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Magic pore dynamics in clusters
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Process of relaxation of nanocluster with an intrinsic pore was investigated by molecu-
lar dynamics method for different phase states of initial cluster. It was shown that, for
the initially solid (the most ordered) cluster state, the system can reach metastable state
where pore radius is fixed at one of "magic” values that corresponds to minimum of the
brocken bond numbe. The analogy is made with "magic” clusters that demonstrate unusual
physical properties.
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JAunnamika mariuaux mop y kaacrepax. M.A.Pamuep, B.B.AHoscvKUilL

Penakcamiro mamokgacrepa i3 IIOpPO0 3MOIEJIBOBAHO METOAOM MOJIEKYIAPHOI IMHAMIKI.
BeranoBieno, mo mas KaacTepa y TBepaomy (Hablibllle BIOPAIKOBAHOMY) CTAaHI cucTeMa
3aTHA OOCAITH I[IEeBHOro MeracTabllIbHOrO craHy, 3a SKOro pamgiyc mopu (Qikcyerbcs Ha
ofHOMY 3 'MariuEmx” sHaueHp IO Bigmosimae MiHiMymMy KinbrkocTi posipBanux 3B a3KiB.
3aIpoOIIOHOBAHO AHAJOTID MiX "MariuaEmMm @DopaMm 1 ' MarivEMME KJacrepaMu, AKi xe-
MOHCTPYIOTE 0ocobiuBi qismuni BIacTUBOCTI.

TIpoBeneHO MOJENIUPOBAHLME METOLOM MOJIEKYJIAPHON IUMHAMMKM PeJaKCAlly HAHOKJIACTE-
pa ¢ HOpoil [Jsd PasIMYHBLIX HAYAJbHBIX (DABOBBIX COCTOSHHUII KJjacrtepa. IloxasaHo, 4Tro muas
IUIA KJjacTepa B TBEPAOM (MaKCHMAaJbHO YIOPAJOYEHHOM) COCTOSHHUU CHCTEMa MOMKET I0-
CTUYb MEeTAcTAGMIBHOIO COCTOAHUA, IPHU KOTOPOM PALUyC HOPbI (PMKCUPYETCH HA OLHOM U3
"Marmdeckmx' SHAUYCHUI, COOTBETCTBYIOIEM MHUHHMYMY UMCJIA PA3OPBAHHBIX cBasel. IIpose-
ICHA AHAJOTWA MEXKIY  MAUCMYECKAMM IIOPAMH M  MAIMYECKHMH KJIACTEPAMU, HIPOABISIO-
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MMM HeoObIuHbIe (PU3MUECKUe CBOMCTEA.

1. Introduction

It is well known that properties of mate-
rials are to a large degree determined by
their defect structure. Various defects of
materials can be classified by their dimen-
sionality. Thus, pores and new phase inclu-
sions relate to 3-dimensional defects, while
grain boundaries relate to 2-dimensional
and dislocations to 1-dimensional ones. It is
naturally to classify such elementary ob-
jects as vacancies and atoms in interstitials
as 0-dimensional defects. If estimated ac-
cording to the effect on many material
properties, 3-dimensional defects, such as
pores and new phase inclusions, play the
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key part. In the bulk materials, where the
role of boundaries is insignificant, theory of
behavior and evolution of such objects is
well developed (see e.g. [1-4]). In these
works the main attention was paid to collec-
tive behavior of an ensemble of pores. How-
ever, in connection with intensive investiga-
tion of nanomaterials, where the influence
of boundaries is enormous, it came out,
that, in such materials, the behavior of
pores and new phase inclusions is not suffi-
ciently investigated. It must be noted that
the problem of pore evolution inside a
nanoparticle is significantly more compli-
cated than in macroscopic materials.
Firstly, it is close to the problem of the

