahedral, green circles for octahedral and blue diamonds for cubooctahedral origins. Note that distances are given in

lattice constant units a.
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Fig. 5. (Color online) Schematic structure of the tetravacancy
N = 4 site. Guest atom is shown as the red sphere surrounded by
tetrahedron formed by removed host atoms. Blue color emphasiz-
es 12 host atoms of the first shell, grey color — 12 atoms of the
second shell.

At N =4, RDFs clearly reflect the tetrahedral sym-
metry. The absence of the peak at short  typical to the
tetrahedral reference RDF indicates TV guest atom accom-
modation, in which four closest lattice atoms are removed,
see Fig. 5. Significant spread of the computed RDFs around
r < a does not reflect distinct structural types. For relative-
ly small p, the first two tetrahedral shells, each consisting
of 12 host atoms, remain resolved, while at larger p they
shrink to effectively a single shell. The second-shell atoms
enter to each of the four hexagonal spaces of the first shell
by three compensating in part the inflation of the first shell,
see Fig. 5.

The N =6 case clearly corresponds to octahedral refer-
ence with the first peak absent, that is, hexavacancy. The

major peak is shifted towards shorter distances reflecting
the fact that N = 6 stability region mainly corresponds to
G-Ar interactions stronger than Ar—Ar one, see Fig. 2. In-
terestingly, NV =7 sites give very similar pattern also indi-
cating octahedral environment. Figure 6 illustrates sche-
matic structure of these two sites, that differ by one atom
lying in the hexagonal plane of the first coordination shell.
In fact, in the N =7 structure guest atom is slightly dis-
placed from the center of octahedral hollow towards the
seventh atom missed. This lowers the local symmetry of its
surrounding is Cj,,.

Extension of the RDF analysis to stable sites above the
ground does not bring any new insight. It is also confirmed
by the structure analysis based on the complete-linkage clus-
tering technique [40,41] for different structural metrics [42].
In addition to what is revealed by the Ny-map, it splits one
N =0 stability region in two, for tetra- and octahedral inter-
stitial accommodations, respectively. The former is rough-
ly represented by narrow vertical band with p<2 A, as
also shown in Fig. 1 for completeness. To assess the relia-
bility of the present computational predictions, we made
several comparisons for the atomic systems studied within
the same thermodynamic stability model but with more so-
phisticated pairwise Ar—Ar and G-Ar interaction poten-
tials. The Fig. 7 shows accommodation energies AE(N) (1)
for Mn@Ar and Yb@Ar systems. The former was studied
in Ref. 19 with the ab initio Mn—Ar potential function giv-
ing p=4.52 A and £=76 cm . Using these parameters
for LJ potential, we recomputed accommodation energies
with the present model. Figure 7 confirms the correct pre-
diction for the stable sites at N =1 and 4. This is also in
full agreement with experiment, which proved the exist-
ence of two sites with octahedral/cubooctahedral and tetra-
hedral host environment [13] established from the phonon
broadening [8,9]. Another example studied in similar
way [10] is Yb@Ar with ab initio values p=5.03 A and

Fig. 6. (Color online) Schematic structures of the hexavacancy N = 6 site (left) and N =7 site (right). Guest atom is shown as the red

sphere surrounded by octahedron formed by six removed host atoms. Blue and grey colors emphasize host atoms belonging to first and

second shells, respectively. On the right panel, position of the seventh atom missed for N =7 is marked by the cross.
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| Yb@Ar
present L] —e—
ab initio-based ——

Fig. 7. (Color online) Accommodation energies for Mn@Ar (left)
and Yb@Ar (right) computed with the ab initio-based and LJ
potential models.

£=69 cmﬁl. Figure 7 again indicates good qualitative
agreement for stable sites. Existence of three stable sites
and their energy ordering TV < HV « SS predicted by the
ab initio-based model [10] are confirmed experimentally
[10]. Quantitative difference between the present LJ and ab
initio models is remarkable. It roots not only in the quality
of G—Ar interaction potentials, but also in the deficiency of
Ar—Ar LJ potential, which produces host lattice tighter
than the original potential function [34] does.

