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Structural properties and glass transition in Al, clusters
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We have studied the structural and dynamical properties of severallddters by the molecular-dynamics
method combined with simulated annealing. The well-fittak potential is used to describe the interatomic
interaction. The obtained atomic structurestier 13, 55, and 147 are in agreement with results fadinitio
calculations. Our results have demonstrated that the disordered clustecal be considered as a glass
cluster. The obtained thermal properties of glass clustgg &le clearly different from the results for high-
symmetry clusters, its melting behavior has properties similar to those of a glass solid. The present studies also
show that the surface melting behavior does not exist in the studigdlA$ters[S0163-18208)08808-7

I. INTRODUCTION As a matter of fact, glasslike clusters were also observed
in the experiments. With the high-resolution transmission
In the past decade, much attention has been paid to thelection microscopyHRTEM), gold and palladium nanopar-
studies of the thermal stability and melting behavior of metalticles were found to have glasslike structures in the particle
clusters. Those studies have provided a deep understandifige range of a few nanometéfsin other HRTEM experi-
of thermal dynamica| behavior in a small size System. On thénents, the transition between the Crystallinelike and glaSSlike
basis of those studies, some interesting phenomena haguctures in gold nanoparticles was also repotted.

been found:® For example, the coexistence of the solidlike ~However, to our knowledge, the understanding of the

and liquidlike phase was found over a finite range of tem-thermal properties of such glass clusters is very limited. It is

perature for both Lennard-JonékJ) clusterd and metal interesting to study if the glass cluster behaves like a sym-

clusters’ The surface melting of clusters has been observegaert]gﬁﬁ:ncg‘ftﬁ]r l?lgll]:mtlgstsenllr?et[]?;urz Oér'fviltesgovf[’s : dglfesss;
in both molecular-dynamicéMD) (Ref. 3 and Monte Carlo i 9 D paper, y

. g . . . these questions by the MD simulation on a few, &lusters.
(MC) simulations. The long-time dynamical behavior of We find that the thermal behavior of A cluster is much
small clusters has been studied recefithxperimental ob-

) ) . different from that of high-symmetry clusters, and some
servation clearly shows the reduction of melting temperatur%im"amy to that of bulk glass, such as continuous changes of
for some metallic clusters:*?

, . . the volume and steplike changes in heat capacity, is clearly
Most of the theoretical studies on the melting of clusterspsaryed.

concentrated on clusters with high symmetry. While the  The rest of the paper is organized as follows: in Sec II, we
study and the characterization of structural and dynamicadketch the main computational method used in the calcula-
properties of clusters in the glass state are becoming an ifpns. In Sec Ill, we present and discuss the obtained results
teresting field of research. The concept of a glass or amofgn the structural and dynamical properties of, Allusters.
phous cluster was introduced by Rose and Bérpased on  Finally in Sec IV, we briefly summarize our conclusions.

the computer simulation studies of the structural properties
of the alkali halide cluste(KCl) 5, with an empirical poten-
tial. According to the concept of bulk glass, they suggested
that, if a cluster has a very large number of inherent disorder In the present work, the recently developeglue
structures related to the number of its ordered structures, thgotential?* which can correctly reproduce many basic prop-
cluster would have a glass phase. Very recently, the strurties of aluminum in crystalline and noncrystalline phases,
tural and vibrational properties of glass cluster Athave is employed to model the atomic interaction in,Adlusters.
also been theoretically studied by Garzon andThe standard microcanonical MD method without any
Posada-Amarillas? in which the Guptan-body potential boundary conditions is used in the calculation. The Newton-
was used. In the studies on the thermal behavior of metdaan equations of motion are integrated using the Verlet
clusters by Bulgac and co-workersthey found that the method with a time step of 42010 ° s. Since the momen-
magic Ng; cluster can be transformed to the glass state upotum of the center of mass and the total angular momentum of
heating. In fact, the existence of a disordered structure as tithe system are carefully eliminated from the calculations,
low-energy configuration of the metal cluster was also rethe temperature refers only to the vibrational modes; it is
ported in other theoretical work1° given by

Il. COMPUTATIONAL DETAILS
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where(E,) is the time average of kinetic enerdy is Boltz- E=-118.07eV [
mann’s constant, and is the number of atoms in the cluster. 1 M A
To characterize the structural changes with temperature 0F =410
we have calculated the root-mean-square bond-length fluc rd
tuation at various temperatuf@s
5
5(T)= D (RE)— (R @ af
( N(N—-1)& R;; ' amMoz T
E=-117.857¢V w2
where() is the average over the entire trajectory, @dis 1 M
the distance between the atanand the atonj. L

The heat capacity per atdtis also calculated for the
clusters:

3Kg(3N—6)(KgT)?