151



M.A.Ratner, V.V.Yanovsky/ Magic pore dynamics in clusters

interaction of two pores [5]. Here the role
of the second participant is played by the
pore boundary. Secondly, the search for
anomalous pore behavior in such particle
requires comparison with classical pore be-
havior on the account of diffusion fluxes.
Evolution of pore in nanoparticle in diffu-
sion approximation was considered in de-
tails in [7]. Here nonlinear differential
equations are obtained for the evolution of
pore radius and position and all possible
asymptotic regimes of pore behavior are
considered. It is shown that vacancy pore in
the process of evolution is diminishing and
moving towards the center of nanoparticle.
In the present work we concentrate on the
distinctions of pore evolution in a nanopar-
ticle that arise at more detailed considera-
tion that exceeds the frame of diffusive ap-
proximation. Small clusters with pair inter-
actions were investigated in details with the
use of numerical modeling [6, 8—11]. How-
ever, cluster sizes in these simulations are
too small to include an intrinsic pore. In the
work [6], it was demonstrated numerically
for clusters of small sizes, that high con-
figuration excitations of a cluster corre-
spond to formation of cavities (agglomer-
ates of several vacancies) inside it. As tran-
sition of a cluster occurs from a liquid state
to solid one, the cavities go out of the clus-
ter. Such process, related to diffusion of
cavities towards cluster surface, is of acti-
vation (barrier) character.

In the present work, the relaxation of a
cluster with an intrinsic pore was investi-
gated by the molecular dynamics method
that allows to take into account the discrete
intrinsic building of the cluster and con-
sider clusters in different phase states. The
distinction of the present work from the
previous ones is that large enough clusters
that can include an intrinsic pore of several
lattice periods are modeled by MD method.
As it is demonstrated below, the phase state
of the initial clusters influence greatly the
character of the relaxation of small cluster
with an intrinsic pore. Thus, it is shown
that inside solid clusters "magic” pores can
stabilize forming a metastable state. This
phenomenon is similar to "magic” clusters
that are more stable than other ones, with
the difference that role of atoms here is
played by “closely packed” vacancies. Evi-
dently, such pore structure minimizes the
number of bonds that are broken as a result
of pore formation.
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2. Model and method

2.1 Modeling parameters

In the present work, modeling of pore
relaxation in a nanoparticle was carried out
by molecular dynamic method that allows to
consider different phase states of the initial
cluster and their influence on pore relaxa-
tion process. The object of the study were
Ar clusters with number of atoms up to
10648 (223). Rare gas clusters are one of
the simplest systems, in particular three-
particle interactions can be neglected in this
case [6]. Up to the size of several thousand
atoms, rare-gas clusters form icosahedral
structure, that allows to minimize cluster
surface, for larger clusters transfer to FCC
structure occurs.

Initially, cubic lattice of Ar atoms
(atomic mass m =389.9 a.u.) was con-
structed with the lattice period a = 4.816 A
(corresponding to solid Ar). Atoms are inter-
acting via Lennard-Jones potential with the
following parameters, taken for Argon
atoms: 6 = 3.405 A, D = 0.01032 eV, R,,; =
2.57,;,- Here D is the depth of the potential
well, o is the finite distance at which the
inter-particle potential is zero, R,,; is cut-
off distance. The inter-atomic force and its
derivative was smoothed at the cut-off dis-
tance. Cluster temperature T is defined as
mean kinetic energy per one atom. Below,
the temperature is measured in the units of
potential depth D while linear sizes are
measured in the units of equilibrium inter-
atomic distance for a pair Lennard-Jones
potential, r,,;, = 21/6 o.

The equations of motion are solved numeri-
cally via velocity Verlet algorithm [12, 18]
with a time step dt = 10761075 ps, depend-
ently on cluster temperature.