Qualitative account of the stable sites found for these
and some other atoms studied with ab initio-based G—Ar
interactions and Ar—Ar interactions by Aziz [34], namely,
H, Na, Eu and Ba, is summarized in Table 1. Note that in-
formation from the present model is deduced simply by
picking particular (p, €) point on the stability maps in Fig. 2.

To some extent, excellent agreement between theoreti-
cal models can find indirect support from experimental
data. Hydrogen atom in RG matrices is known to occupy
two types of traps [7,15-17]. One releases the atoms at
moderate heating, while the atoms in the second remain
trapped. Assuming that they correspond to the IS and SS
accommodations, respectively, and taking into account that
hydrogen mobility in Ar is suppressed, we can regard our

result as consistent with observations. The Na@Ar system
had been a subject of numerous studies, which agree in exist-
ence of three stable trapping sites. Combined experimental-
theoretical study [11] tentatively assigned the ground “blue”
site to TV (this site was also found to be most stable kinet-
ically), second “violet” site — to SS, and “red” one —
to HV. Our stability analysis performed with the same Na—Ar
potential fully supports this assignment, whereas the LJ
stability maps are not certain about N =6 HV site, which
falls just on the border of stability region at our resolution.
In view of this, alternative assignment of the “red” site to
grain boundary occupation [43] looks less plausible. “Red”
and “blue” sites were observed and ascribed to HV and TV
accommodations of Eu in Ar [14]. The dominant one was
assumed to be HV, as more spacious hexavacancy in the
ideal lattice better fits large Eu atom. According to our si-
mulations, lattice deformation reverses the trend and makes
initially less favorable tetrahedral vacancy more beneficial
than HV. Excitation-emission spectroscopy of Ba in Ar
revealed four sites, with three of them giving characteristic
triplet Jahn—Teller structure of excitation bands [14]. Pre-
liminary results of the site stability analysis with the ab
initio Ba—Ar potentials from Ref. 44 indicates favorable
HV and TV accommodations and high-lying SS structure
as the candidates. Present maps reproduce HV and TV, but
put SS on the border of stability region. Thus, aside of few
subtlties, present maps provide quite relible guidelines for
site assignments.

4. Conclusions

Structure and stability of the atomic trapping sites in the
fcc Ar crystal are addressed by means of global optimiza-
tion strategy. Pairwise Lennard-Jones interaction potential
energy surface and convex hull thermodynamic stability
criterion are employed. Stable trapping sites are character-
ized by the effective discrete “volume” (the number of host
atoms dislodged) and radial distribution functions that re-
flects the symmetry of the host environment. Detailed
maps in the space of guest—host LJ interaction parameters
are produced for stability of all types of the sites found.

Table 1. Qualitative comparison of the stable trapping sites for selected atoms in Ar investigated using the ab initio-based models

and predicted from the present stability maps

Atom p, A €, cm | Present map Ab initio-based
H 3.59 33 No=1,SS No=1,8S8
Mn 4.52 76 No=1,88; N=4,TV No=1,8S; N=4,TV"
Na 4.99 42 No=1,SS; N=4,TV No=1,SS8; N=4,TV; N=6,HV
Yb 5.03 69 Nog=4,TV; N=6,HV; N=1,SS N0=4,TV;N:6,HV;N:1,SSb
Eu 5.22 66 No=4,TV; N=6,HV No=4,TV; N=6,HV; N=1,8s°
Ba 5.58 64 No=6,HV; N=4,TV Ny =6,HV; N=4,TV; NZI,SSC

Notes: " Ref. 19; ® Ref. 10; © High-energy site.
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Our approach fully confirms the “intuitive” crystallo-
graphic assumptions. Only five generic types of stable sites
are found:

(1), (i) interstitial within tetrahedral and octahedral hol-
lows (ISTd and ISOh);

(ii1) single substitution (SS);

(iv) tetravacancy substitution accompanied by removal
of vertex and three nearest face-centered host atoms (TV);

(v) hexavacancy substitution accompanied by removal
of six face-centered host atoms (HV).

