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Pecularities of pore relaxation in nanoclusters
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Process of the relaxation of a cluster with an intrinsic pore was investigated for
different phases of a cluster. Main parameters, determining pore dissolving time were
found. In particular, it was shown that there exists critical temperature T, that depends
on pore and cluster sizes. Below T, nonequilibrium process does not destroy solid state of
the cluster and pore life time increases sharply. Process of pore relaxation in this case is
characterized by a free energy barrier.
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Hccnemopan mporece pejakcanuy KJacTepa ¢ BHYTPEHHEH HOPOi MJid PasJIUYHBIX arpe-
raTHBIX COCTOSHUN KJjacTepa. HalileHbl OCHOBHBIE IIapaMeTPhI, ONPEIeNAI0NINe BPeMs pac-
TBOPEHWA MOPEI. B uacTHOCTH, IOKAa3aHO, YTO CYINECTBYeT KpuTmduecKas Temmeparypa T,
saBucAILas or GOpMEl U pasMepa Kiaactepa. [Ipy HauaJdbHBEIX TeMIlepaTypax KJacTepa HUMKe
T., HEPAaBHOBECHBIM NPOLECC HEe PaspyllaeT TBEPHOe COCTOSHME KJacTePa M BPEMA HHUSHU
MOPBEI Pe3Ko Bospacraer. IIporecc pejaxcamuy IMOPbl B 9TOM CAyYae XAPAKTePU3YyeTcs HAJU-
uyneM OGapbepa CBOOOMHOII SHEPTUH.

Ocob6auBocTti penakcanii mopu y Hanokaacrepax. M. A.Pamuep, B.B.Anoscvruii.

Hocaim:xeHo npoliec pesakcaiii Kjaacrepa 8 BHYTPIlIIHLOIO IIOPOIO AJIA PiBHUX arperaTHux
CTaHIBE KJacTepa. SHaWIEeHO OCHOBHI IIapaMerpu, II[0 BM3HAYAIOTh YAC PO3UMHEHHS IIOPH.
30KpeMa, IOKAa3aHO, IO icHye KpuTWduHA Temmneparypa T, sanesxHa Bin posmipis mopu Ta
kaacrepa. Ilpu mouaTkoBHX TemIepaTypax KjaacTepa Husxdue T, HEPIBHOBAMKHMIU IIpOLEC He
HOPYIIIYE TBEPIOr0 CTAHY KJAcTepa Ta 4ac KUTTSI Hopu pisxo 36inbiryerbcs. Ilporec peaak-
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canii mopu y IboMy BUIIQAKY XapaKTepHsyeThCA HaaBHicTIO Gap’epa BiabHOI emeprii.

1. Introduction

It is well known that properties of mate-
rials are at large degree determined by their
defect structure. Various defects of materi-
als can be classified by their dimensionality.
Thus, pores and new phase inclusions relate
to 3-dimensional defects, while grain
boundaries relate to 2-dimensional and dis-
locations to 1-dimensional ones. It is natu-
rally to classify such elementary objects as
vacancies and atoms in interstitials as 0-di-
mensional defects. If estimated according
to the effect on many material properties,
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3-dimensional defects, such as pores and
new phase inclusions, play the key part. In
the bulk materials, where the role of
boundaries is insignificant, theory of behav-
ior and evolution of such objects is well
developed (see, e.g., [1]). However, in con-
nection with intensive investigation of
nanomaterials, where the influence of
boundaries is enormous, it occurred, that,
in such materials, the behavior of pores and
new phase inclusions is not sufficiently in-
vestigated. Thus, in the present work, the
attempt is made to investigate relaxation of
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vacancy pores in nanocrystal clusters with
pair interactions of atoms. For modeling
such clusters, their unusual properties play
a key part. In particular, let us point out
some special features concerning with phase
states of small clusters, that were investi-
gated, particularly, in [2, 3]. For such clus-
ters phase transitions are connected not
only with heat motion of atoms in a cluster.
Thus, in clusters of small sizes, following
phase states are marked out: liquid, solid
and the one with a solid core and liquid
shell. Relatively high electron excitation en-
ergies of a solid state cluster b correspond
to configuration change of cluster atoms.
Liquid state is considered to be the highest
configuration excitation. There exist a large
number of free energy local minima of a
cluster at finite temperature. Each of these
minima corresponds to a different configu-
ration of cluster atoms. One of them corre-
sponds to a stable state while the rest relate
to metastable ones. Thus, one of the type of
configuration excitation is considered to be
the going of atoms out cluster core to its
surface, that diminishes the total interac-
tion energy of cluster atoms but increases
system configuration entropy.