Pore relaxation is described in a follow-
ing way. The whole cluster is overlaid with
a three-dimensional cubic lattice with a pe-
riod ag.q = 0.57r,;,. A pore is defined as
any connected domain of cells, that are free
from cluster atoms, with a maximal diame-
ter no less then 2.5r,;,, and surrounded on
all sides by occupied cells. If such domain
has maximal diameter less than 2.5r,;, but
greater then 2r,; , it is defined as vacancy.
Such criterion was obtained in empirical
way in order to discern pore with single
vacancies and avoid the influence of surface
convolution. Cluster volume is found as
summarized volume of occupied cells and
free cells, belonging to pores or vacancies.

Functional materials, 28, 1, 2021
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2.2 Preparation of initial cluster conformations

As it will be shown below, relaxation of
a cluster with an intrinsic pore depends
strongly on the initial cluster phase state.
Thus, equilibrium clusters in different
phase states should be prepared in the in-
vestigated range of temperatures.

2.2.1 Phase state definition

In order to define cluster phase state,
the fluctuation d was used of square root of
mean square distance between neighbor
atoms, a. According to the conventional cri-
terion [8], for solid state

4 < 0.15a. 1)

Phase states of small (up to several thou-
sands atoms) clusters with pair interactions
have some specific features (see, e.g. [6, 8]).
Origin of these peculiarities lies in the inter-
nal structure of such clusters that consist of
consequent icosahedral shells. This way num-
ber of broken bonds on cluster surface is
minimized. If all icosahedral shells are com-
pletely filled, the number of cluster atoms is
called "magic”. Such "magic" clusters are
more stable than other ones; various cluster
properties, such as melting temperature and
heat capacity as functions of cluster size are
unusually high for magic clusters.

At low enough temperatures clusters are
in solid state where criterion (1) is met
throughout the entire cluster from the core
to the surface.

As the temperature of solid cluster rises,
criterion one becomes violated for its outer
shell (i.e. it is melted), since number of
bonds is smaller for outer qatoms. As cluster
temperature continues rise, the next shell be-
fore outer is melted. Thus, cluster melting
occurs from its outer shells towards its core.

Thus, second type of the cluster phase
state can be defined where criterion (1) is
met for the entire cluster except for one or
several outer shells. As it was mentioned in
[8], the second type of phase state presents
a set of close phase states, each correspond-
ing to different number melted outer shells.

As cluster temperature continues rise, all
cluster shells become melted. The liquid
state of a cluster is the least ordered state
where criterion (1) is violated throughout
the entire cluster.

2.2.2 Procedure of obtaining clusters in
different phase states

Initial state of a cluster, constructed via
procedure described in Sec. 3.1 is far from
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Fig. 1. The examples of the dependence of
specific potential energy on cluster tempera-
ture for various stable (metastable states) for
N = 8000. Rhombuses indicate solid state,
squares — solid core with liquid shell while
triangles relate to liquid state.

equilibrium and, if allowed to relax freely,
finishes in liquid state with high enough
temperature. The time between phase tran-
sitions of cluster, in the researched range of
cluster sizes and temperatures, is too large
to be observed during numerical count. In
the present investigation, clusters in solid
state are obtained in the following way.
After assigning initial atom coordinates,
cluster is quickly cooled down to tempera-
ture 20 K (that is below melting tempera-
ture). This way, cluster in a liquid (over-
cooled) state is always obtained, since the
system has not enough time to relax to the
solid state, even if it is equilibrium. Then,
cluster is continued to be cooled down by
quasi-adiabatic method to temperature T,,;,
(decrease temperature by 2 % every 0.1 ps),
that is close to zero. This way, transfer of
the cluster into solid state is forced. After
that, cluster is heated by the same quasi-
adiabat ic procedure until it reaches re-
quired temperature T,. This way we obtain
a cluster in solid state that is characterized
by the lowest specific potential energy (po-
tential energy per atom), U, (see Fig. 1).
Besides obeying criterion (1), this cluster is
characterized by close packing of atoms that
is typical for small clusters with pair inter-
actions of atoms [6, 8, 9]. If T,;, is in-
creased, the less ordered state with solid
core and liquid shell is obtained, that is
characterized by higher U,.
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2.3 Potential energy of obtained clusters
in different phase states