C,= . 3
P 2[(3N=6)(KgT)2~2((E)) —(E)?)] ©
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E=-104863¢V 4} H‘
A
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To study the cluster size changing with temperature, we
calculate the average principal radii of gyratiaiiR().(R,),
(R3)) of the cluster. The principal radii of gyratioR; are
given by

Ri=VIi/N, 4 ZININY TN ol
wherel; is the principal moment of inertia of clusters. From I"?S'{S"l on 5
the principal radii of gyration, we can approximately define \‘\\ 4‘ Ah E=-104.268eV - 4r A
the volume of clusters, \L DN 'AL" 0 ﬂ L.Ln
NIAY LS N
V=~ %WRleRg. (5)
We have performed the MD run with>210P steps for Al FIG. 1. Left: the stable isomers and their enerdie¥) of the

and Al 5% 10¢ steps for Al at various temperatures far Al 45 cluster, the upper two configurations correspond to glassy

from the melting region. While at the temperature near th structures. The cluster shown on the top is the lowest-energy state.
. . . q?ight: pair-distribution function corresponding to the structures on

melting point (T,,), the system is allowed to propagate OVer . =\ ett

2Xx10° steps for equilibration and the trajectories are re- '

corded in the next % 10° steps. For Al; cluster, at a tem-

perature from 300 to 1200 K, we increased the number of Though thel,-like structures are found to be the most

steps to 16, and found that the results do not change. ~ Stable for Aks, Alss, and Aly4; clusters, however, it does
not mean that thé,-like structure is the most stable for all
Il RESULTS AND DISCUSSIONS the clusters that could have the icosahedral symmetry. For

Al,3, the obtained lowest-energy structure is found to be

We have studied a few aluminum clusters that might haveneither I, like nor O, like; it shows a highly disordered
high [icosahedrall,) and octahedral@,)] symmetry. To structure. The energy of the most stable disordered configu-
determine the lowest-energy structure for each cluster, weation is 3.11 eV and 3.70 eV lower thaglike andO,-like
employ the simulated annealing strategy. We find that, foistructures, respectively. From our simulated annealing calcu-
Al;3, the lowest-energy structure is icosahedral-like, the oclations, we find that the cluster 4d has a very large number
tahedral structure has a higher energy, which is in agreemenf inherent disordered structures relative to the number of its
with the first-principles calculatidfi?* except for the ab- high-symmetry structures. In Fig. 1, we show the equilibrium
sence of a small Jahn-Teller effect. For;Al the lowest-  structures of four isomers for A4 along with their pair dis-
energy structure is aldg like, but a distorted, isomer only tribution functions(PDF. The structural differences between
0.01 eV higher in energy has been obtained, in comparisodisordered and ordered isomers are well illustrated by PDF.
with the first-principles calculatidfi in which the distorted For the disordered isomer, PDF has a clear tendency toward
I,-like structure is the most stable. For 4}, in agreement a more uniform distribution. The splitting of the second peak
with the tight-binding model calculatiolY,we find that the in the PDF, an indication of bulk glass metals, is already
I,-like structure is also the most stable, although the energpresented in the disordered cluster Al To further show
difference between the icosahedral-like and octahedral-liké\l 43 being glasslike, we present the energy of each atom
structure becomes very sm#&ll.03 eV per atom These re- versus its distance to the center of mass of cluster A
sults suggest that the present potential can be used to dBig. 2. For comparison, the result for Ak is also shown.
scribe the properties of Alclusters. We find that, for the high-symmetry cluster A, atoms
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form shells, the atoms in the same shell have the same en- o
ergy. However, for the glass cluster Al different atoms .
have different energies. This characteristic energy distribu-
tion clearly shows the structural disorder in the clustej;Al 0.0 1000 1300
Usually, the stable structure of cluster is expected to have Temperature(K)

a high symmetry. However, since the structure of cluster is _
determined not only by the electronic effect and also by the FIG. 3. The root-mean-sq_uare bond-length fluctuations, total en-
geometric effect, not all the clusters with a high symmetry is¢"9Y: and volume as a function of temperature fogf\whereVo
favorable. For aluminum clusters, A, Alss, and Aly,7, Is the volume at 0 K.
whenever they take thig, or Oy, structure, the surface atoms
can form a compact shell structure, and it is energeticall;i
favorable. For Al3, either withl,, or O, structure, it would en
be energetically unfavorable since the compact shell stru
ture cannot be formed. This is probably the reason why; Al
shows a disorder structure. .
Since the adopted simulated annealing method does ntg'[:'
guarantee the obtained lowest-energy disordered structu
corresponding to the global minimum of the potential energ
surface of cluster Al;, it could be possible that other or-
dered or symmetrical structures other than the icosahedral