In the works [4, 5], for clusters of small
sizes, it was demonstrated numerically, that
high configuration excitations of a cluster
correspond to the formation of cavities in-
side it (at low excitations the vacancies
arise). At transition of a cluster from a
liquid state to solid one, the cavities go out
of the cluster. Such process, related to dif-
fusion of cavities towards cluster surface,
is of activation (barrier) character.

2. Model and method

2.1 Model of nanoparticle(cluster) with
an inside pore

Initially, atoms with the mass m = 39.9 a.u.
in the nanoparticle formed a cubic lattice
with interatomic distance a = 4.816 A. In
the model, the number of atoms N was cho-
sen equal to 64 and 512. Atoms were inter-
acting according to Lennard-Jones potential
with the following parameters, taken for
Argon atoms: o = 3.405 A, D = 0.0104 eV.
Here D is the depth of the potential well,
o is the finite distance at which the inter-
particle potential is zero, and r,;, is the
distance at which the potential reaches its
minimum. At r,;,, the potential function
has the value —D. The distances are related
as 1y, = 21/60 = 1.1220. Cluster tempera-
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Fig. 1. Dependences of critical temperature,

T., on linear size of cluster. Square denote
the case of RPOR,(O) = 8 rp,,;, while circles re-
late to Rpm,(O) =471,

ture T is defined as mean kinetic energy per
one atom.

The equations of motion are solved nu-
merically via velocity Verlet algorithm [6—
8] with a time step d¢ = 10761, The tempera-
tures, chosen for modeling, are lower than
melting temperature of Argon T = 83.4 K,
which provides for nanoparticle stability
(see Fig. 1).

For the nanoparticle with a given N, the
number @ = 25 of random realizations is
created with the given temperature T. After
equilibration at the given temperature, a
pore of the given initial pore radius Rpore(O)
is instantly cut off in the center of a
nanoparticle (cluster). After that, the nu-
merical solving of motion equations is con-
ducted by the described above method.

The characterization of pore relaxation is
realized in a following way. The whale clus-
ter is overlaid with a three-dimensional
cubic lattice with a period ag.q = 0.57r,,;,. A
pore is defined as any connected domain of
cells, that are free from cluster atoms, with
a diameter no less the 1.5 r,;,, and sur-
rounded on all sides by occupied cells. If
such domain has a diameter less than 1.5
T'min 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. Clus-
ter a volume is defined as a summarized
volume of occupied cells and free cells, be-
longing to pores or vacancies. In the present
work, the temperature range was investigated
from 30 to 55 K, clusters, containing from
123 to 203 atoms with pores spherical pores

613



M A.Ratner, V.V.Yanovsky / Pecularities of pore ...

of initial radii Rpom(O) =3 ry;, and 4 r
with initial central position in a cluster.

min’

2.2 Preparation of initial cluster confor-
mations

In the present work, pore relaxation in
the clusters in each of three described in [2]
phase states was described: solid, liquid and
the one with a solid core and liquid shell
(that, in its turn, consists of the set of states
with different degrees of ordering [3]).

For characterization of the cluster phase
state, the fluctuation & was used of square
root of mean square distance between neigh-
bor atoms, a. According to the conventional
criterion [2], for solid state cluster 6 does
not exceed 15 % of a, for the state with
solid core and liquid surface, & increases
sharply from cluster center to its surface,
while for liquid state & essentially exceeds
15 % of a throughout the entire cluster.

The time between phase transitions of
cluster, in the researched in the given work
range of size 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. In-
itial state of a cluster, constructed via pro-
cedure described in Sec. 2.1 is far from
equilibrium and, if allowed to relax freely,
finishes in liquid state with high enough
temperature. Thus, in order to obtain solid
state, after assigning initial atom coordi-
nates, cluster is quickly cooled to the given
temperature T (that is less than melting
temperature). This way, cluster in a liquid
state is always obtained, since the system
has not enough time to relax to the solid
state, even if it is equilibrium. Then, clus-
ter is continued to be cooled down by quasi-
adiabatic method to temperature T,;,, that
is close to zero, after which is heated by the
same quasi-adiabatic procedure for the
starting temperature T. This way we obtain
a cluster in solid state with higher binding
energy of atoms, Up,,q, then a cluster with
the same temperature in a liquid state. En-
tropy difference between liquid and solid
phases can be estimated during numerical
cal culations as

T . 7T
~ § min AQ AQ 1)
AS*ZN T +2Tm- T

mn

If, in the described above procedure,
T ,.in is increased, intermediate phase states
of a cluster are obtained, corresponding to
local minima of its free energy, while U, 4
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is the smaller and 8 is the larger, the higher
is Tpin-

Cluster volume diminishes by approxi-
mately 4 % and binding energy of atoms
increases by 7-9 % after transfer from liquid
to solid state. Also, the specific property of
solid state is appearance of "breathing
mode” of cluster oscillations and increasing
pore relaxation time more than by an order of
magnitude. The last is connected with the
slowing of vacancy diffusion.