In Fig. 1, the example (for N = 8000) is
given of the dependences of specific potential
energy U, on cluster temperature T. These
dependences are shown for cluster in differ-
ent phase states: solid, liquid and the one
with solid core and liquid outer shells. It can
be seen from the figure, that, at the same
temperature, the cluster can have different
potential energies that correspond to differ-
ent phase states (the more ordered is cluster
state, the lower is its potential energy). Evi-
dently, at the given temperature, one of these
phase states is stable, while the others are
metastable one. However, the simulation time
is too short for the observation of transitions
between stable and metastable states and ob-
taining corresponding statistics (as it was
mentioned in [6, 9], hysteresis phenomenon is
essential for small clusters and reveals itself
both in computer simulations and in experi-
mental studies). Thus, within given investiga-
tions, relaxation of clusters with an intrinsic
pore was conducted separately for solid clus-
ters and for clusters with solid core and liquid
shell(s) without studying phase transitions be-
tween those states. Still, authors believe that
the given work reveals some essential features
of the relaxation of cluster with intrinsic pore.

The fact, that melting of small cluster is
realized via consequent melting of its outer
shells [6, 8], can explain the existence of "foot-
steps” in Fig. 1 for the dependence of U, on T
for solid cluster with liquid shell (shells). In
the further consideration, by the melting tem-
perature T, ;;, we will mean the temperature
at which all cluster shells are melted.

2.4 Obtaining initial random conforma-
tions of clusters with an intrinsic pore

Equilibrated clusters at required tempera-
tures in different phase states are obtained by
the described above method. Then, for each
cluster with given temperature, MD run is
started. Every 5 ps one conformation is fixed
that is included in the set of random confor-
mations at the given temperature. This way,
for a cluster with a given N, T, the number @
= 25 of random realizations of initial cluster is
created (with the mean velocity corresponding
to the given temperature T). For each of ob-
tained initial cluster realizations, a pore of the
given initial radius R,,,(0) is instantly cut off
in the center of a cluster. After that, the nu-
merical solving of motion equations is carried
out by Verlet algorithm (with parameters
given in Sec. 2.1) in order to investigated
system relaxation.
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Fig. 2. The examples (random realizations) of
relaxation of cluster in a solid state and in a
state with solid core and liquid shell (N = 3840,
T =0.42D, Rpore(O) = 8r,;,)- The typical de-
pendence of pore relaxation character on in-
itial cluster state is demonstrated.

3. Results and discussion

In the present work, Ar clusters with
number of atoms N = 143, 163, 183, 203,
223 were investigated in the temperature
range 0.36 D-0.80 D. Clusters in solid
state as well as in solid state with liquid
outer shell we considered. @ = 25 of random
realizations of equilibrated clusters for each
investigated pair (N, T) were obtained by
the described in the previous section
method, over which the results were aver-
aged. For each of obtained initial cluster
realizations, a pore of the given initial ra-
dius Rpore(O) was instantly cut off in the
cluster center. Then MD run was conducted
for about 30 ps in order to investigated system
relaxation. For all clusters investigated pore
radii were Rpore(O) = 3"in> 47min, for N = 223,
pore radius 5r,,;, was also investigated.

Molecular modeling results demonstrate
that pore healing process depends drastically
on the initial cluster phase state. Thus, in
Fig. 2, the example is given for the time de-
pendences of pore volume for a cluster in
liquid state, solid state with a liquid shell and
completely solid state (determined according
to criterion (1)). The dependences are given
for initial cluster size N = 3840, initial pore
radius Rp,,(0) = 8r,;,, T =0.42 D (45 K).
It can be seen from Fig. 2, that in all cases,
quick diminishing of pore volume occurs at
first due to strongly nonequilibrium condi-
tions. Then, much slower processes follow.
For the liquid state and the solid state with
liquid core, pore volume diminishes monoto-
nously, while for the completely solid state