Other trapping sites appear on the map sporadically and
unlikely can be regarded as observable. Interesting excep-
tion is the N =7 substitutional site emerging, also sporadi-
cally, as the ground accommodation. It is the only candi-
date to the ground structure that has axial symmetry, lower
than 7 or O,.

The maps allow one to establish the most probable ac-
commodation knowing just equilibrium parameters of the
guest-host interaction. As illustrated by comparison with
more sophisticated theoretical models and experimental
findings, such prediction is more precise than that based on
effective volumes of vacancies and hollows in ideal lattice.
Indeed, radial distribution functions show that first shell
may undergo significant deformation to adapt itself to em-
bedded guest atom.

Finally, one should stress on the scalability of the LJ
model. It can be formulated in the space of reduced param-
eters, p/ pu, and €/ €4, and applied to any fcc crystal that
can be adequately described by the pairwise LJ potential. It
makes the generic trapping site types confirmed above
“universal”, at least for rough preliminary interpretation.
We do not explore this aspect here as it requires more care-
ful selection of the parameter grids, finer tuning of atomic
crystal model and perhaps more sophisticated approaches
to structural type characterization.

We thank Sean McCaffrey for providing unpublished
data and interest to the work and Daniil Izmodenov for
preliminary study of H@Ar. This work was supported by
Russian Science Foundation (project no. 17-13-01466).

1. C. Crépin-Gilbert and A. Tramer, Int. Rev. Phys. Chem. 18,
485 (1999).

2. C.-Y. Xu, J. Singh, J.C. Zappala, K.G. Bailey, M.R. Dietrich,
J.P. Greene, W. Jiang, N.D. Lemke, Z.-T. Lu, P. Mueller,
and T.P. O’Connor, Phys. Rev. Lett. 113, 033003 (2014).

3. B. Mong, S. Cook, T. Walton, C. Chambers, A. Craycraft, C.
Benitez-Medina, K. Hall, W. Fairbank, Jr., J.B. Albert, D.J.
Auty, P.S. Barbeau, V. Basque, D. Beck, M. Breidenbach, T.
Brunner, G.F. Cao, B. Cleveland, M. Coon, T. Daniels, S.J.
Daugherty, R. DeVoe, T. Didberidze, J. Dilling, M.J.
Dolinski, M. Dunford, L. Fabris, J. Farine, W. Feldmeier, P.
Fierlinger, D. Fudenberg, G. Giroux, R. Gornea, K. Graham,
G. Gratta, M. Heftner, M. Hughes, X.S. Jiang, T.N. Johnson,
S. Johnston, A. Karelin, L.J. Kaufman, R. Killick, T. Koffas,
S. Kravitz, R. Kriicken, A. Kuchenkov, K.S. Kumar, D.S.

354

Leonard, C. Licciardi, Y.H. Lin, J. Ling, R. MacLellan,
M.G. Marino, D. Moore, A. Odian, 1. Ostrovskiy, A. Piepke,
A. Pocar, F. Retiere, P.C. Rowson, M.P. Rozo, A. Schubert,
D. Sinclair, E. Smith, V. Stekhanov, M. Tarka, T. Tolba, K.
Twelker, J.-L. Vuilleumier, J. Walton, M. Weber, L.J. Wen,
U. Wichoski, L. Yang, Y.-R. Yen, and Y.B. Zhao (nEXO
Collaboration), Phys. Rev. A 91, 022505 (2015).

4. G.L. Pollack, Rev. Mod. Phys. 36, 748 (1964).

R.N. Perutz, Chem. Rev. 85, 97 (1985).