Characteristic difference of temperatures
between liquid and solid states, obtained
from (1), together with known binding ener-
gies of atoms in the cluster, gives a theo-
retical possibility to estimate which state
(solid or liquid) is stable for each investi-
gated pair of cluster temperature and size
values.

Here it is important to point out the
following circumstance. The instant "cut-
ting” pore out of the cluster gives rise to a
nonequilibrium process, besides, the devia-
tion of the system from equilibrium is quite
large, since pore size is comparable to that
of the system. So that, it is natural to sup-
pose that the very event of "cutting off”
the pore will destroy more ordered metas-
table states in favor of more stable less or-
dered ones (if such exist). Thus, it is natu-
ral to start the investigation from the most
ordered state, and, while increasing gradu-
ally cluster temperature, one can hope to
obtain the right statistical picture.

Let us underline that the "inverse”
transfer from the liquid state to the solid
one as a result of system deviation from
equilibrium is little probable since liquid
states possess much greater configuration
entropy.

Thus, initial cluster conformations in the
present work are prepared in the following
way. Starting from solid phase conforma-
tions at low temperatures (approximately
30 K), obtained in 2.1 we increase tempera-
ture gradually by 2 % every 0.1 ps. This
way we obtain solid phase conformations at
higher temperatures. Conformations at se-
lected for numerical computations tempera-
tures are relaxing during 5 ps, then, by the
method described in 2.1, the MD run is
started at a constant temperature. Every
2 ps one conformation is fixed that is in-
cluded in the collection of 25 random con-
formations at the given temperature.

Below, the temperature will be measured
in the units of potential depth D and linear
sizes in the units of equilibrium interatomic
distance r,,;, (see item 2.1).
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Fig. 2. Example of pore relaxation a tempera-
ture below T, (T =0.42 D, N =143, R _(0) =

3r,:n)- Thin llnes demonstrate depen(f nce of
reduced pore volume on time for first 12 (of
total 25) initial cluster random realizations,
bold line — averaged dependence (over 25
random realizations).

3. Results and discussion

3.1. Relaxation of pore in a solid cluster

When initial state of cluster is solid, for
each pair of values, Rpore(O), N there exists
critical temperature T,., below which the
nonequilibrium process initiated by cutting
a pore off a cluster, does not destroy solid
state of the cluster. In this case, pore ex-
ists, on average, longer than 12 ps (that is
MD simulation time in the given work) The
dependence of T on N for R,,.(0) = 3ry,;,
and Ry, (0) = 4r,;, is shown in Fig. 1 It
can be seen from the figure that increase of
initial pore radius from 38r,;, to 4r,;, leads
to the lowering of T.. Evidently, this is due
to the fact that the larger is Rpore(O) the
stronger is initial system deviation from
equilibrium.

At T < T, each random realization of the
process is characterized by a barrier charac-
ter of dependence Vpore(t). During first mo-
ments (about 0.1 ps) the process is highly
nonequilibrium and pore volume diminishes
fast. Then process of pore dissolving be
comes much slower, until at some, depend-
ing on realization number, time moment,
the dissolving of pore is essentially acceler-
ated (see examples for N = 143, Ryo(0) =
3rmin and Ry, (0) = 4r,;, in Figs. 2, 3). Ap-
proximately for half of random realizations,

ore becomes independent on time (in the
ogserved time interval 12 ps). It is interest-
ing, that for different random realizations

Vpore(t) is stabilized at the same values.
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Fig. 3. Example of pore relaxation a tempera-
ture below T, (T = 0.42 D, N = 143, R, (0)
= 4r,;.). Thin lines demonstrate dependence
of reduced pore volume on time for first 12
(of total 25) initial cluster random realiza-
tions, bold line — averaged dependence (over

25 random realizations).