Functional materials, 28, 1, 2021
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Fig. 3. The examples (random realizations) of relaxation of a cluster in a solid state at T = 0.37 D and
0.40 D for various initial cluster and pore sizes. a) T=0.37 D, N = 2744, b) T = 0.37 D, N = 10648,
¢) T=0.40 D, N=2744, d) T = 0.40 D, N = 10648.

of the cluster, pore relaxation is of barrier
character. This effect was already described
in the work [14], where it is supposed that
a solid cluster with an intrinsic pore can
present a metastable configuration, sepa-
rated from a stable state by energy barrier.
In this case, the preferable pore sizes exist,
that can persist for a relatively long time.

3.1 Pore relaxation in the case of solid
cluster

Firstly, we should mention that cutting
pore out of a cluster in the described above
way gives rise to a nonequilibrium process
that can change cluster phase state. For
each cluster size, there exists critical tem-
perature T,., below which, cluster remains
solid after cutting pore inside it. The values
of T. are given in Table dependently on
cluster size. Evidently, T, is close to the
temperature of cluster phase transition be-
tween completely solid state and solid state
with liquid outer shell. The exact determi-
nation of the temperature of such transition
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by means of MD is hindered by hysteresis
phenomenon.

Examples of time dependence of pore vol-
ume in clusters of various sizes below T,
are shown in Fig. 3a—d.

In the present investigation, relaxation
of the pores with initial radii R,,.(0) =
3ryin and 4r,.. was investigated below T,
for the clusters containing N = 143, 163,
183, 203, 223 atoms. For the cases N = 223,
relaxation of pores with initial radius
Rpore(0) = 6rp;, was additionally investi-
gated. In all these cases, pore volume, irre-
spectively of initial cluster size and tem-
perature, after initial quick decrease, fixes
itself at certain value V., that depends
only on the initial pore size. The examples
of such dependences are shown in Fig. 3 for
initial cluster sizes N = 143, 223 and tem-
peratures T = 0.37 D, 0.40 D. The values
of are shown in the Table. Each value of
stabilized pore volume V;,;;, can be asso-
ciated with the number of "missing”
closely packed atoms, or vacancies in the

pore N, = Vapie/Toins 21/2. Values of N,
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Table. Values of system relaxation parameters for various initial cluster sizes N:stabilized
dimensionless pore volumes IVstable/r3””i” (for solid cluster) at various initial cluster tempera-

tures T, cluster melting temperatures T,

/D, characteristic vacancy diffusion activation energy

for solid cluster with melted outer shell U,.,/D. For comparison: melting temperature of macro-

scopic solid Argon T =83.4 K=0.78 D.

melt
N 143 183 203 223
T./D 0.42 0.46 0.48 0.49
IVstable/rgun’ r=-087D 445
R, (0)=5R,, | T=0.40D 447
IVstable/FI?;un’ T=037D 251 256 254 255
Ry, (0)=4R,;, | T =0.40 D 253 254 258 257
Ivsmble/rgnn’ T=037D 88 94 92 93
R, (0)=8R,, | T=040D 93 95 94 95
T ../D 0.61 0.64 0.67 0.71
U,,/D 3.96 3.92 4.17 4.35
for different initial pore sizes are close to 401
the numbers of atoms in icosahedral atomic 3,5 * A=2744 .
clusters with closed shells (so-called 30 * /8000
"magic” clusters). Thus, for R, (0)= ’ R (0)=3r
37 min» Nypge ~ 136, that is close to number = 257 pore min y .
of atoms in icosahedral cluster with 8 closed <50
shells (147 atoms), for R, (0)=4r,,;,, - )
N,ue ~ 354, that is close to the number of < 151 ) ’
atoms of icosahedral cluster with 4 closed = 0] .
shells that equals to 309. As it was indi- ' Lt
cated above, atomiec clusters of such 0,5 - - " .
"magic” sizes demonstrate unusual physical 00 R . . . .
properties, in particular, high stability, see 10 1,5 207 Ta 2,5
e.g. [6, 8-10]). The above said allows us to DIT o

speak about "magic” pores (or vacancy clus-
ters) that demonstrate unusually stable prop-
erties in the way similar to "magic” clusters.
Like the case of atomic cluster, the unusual
vacancy cluster stability is due to an optimal
surface (interface) sha pe that minimizes
number of broken bonds.