6. V.A. Apkarian and N. Schwentner, Chem. Rev. 99, 1481

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.
29.

(1999).

V.I. Feldman, F.F. Sukhov, and A.Y. Orlov, J. Chem. Phys.
128, 214511 (2008).

O. Byrne, M.A. Collier, M.C. Ryan, and J.G. McCaffrey,
Fiz. Nizk. Temp. 36, 524 (2010) [Low Temp. Phys. 36, 417
(2010)].

M.A. Collier, O. Byrne, C. Murray, and J.G. McCaffrey,
J. Chem. Phys. 132, 164512 (2010).

. L.-G. Tao, N.N. Kleshchina, R. Lambo, A.A. Buchachenko,

X.-G. Zhou, D.S. Bezrukov, and S.-M. Hu, J. Chem. Phys.
143, 174306 (2015).

M. Ryan, M. Collier, P. de Pujo, C. Crépin, and J.G. McCaffrey,
J. Phys. Chem. A 114, 3011 (2010).

B.M. Davis, B. Gervais, and J.G. McCaffrey, J. Chem. Phys.
148, 124308 (2018).

M.A. Collier and J.G. McCaffrey, J. Chem. Phys. 122,
054503 (2005).

O. Byrne and J.G. McCaffrey, J. Chem. Phys. 134, 124501
(2011).

T. Miyazaki, A. Wakahara, T. Usui, and K. Fueki, J. Phys.
Chem. 86, 3881 (1982).

M. Beyer, E.V. Savchenko, G. Niedner-Schatteburg, and
V.E. Bondybey, Fiz. Nizk. Temp. 25, 1087 (1999) [Low
Temp. Phys. 25, 814 (1999)].

K. Vaskonen, J. Eloranta, T. Kiljunen, and H. Kunttu,
J. Chem. Phys. 110, 2122 (1999).

C. Crépin, P. de Pujo, B. Bouvier, V. Brenner, and P. Milli¢,
Chem. Phys. 272,243 (2001).

N.N. Kleshchina, K.A. Korchagina, D.S. Bezrukov, and
A.A. Buchachenko, J. Phys. Chem. A 121, 2429 (2017).

J.C. Schon and M. Jansen, Angew. Chem. Int. Ed. Engl. 35,
1288 (1996).

S.M. Woodley and R. Catlow, Nature Mater. 7, 937 (2008).
Modern Methods of Crystal Structure Prediction, A.R.
Oganov (ed.), Berlin, Wiley-VCH (2010).

A.J. Stone, The Theory of Intermolecular Forces, Clarendon,
Oxford (1996).

J.S. Brown, Proc. Phys. Soc. (London) 89, 987 (1966).

F.W. de Wette and R.M.J. Cotterill, Solid State Commun. 6,
227 (1968).

C. Malinowska-Adamska, P. Sloma, and J. Tomaszewski,
Phys. Status Soid. B 200, 451 (1997).

L.T. Wille, Ann. Rev. Comput. Phys. VII, 25 (2000).

B. Hartke, Angew. Chem. Int. Ed. 41, 1468 (2002).

H. Putz, J.C. Schon, and M. Jansen, Ber. Buns. Ges. Phys.
Chem. 99, 1148 (1995).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 3


