PHYSICAL REVIEW B VOLUME 54, NUMBER 23 15 DECEMBER 1996-I

Molecular-dynamics study on the equilibrium structure and the stability of a cluster dimer
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The equilibrium structures and the dynamic properties of two interacting clusfester dimey, both of
which have 13 atoms with icosahedral symmetry, have been studied by the molecular-dynamics method. A few
metastable structures have been observed, but we obtain only one ground-state structure near the zero tem-
perature for the various interaction strengths between two clusters, in which the icosahedral symmetry remains
for each cluster. Upon heating, the ground structure for the cluster dimer is destroyed at a certain temperature
T., which is strongly dependent on the interaction strength. At a temperature highdrthame cluster loses
the icosahedral symmetry and begins to cap onto the other cluster; and if heating further, both clusters begin to
melt. The relationship betwe€R, and the interaction strength is also obtaineD163-18206)03347-4

[. INTRODUCTION detailed information on how the interaction between clusters
affects the structure of each cluster.

Cluster science has been an interesting subject for physi- In this paper, we try to study the structure and stability of
cists, chemists, and material scientists. In the last two dethe cluster dimer interaction using a Lennard-Jofe po-
CadeS, much effort has been devoted to studies on the stru@ﬂtiﬁ'. The atomic structure of clusters has been taken into
ture and stability of isolated cluster, both theoretically andaccount explicitly, in order to shed some light on the possi-
experimentally, and great achievement has been made in uRllity of the synthesis of CAM.
derstanding their properties. Accordingly, studies on cluster- This paper is organized as follows: In Sec. II, we sketch
assembled-materi@CAM) have spurred enormous scientific the main computational m'ethod used in 'ghe calculations. In
interest in recent years as well. In fact, synthesized with the€¢- Ill, we present and discuss the obtained results. In Sec.
stables cluster, CAM might have some unusual propertietY, We summarize the main conclusions of this work.
different from the properties of the conventional crystalline

solid. Solid Gy, which has many interesting physical Il. COMPUTATIONAL DETAILS
properties; can be a well-known example of CAM. By dop- o N
ing some alkaline elements, solid@an be a good high- To study the equilibrium structure and stability of a clus-

, @

temperature superconductor. Because of this and other péer dimer, we take two clusters);; and By, each cluster
tential applications of CAM, researchers are exploring thefOntains 13 atoms with icosahedral symmetry, which is a
possibility of the synthesis of CAM. At least a few clusters Stable magic cluster. Atoms of speciksandB interact pair-

and also some fullerenelike clusters are proposed to be tHEise through LJ potentiap reads

candidates for CAM from the theoretical calculations of the

isolated clustef:® But it needs further studies to obtain the g\ [0ap\®

conclusion for those clusters to be the structure units of Pap(r)=4eap ] U

CAM. The interaction between clusters plays a crucial role

on the stability of CAM, which may destroy the cluster struc-wheree,; ando,; (a,6=A,B) are the depth of the potential
ture when the clusters approach each other. So it is verwell and the collision diameter for atoms of specieand 3,
important to study the structure and stability of clusters withrespectively. For simplicity, in this calculation, we assume
different cluster-cluster interaction. In fact, some work alongthat cap= 0gg= oag=0, eapn=egg=¢, Which implies that

this direction has been done; for instance, Saito and OKnishiwo clusters are mechanically the same, but the interaction
have studied the stability of th&la,¢), dimer on the basis of between two clusters is different from the interaction within

a jellium model by the local-spin-density-functional method, the clusters ik g#¢. In CAM, the interaction between clus-
where the positive charges of nuclei are smeared out as bacters might be weaker than the interaction within the cluster in
ground. More recently, using molecular dynami@dD) the same way, for instance, that the interaction between the
simulation, Rey, Gallego, and Alormsbave studied the dy- Cg, molecules in fcc € solid is much weaker than that
namics properties of the smdlCqo)y Clusters withN up to  within the G molecule? So it is very interesting to see the
25, in which the G, molecule is considered to be rigid and structure changes of a cluster dimer by changing the interac-
structureless. Since in all these studies the atomic structurd®n strength between clusters; this can be characterized by
of clusters have been neglected, it is impossible to provide/=¢xg/e.