Explanation of the obtained dependence
pore(t) could be found in the results pre-
sented in the works [4, 5], where it is
shown numerically that high configura-
tional excitation of a cluster correspond to
the formation of voids in its interior.
(These voids can be associated with the arti-
ficially created pore in our investigation.)
Transition of the cluster to a lower state is
accompanied by the moving of voids out of
the cluster. Such process of transition be-
tween different states requires overcoming
a free energy barrier.

From the look of dependences Vpore(t)
for T << T,, one can make a conclus1on of
an ex1stence of certain values of "preferred
by system” pore volume V,, opt? corresponding
to excited configurational states and sepa-
rated from the basic state by free energy

barriers. Thus, for N = 143, Rpore(0) =
T mins the observed values Viopt ~ 65 i and
90 rmm , for R, (0) = T'min> the observed

values V ; ~ 260 r,;.°. It is worth to note,
that optlmal values V,, of pore volume
weakly depend on 1n1t1af cluster size but
increase sharply with the growth of initial
pore volume (see examples in Figs. 2, 3).
Thus, process of relaxation of cluster
with a pore inside, consists in transition
from the excited configurational state into
the lower one and is of barrier character.
Let us underline, that for considered
case T <T,, the final state of a cluster re-
mains solid, and pore, until it has been dis-
solved, retains connectivity and central po-
sition in the cluster. Thus, we observe the
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Fig. 4. Dependences of pore life time on clus-
ter temperature while heating cluster start-
ing from solid state. Square denote the case
of R _(0)=38r,;, while circles relate to
Rpore 0) = 4r‘min'
transition between two or several states of a
cluster, some of them (metastable) corre-
spond to the cluster with a pore inside while
the other (stable) to the cluster without
pore. If suppose, that the probability of
such transition, w, is independent on time,
then pore life time ¢,,,, - o1 ~ exp(B/T),
where B is the height of the barrier between
these states. Consequently, B can be esti-
mated as proportionality coefficient between
1/T and In t,,,,. In Fig. 4, temperature
dependences of ¢,,,, are shown for R, (0)
=4 and 3 r,,;,, that give following estimate
of barrier heigth: B(3r,,;,) ~ 50 D, B (3r,;,)
~90 D. Thus, pore dissolving process is
connected with the collective transitions,
that involve the number of atoms compara-
ble with that of pore surface. It is worth to
note that T, (Rp,.(0), N) does not coincide
with phase transition temperature between
solid and liquid states, since it depends also
on the initial pore size. Evidently, T,
(Bpore(0), N) is lower than phase transition
temperature since nonequilbrium process
leads to local heating of a cluster.

3.2. Relaxation of cluster with pore with
initial temperature higher then T,

As cluster temperature reaches values T > T,
(Rpore(O), N), the described above effect of
pore volume stabilization wvanishes. Here,
like in the described above case, nonequili-
brium process can either leave system in the
initial phase state or make it transfer to the
less ordered one (e.g. from state with solid
core and liquid shell to the completely lig-
uid state). As temperature grows, both in-
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itial and final (after relaxation) states of
cluster become liquid. Pore relaxation time
decreases sharply at T > T, (see Fig. 5).
After fast initial decrease of V. (t) by ap-
proximately 25 % of its initialpvalue, Vore
decreases linearly with time. Slopes %k of
these linear dependences as function of tem-
perature for the case N =14 R, = 3 Iy,
4 r,;, are shown in Fig. 5. Intersection
point of these plots corresponds to the tem-
perature at which initial cluster becomes
completely liquid (most disordered state).
Then cutting the pore does not cause any
phase transfer and pores with larger radii
exist longer than those with smaller ones
since their dissolving requires larger out-
flow of vacancies.

4. Conclusions

Process of the relaxation of a cluster
with an intrinsic pore is mainly determined
by cluster initial phase state, that can be
solid, liquid and solid with a liquid shell.

In case when initial cluster state is solid,
for each pair of wvalues Rpore(O), N, there
exists critical temperature T,, below which
nonequilibrium process, initiated by instant
cutting the pore off the cluster does not
destroy solid state of the cluster, and pore,
on average, exists longer than 12 ps. Proc-
ess of pore relaxation in this case is charac-
terized by a free energy barrier. T, grows
monotonously with increasing cluster size
and decreasing initial pore size. At tempera-
tures higher T, pore relaxation process is
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sharply accelerated, and dependence of pore 4. H.Reiss, H.L.Frisch, J.L.Lebowitz, J.Chem.
volume on time becomes linear. Phys., 31, 369 (1959)
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