https://doi.org/10.1080/014423599229901
https://doi.org/10.1103/PhysRevLett.113.033003
https://doi.org/10.1103/PhysRevA.91.022505
https://doi.org/10.1103/RevModPhys.36.748
https://doi.org/10.1021/cr00066a002
https://doi.org/10.1021/cr9404609
https://doi.org/10.1063/1.2933366
https://doi.org/10.1063/1.3432260
https://doi.org/10.1063/1.3374030
https://doi.org/10.1063/1.4934999
https://doi.org/10.1021/jp905596a
https://doi.org/10.1063/1.5019890
https://doi.org/10.1063/1.1834568
https://doi.org/10.1063/1.3564947
https://doi.org/10.1021/j100216a034
https://doi.org/10.1021/j100216a034
https://doi.org/10.1063/1.593823
https://doi.org/10.1063/1.593823
https://doi.org/10.1063/1.477821
https://doi.org/10.1016/S0301-0104(01)00468-2
https://doi.org/10.1021/acs.jpca.6b12444
https://doi.org/10.1002/anie.199612861
https://doi.org/10.1038/nmat2321
https://doi.org/10.1088/0370-1328/89/4/321
https://doi.org/10.1016/0038-1098(68)90041-0
https://doi.org/10.1002/1521-3951(199704)200:2%3c451::AID-PSSB451%3e3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20020503)41:9%3c1468::AID-ANIE1468%3e3.0.CO;2-K
https://doi.org/10.1002/bbpc.199500047
https://doi.org/10.1002/bbpc.199500047

Computational study of the stable atomic trapping sites in Ar lattice

30. J.C. Schon, H. Putz, and M. Jansen, J. Phys.: Condens.
Matter 8, 143 (1996).

31. P. Schwerdtfeger, B. Assadollahzadeh, and A. Hermann,
Phys. Rev. B 82,205111 (2010).

32. K. Rosciszewski, B. Paulus, P. Fulde, and H. Stoll, Phys.
Rev. B 62, 5482 (2000).

33. Q. Zhu, A.R. Oganov, and P.B. Allen, Phys. Rev. B 87,
195317 (2013).

34. R.A. Aziz, J. Chem. Phys. 99,4518 (1993).

35. L.A. Schwalbe, R.K. Crawford, H.H. Chen, and R.A. Aziz,
J. Chem. Phys. 66,4493 (1977).

36. O.G. Peterson, D.N. Batchelder, and R.O. Simmons, Phys.
Rev. 150, 703 (1966).

37. N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.H. Teller,
and E. Teller, J. Chem. Phys. 21, 1087 (1953).

38. P.J.M. van Laarhoven and E.H.L. Aarts, Simulated Anneal-
ing: Theory and Applications, Springer, Dordrecht (1987).

39. Search Methodologies: Introductory Tutorials in Optimiza-
tion and Decision Support Techniques, E.K. Burke and G.
Kendall (eds.), 2nd ed., Springer, Boston MA (2014).