0163-1829/96/53)/170516)/$10.00 54 17 051 © 1996 The American Physical Society



17 052 D. Y. SUN AND X. G. GONG 54

The reduced units are used in the calculations, nanaely,

for length, ¢ for energy, =(mo?/e)*? for time, and

*=KT/e for temperature, wherk is the Boltzmann con-
stant andn is the mass of the patrticles. Since the momentum
of the center of mass and the total angular momentum of the
system are carefully eliminated from the calculations, the
temperature refers only to the vibrational modes, and is
given by

_ 2<Ekin>
T= K(3N—6)’

where(E,;,) is the time average of kinetic energy.

To characterize structure changes with temperature, we
calculate the average principal radii of gyrati@iR,), (R,),
(Ry) of individual clusters(A;; and B;3 and the cluster
dimer, and the average separatibretween the centers of
mass of two clusters. The principal radii of gyrati&n are
given by

Ri:\li/N

and the separatiod by

NERYERET

wherel; are the principal moments of inertia of clusters, and
the vectors V) andr (®) are the positions of the atoms for

speciesA and B, respectively. The interaction energy be-
tween two clusterg; is also calculated by

Ny Ng
Ei=2 Z bas(rij)-
i=1 j=1

To obtain the equilibrium structure of two clusters at low @ ‘
temperature, we have performed the steepest-descent calcu-
lations by placing two clusters separated at a distance about (©)
3.5 o with various initial orientations. Constant energy MD
simulations are carried out to study the thermal stability of FIG. 1. Equilibrium structures of cluster dimer at 0 (&) Struc-
the cluster dimer with a time step o802 7. At low  ture A, (b) structure B,(c) structure C.
temperature, the state is allowed to propagate ovei(

. : ) tations, we select four initial configurations. The first one is
steps in each run, 110" steps for slowly increasing tem- y"clisters with vertex to vertex, in which the four vertical

perature, X10" steps for equilibrium, and the rest of the 41oms and two central atoms are along the same line. In the
time steps for obtaining the corresponding average. At hightecond initial configuration, two clusters are placed edge to
temperature, some expected reactions may occur as eaghge, where the two edges and two central atoms of two

state runs longer up to 210" steps. clusters are in the same plane. The third one is structured by
separating two clusters face to face and rotating one cluster
Ill. RESULTS AND DISCUSSIONS about the axis joining the centers of mass#g, where the

line that connects the two central atoms goes through the
centers of two interfaces. One can obtain the last one by
In contrast to the atomic dimer, which has only two atomsrotating one clusters/2 about the axis joining two central
and a structure determined only by the distance between twatoms from the second one. Starting from these four initial
atoms, a cluster dimer may have a complicated structuresonfigurations, we find three different structures by perform-
since the orientation dependence can play an important rolag the steepest-descent calculation, which are quite different
as two clusters approach each other in forming as clustérom the initial structures. The obtained structures are shown
dimer? In the present calculation, the equilibrium structuresin Figs. 1a), 1(b), and 1c) which are labeled a4, B, andC,
of cluster dimers with four interaction strengtls-0.5, 0.8,  respectively. It is worth pointing out that structuksB, and
1.0, and 1.2 are investigated by using the steepest-desce@tmaintain the icosahedral structure for each cluster, which
method. The initial structures are constructed by placing twa@an be considered as the cluster dimer. StrucAirs ob-
clusters at a separation distance aboutawith a few dif-  tained only fory=0.5, which can be obtained from the third
ferent orientations. Because it is impossible to try all orien-initial configuration by moving two clusters more closely

A. Static structure and properties near zero temperature
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TABLE I. The obtained properties of static structures. The totalstructure, as shown in Table I, the distance between the mass
energyE, the distance between the centers of nfasthe cohesive  centers ofA,; andB,; decreases a little bit with the increase

Ep, the deformation enerdliy, the number of bond, connecting  of . The reduced interaction energy increases significantly
two clusters, and the reduced interaction enefgy in units of from structureA to C with the samey, and also increases a

EnB- little in the same structure with the increaseyofit is inter-
esting to note that the deformation eneigy, which reflects
y=0.50 y=0.80 y=1.0 y=12 the energy changes due to the distortion of the atomic struc-
A E=-93.043 ture, is small in structur€ and increases very slowly with
R=2.649 increase ofy. For all the results presented above, we can see
_ that, although structures, B, andC each have the character
N,=5 : : .
_ of isolated icosahedral clusters, struct@rés most stable, as
E,=—4.389 e
E.=0.049 it is the most compact and has the lowest total energy, the
Ad=8'876 largest number of bonds, and very small distortion. We can

expect that structur€ would remain in the solid assembled
from stable clusters. In fact, a similar structure has been ob-
served in experiments: for example, theB,; phasé®
whereB; locally forms an icosahedron and the neighboring
icosahedron rotateet/2. The material LaCg with similar