Let us underline, that value of stabilized
pore volume V. ;. practically does not de-
pend on cluster temperature and initial
cluster size, but only on initial pore size
(see Table).

The energy barrier between metastable
state with a pore and stable state without
one is, probably, overcome due to vibration
of the system as a whole (collective motions
of atoms, so called breathing mode), that
was observed in the present modelling a s
well as in a number of experimental and
theoretical works on nanoparticles [15, 16].

3.2 Pore relaxation in a cluster with solid
core and liquid shell

As it was mentioned above, cluster melt-
ing begins from is outer shell, then next
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Fig. 4. Typical dependences of natural loga-
rithm of pore relaxation time trelax on reverse
cluster temperature D/T are presented on the
examples of N = 8000 and 2744. Straight lines
indicate linear approximation with coefficients
presented in Table (error within 5 %).

shells are consequently melted. As shows pre-
sent simulations, at T > T, cluster interface
with a pore is also melting. Thus, in this case,
we can not expect to obtain stable pore as in
case of solid cluster. Indeed, at T > T, pore
relaxation process accelerates sharply (as it is
illustrated in Fig. 2). As examples, in Fig. 4,
the dependences are shown of pore relaxation
time ¢,,,, on reverse temperature D/T for the
cluster with solid core and liquid shells with
N= 1728 and 8000 and initial pore radius
Rpore(o) = 3r, min*

As initial cluster temperatures rise above
the critical one (T > T,), these dependences
become linear with proportionality coeffi-
cient U, given in Table. This corresponds
to the vacancy diffusion from pore surface

Functional materials, 28, 1, 2021
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towards the cluster surface, obeying Arrhenius
low. Then Einstein relation gives
t ~ e Ut/ T), (2

relax

The same result is obtained in [7] for the
continuous model of cluster with a pore for
large enough pore radii. Here diffusion ac-
tivation energy U,. corresponds to several
D (see Table) . As initial cluster tempera-
ture continues to rise, pore relaxation time
dependence on initial cluster temperature
becomes essentially less steep. This is evi-
dently connected with consequent melting
of inner cluster shells. Let us note that the
temperature T,,,,(N) of complete cluster
melting (transferring to a liquid state), ob-
tained within present modelling, is probably
higher than the real phase transition tem-
perature for the given cluster size due to
hysteresis phenomena [6, 8].

4. Conclusions

The relaxation of a cluster with an in-
trinsic pore was investigated by the molecu-
lar dynamics method that allows to take
into account the discrete intrinsic structure
of the cluster.

It was demonstrated that character of
the relaxation of small cluster with an in-
trinsic pore is determined by the initial
cluster phase state. Thus, it was shown
that, in a wide range of cluster sizes, inside
solid clusters "magic” pores can exist for a
relatively long time. The size of "magic”
pores does not depend on initial cluster tem-
perature and size, but only on initial pore
size. Such system (cluster with an intrinsic
"magic” pore) presents a metastable state.
This phenomenon is similar to "magic” clus-
ters that are demonstrate unusual proper-
ties, with the difference that role of atoms
here is played by "closely packed” vacan-
cies. Evidently, such pore structure mini-
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mizes the number of bonds that are broken
as a result of pore formation.

For a cluster with solid core and liquid
shell (or shells), pore healing process obeys
Arrhenius diffusion law in a wide range of
temperatures and corresponds to inde-
pendent diffusion of vacancies from pore to
cluster surface.
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