40. F.H. Allen, M.J. Doyle, and R. Taylor, Acta Cryst. B 47, 41
(1991).

41. P. Dawyndt, H.D. Meyer, and B.D. Baets, Soft Computing 9,
385 (2003).

42. G.K. Ozerov, D.S. Bezrukov, and A.A. Buchachenko, to be
published.

43. E.Jacquet, D. Zanuttini, J. Douady, E. Giglio, and B. Gervais,
J. Chem. Phys. 135, 174503 (2011).

44. A.A. Buchachenko and L.A. Viehland, J. Chem. Phys. 148,
154304 (2018).

ObuucntoBanbHi OCnimKeHHs CTIMKUX NacTOK aToMiB
B rpaTLi aproHy

I".K. Osepos, [1.C. be3pykos, O.A. bByyadeHko

st nociikeHHst cTabinbHUX MACTOK aTOMIB B TPaHELEHTPO-
BaHill KyOiuHiil TpaTIi aproHy, MO MOJIEIOETHCS MOTEHIIAIAMI
Jlennapna-/IxoHca, BUKOPUCTAHO METOAH IJI00aIbHOT OnTHMIi3aii
Ta OIIHKKA TEPMOJHMHAMIYHOI CTIHKOCTI 32 METOJOM OMYKIHX
000110HOK. Y TMOBHI# BiAMOBIZHOCTI 3 IHTYITHBHUMH KPHCTAJIO-
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rpadiYHUMH MipKyBaHHSMH BHSBICHO HACTKH II'SITH 3arajlbHUX
THIIB: 3aJy4CHHS B TETPacAPHYHI Ta OKTACAPHYHI HOPOKHHHU
rpaTky, 3aMilieHHs ii By3ia Ta 3aMill[eHHs YOTHPbhOX- Ta LICCTHU-
aTOMHHX BakaHCii. [HAMBiqyalbHICTh IUX THIIIB BCTAHOBIICHA 32
pe3yabTaToOM aHali3y pafiaibHUX (YHKIIH PO3MOALTYy aTOMiB
rpatku. [IpexcraBieHo kapTé ob6nacTeil CTIMKOCTI MAacTOK BCiX
THUINIB B NpOCTOpi mapameTpiB B3aemoii Jlennapaa-Jxonca Mix
3aXOIUICHHM aTOMOM Ta aTOMOM TpaTku. IlepenbaucHus yncna i
THIB CTidKux mactok aromiB H, Mn, Na, Yb, Eu ta Ba, sxi
OTPHMAHO Ha OCHOBI KapT, Y3TrOKYIOTHCS 3 Pe3yJIbTaTaMy OijIbIi
TOYHMX MOJENeH Ta JOCTYHNHHX CKCIIEPUMEHTIB 3 MaTpPH4HOI
i30smsmii.

KurouoBi cioBa: TBepai iHEPTHI ra3u, mactka, B3a€MOJisl TiCThb—
rocrojap.

BbluncnntenbHoe nccnegosaHme YCTOIZ'-II/IBI:IX
NIOBYLUEK aTOMOB B peLleTKe aproHa

I".K. Osepos, [0.C. be3pykos, A.A. ByyaueHko

s uccnenoBaHust CTAOWIIBHBIX JIOBYHIEK aTOMOB B Ipa-
HCICHTPUPOBAHHOW KyOWYeCKOW pEIICTKE aproHa, MOJIEIUpye-
Mo noreHuManamu Jlennapaa-JlkoHca, UCIOIb30BaHbl METO/IbI
NI00AFHON ONTHMHU3AIMA M OICHKA TEPMOJMHAMHYECKON yc-
TOMYMBOCTU 10 METOIY BBIIYKJIBIX 000s0ueKk. B momHOM coO0T-
BETCTBUU C WHTYHTUBHBIMH KPHCTAILIOTPa)UIECKUMH CO0Opa-
JKCHUSAMH 00HApYKEHBI JOBYIIKH MATH OOIINX THIIOB: BHEAPECHUS
B TETPAdAPUUECKYI0 U OKTadApUYECKYIO TOJOCTH pEIIeTKH, 3a-
MEIIEHUE €€ y371a U 3aMEIIEeHUs YeThIpeX- U IIeCTHaTOMHBIX Ba-
kaHcuil. UHAMBUIYaIbHOCTh 9TUX THIIOB YCTAaHOBJIEHA B PE3YJib-
TaTe aHauM3a palualbHbIX (YHKUUH pacnpeneieHUs] aToOMOB
pemerku. [IpeacraBineHbl KapThl 007acTel YCTOWYHBOCTH JIOBY-
IIEK BCEX THUIIOB B MPOCTPAHCTBE MAapaMEeTPOB B3aMMOJCHCTBHS
Jlennappa-Jl>xoHca Mexy 3aXxBau€HHBIM aTOMOM M aTOMOM pe-
metkd. [IpenckasaHust 4ucia ¥ THUIIOB YCTOMYMBBIX JIOBYIIEK
atomoB H, Mn, Na, Yb, Eu u Ba, noixy4eHHble Ha OCHOBE KapT,
COIJIaCYIOTCSA € pe3ynbTaTaMu 0oJiee TOUHBIX MOJEJNIEH U 10CTyII-
HBIX 9KCIIEPUMEHTOB 10 MATPUYHOMN M30JISALHH.

Kirouessie ciioBa: TBEPAbIC MHEPTHBIC T'a3bl, JIOBYIIKA, B3aUMO-
JIEACTBUE TOCTh—XO35MH.
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