B E=-93.822 E=-96.963 E=-99.077 E=-101.210
R=2570  R=2556 R=2545  R=2532
N,=6 N,=6 Np,=6 Np,=6
Ep=-5.168 E,=-8.309 E,=-10.423 E,=-12.5564

Eq=0.040  E4=0.111  E4=0.191  E4=0.310 structure has been widely studied due to its interesting mag-
A,=10.416 A,=10.526 A,=10.614 A,=10.722 netic properties. The first-principle calculatfshows that in

C E=-9435 E=-97.812 E=-100.123 E=-102.438 | 53Cq,,solid the electronic shell of Ggwith three electrons
R=2.543 R=2.537 R=2.533 R=2.530 provided by La is closed, and consequently the interaction
Np=8 Np=8 Np=8 Np=8 between neighboring Gg is weakly van der Waals-like,
Ep=—5.7014 E,=-9.1584 E,=-11.469 E,=-13.7844  similar to the case of the present simulations. So, the present
Eq=0.042  E4=0.076  E4=0.099 Eq=0.122 simulations can qualitatively explain why LagGdorms this
A,=11.493 A,=11543 A,=11568 A,=11.589 kind of structure with neighboring icosahedra rotatiof2.

(d=2.649 ¢0) and shifting one cluster upward a littl@bout B. Thermal stability

0.02 o) along the interface. One can get structi€rom
structure A by shifting one cluster upward to about 061
along the interface. The most stable structi@e see below

is the same for the variougvalues. Structur€ is similar to
the last initial structure, and its separation between the ce

In the last section, we obtained the most stable structure
for the cluster dimer by the steepest-descent method. How
stable will the structure be at finite temperature? We have
nt_ried to heat the cluster dimer slowly from zero temperature
ters of mass of the two small clusters are dependent ore at the eqU|I|br_|um structure, an(_j study the thermal stability of

the cluster dimer. In this section, we are going to present

have obtained 2.543, 2.537 0, 2.533, and 2.530o for some results of the cluster dimer at finite temperatures. Since
7=0.5,0.8, 1.0, and 1.2, respectively. To quantitatively char. uctureC is the most stable for all studied valuespfthe

acterize each structure and see the difference between thed ) A . i
alculations presented in this section begin from struofure

structures more clearly, we have calculated the cohesive e@v h lowlv heated the cluster di f ¢
ergyE,, reduced interaction energdy, and deformation en- € have slowly neated the cluster dimer from zero tempera-
; : ture to a very high temperature where the cluster is liquefied,

ergy E4 which are given by . . .
and some physical properties are calculated at various tem-

Eb:(Et_2E23)v peratures. In the Iovyer panels of Figs. 2, 3, anq 4, we show
the average potential energy of the cluster dimer and the
) interaction energy as the function of temperature with
AI E| /SAB, .
v=0.5, 0.8, and 1.2, respectively. It can be seen that at low
Ed=2E23— E/i\g— E%, temperatures, the energy changes smoothly with tempera-

ture, but up to a certain temperaturg, the energy suddenly
whereE, is the total energies of a cluster dim&?i; is the increases as an indication of a change in structure. In the
total energy of an isolated icosahedral 13-atom cluster, andpper panels of Figs. 2, 3, and 4, we can see that at the
E%; andE Y, are the total energy for an isolated cluster temperaturel,, the distance between the centers of mass of
and an isolated clustd® with the length of bonds equal to clusters drops significantly, and the number of bonds, which
that in the cluster dimer. Table | presents some results for thean serve as a measure of the contact area between two clus-
structuregA, B, C) with various+y values. It can be seen that ters, increases substantially. The principal radii of gyration
the number of bondbl, connecting the two clusters together can be used to describe the average shape of the clusters. The
with a cutoff of 1.2¢, is eight for structure€, while structure  calculated principal radii of gyration for the cluster dimer
B and structureA have only six and five, respectively. and for clusters$\,; andB,; are also shown in Figs. 5, 6, and
Clearly, the larger the number of bondg, the more stable 7, for y=0.5, 0.8, and 1.2, respectively. For the cluster
the structure. From an energy point of view, it is also truedimer, since it is enlarged in one direction, principal radii are
that structureC is more stable thaB and A. The distance almost identical in two directions, and about twice in the
between the mass centersff; andB, 5 is smallest for struc-  third direction. ForA;; and B,3, the principal radii are al-
ture C, indicating that structur€ is most compact. For each most equal in three directions, which indicates thaf and
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FIG. 2. The interaction enerdy; , average potential enerds, , FIG. 4. The interaction enerdy; , average potential energy, ,
the bond numbeN,,, and the distance between the centers of masshe bond numbeN,, and the distance between the centers of mass
of clusters as a function of temperature fpr0.5. of clusters as a function of temperature fpr1.2.

B, are spherelike. In fact, we have looked into several snapresult. From Figs. 5-7, we can see that all of them show
shots of the structures beloW,, and it is clearly seen that sharp changes af.. All of these results suggest that the

the icosahedral character Af; andB,; remains fory=0.5,  structure of clusteré;; andBy; has been destroyed, and the
0.8, and 1.2, respectively, as given by the principal radiicluster dimer does not exist any more. To see these structure

changes more clearly, several snapshots of the structure with

a 8.85

a.1 8.15 a.2

Temperature a 8.1

a.15
Temperature

FIG. 3. The interaction enerdy; , average potential enerds, ,
the bond numbeN,,, and the distance between the centers of mass FIG. 5. The principal radii of gyration for the cluster dimer and
of clusters as a function of temperature for0.8. for clustersA,3; andB,3 as a function of temperature fe=0.5.
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a.85 A.1 8.15
Temperature

FIG. 6. The principal radii of gyration for the cluster dimer and
for clustersA,; andBq3 as a function of temperature fg=0.8.

various values ofy above T, are presented in Fig. 8; it is
evident that the icosahedral structure has been destroyed. In
the case of a smalley, one of the two small clusters capped
onto the other, which is nearly a perfect icosahedron; but for
a larger y, the icosahedral structure of small clusters are
completely changed. The change of clusters structure is in

1.6 T T T T T T

- (©

FIG. 8. The some snapshot structure ab@dye (a), (b), and(c)
R @ & for y=0.5, 0.8, and 1.2, respectively.

agreement with previous results by Clareal ! and Rey

* and Gallegd® where they found that the two-component lig-
4 uid favors demixing withy smaller than one, and favors the
% formation of an alloy withy larger than one. According to
7 the results presented above, we note that equilibrium struc-
ture C of a cluster dimer is only stable below the temperature
T., andT, is lower than the melting temperature of the 13-
i atom LJ cluster. Obviously, thg; is y dependent: wheny
is increased;T. is decreased. To obtain a relationship be-
7 tweeny andT., T, has been calculated with mogevalues
(0.5, 0.65, 0.8, 0.90, 1.0, 1.05, 1.1, and)1.Phe obtained
results are shown in Fig. 9. At a smaller valye0.5, T, is
gt : ! ! ! ' very high up to 0.15, but drops quickly with increasimglt
@ ©9.85 8.1 8.15 8.2 8.25 8.3 8.35 is of interest thall . changes slowly withy neary=0.9, and
Temperature drops quickly again withy larger than 1.0. Although it is not
very clear whyT. changes withy in this strange way, espe-
FIG. 7. The principal radii of gyration for the cluster dimer and cially becoming flat nea=0.9, the interaction between two
for clustersA;; andB;3 as a function of temperature for=1.2. clusters may play an important role on the structure change

KX
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8.15 : ' | | IV. SUMMARY
M The interaction between the clusters may play a key role
8.14 I- ] in some materials, such as CAM, nanomaterials, or some
amorphous materials. In this paper, by using the constant-
0.13 |- . energy molecular-dynamics method, we have studied the
equilibrium structures and the thermal stability of two inter-
0.12 | - acting magic clusters. Our results show that, as two clusters
come close to each other, the cluster dimer can be formed at
T 8.11 L | low temperatures, while the initial structure of the isolated
¢ clusters remain unchanged. Several structures for cluster
dimers have been observed, but the most stable dimer is the
8.18 - ] same for various interaction strengths, which is shown in
Fig. 1. By heating the most stable cluster dimer, we have
8.89 - T studied the thermal stability of a cluster dimer. The cluster
dimer is only stable under a certain temperatlitge The
a.e8 e dependence off, on vy is observed, for small values of
! ! ! i v=0.5; T, is very high, but drops quickly; a flat appears near
8.4 8.6 8.8 1.8 1.2 v=0.9, and, fory larger than 1.0T drops again.
Interaction strength
FIG. 9. They dependence of ;. The solid line is fitted by a ACKNOWLEDGMENTS
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