octahedral structures exist with a lower energy. However, - . . )
none of the ordered configurations is observed in our anneaft /UMP atT=850 K (Fig. 5, which can be characterized as

ing process. These results suggest that the topology of tﬁge felatgre ofa solidr—ll_iqhui_d p;ﬂaste t(anlsiti_on. ,tb\n en(?rgy {;J_mp
potential-energy-surface of cluster Alis characterized by In caloric curves, which 1S the typical signatureé of meiting

the low-energy configurations corresponding to disordereéor a crystal with the existence of latent heat, can clearly be
structures. Similar results have also been observed in the

In the region of coexistence, the root-mean-square bond-
gth fluctuations and the volume of the cluster defined by
CI_Eq. (5) change significantl(see Fig. 3, but the changes
occur continuously due to the finite-size effect. Similarly, the
energy changes smoothly with the increase of temperature
g. 3. In addition, as we can see from Fig. 4, thdike
ak in the heat capacity suggests a phase transition that can
e identified with melting. This melting behavior is in accord
with the picture of a first-order transition by the finite-size
fects?>2® Similar behavior of other 13-atom clusters has
een found by several authdr&For Al,,,, the volume has

Ausg clustert® In the quenching simulation of the<Cl) 3, uk eg' |

cluster, an opposite behavior was found, in which the glass ©

minima are at lower energies than those corresponding to a ©

high-symmetry structure. g or °8&
There are many studies that were devoted to the dynami- § ° ¢

cal properties of clusters, however, most of them were con- < 7 [ ® g 1

centrated on the high-symmetry clusters. As it is known, the  § @ °

thermal properties of the crystalline phase and the glass < 5| S &

) . . ) s

phase are quite different. To look into the dynamical proper- o8

ties of high-symmetry and glass clusters, we have first stud- 3 F o000, o0 PE |

. . . . _ 0 (oo

ied the melting behavior of high-symmetry clusters. For

Al,3, its melting behavior, similar to LJ 13-atom clustérs, 1 L . 1 L L ! 1 L

has been observed. When the temperature increases, the clus- 200 600 1000 1400

ter changes from a rigicsolidlike) to a nonrigid(liquidlike)
state via an intermediate state in which both states coexist.
The coexistence of the solidlike and liquidlike state is over a FIG. 4. Temperature dependence of heat capacity per atom for
finite range of temperature of about 350 K. Al 45.

Temperature(K)
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FIG. 5. The root-mean-square bond-length fluctuations of eac§hell, total energy, and volume as a function of temperature for
shell, total energy, and volume as a function of temperature foAl43, WhereVy is the volume at 0 K.

Aly47, whereV, is the volume at 0 K. _ B _
melting of glass cluster Ak cannot be classified into the

first-order phase transition as observed in high-symmetry
cluster Aly4;. However, these behaviors are very similar to

the glass transition in the bulk glass. The characteristic be-
havior of the heat capacity is an especially important prop-
ty of the melting of a glass cluster. In fact, the continuous
anges of volume with temperature shown in Fig. 6, which
the basic feature of bulk glass-liquid transition, provides
urther evidence for the glass transition. Again, the change of
volume indicates that the melting of disordered,Ak quite

observed for Al,; cluster from Fig. 5. Different from Al;,
S increases abruptly dat=850 K for cluster Al 47 indicating
the melting. Comparing with cluster A, the cluster Al
changes from a solidlike to a liquidlike structure directly
upon heating and no intermediate state is observed during
finite temperature range in the melting process. The abrugdt
change of the volume and total energy is similar to the cas
in bulk material as the melting occurs. In a word, for high-

symmetry Al;; and Al, 47 clusters melting can be unambigu-
o)l/Jst ide);\tifilgd. H g g different from the high-symmetry clusters.

To study the thermal properties of the disordered cluster W& have noted that there are some fluctuations appearing
Al .5, we first calculates changing with temperature as in the heat capacityFig. 7). To see if the fluctuation comes
shown in Fig. 6. From the figure, we can see thatcreases from the small numbers of steps, we have recalculated the
linearly at low temperature. AT~400 K, it begins to rise €8t capacity ]:N'th many more time Ste%S up td;ﬂ;’gbps at
rapidly, up to 900 K, then the changes become slow. It i€MPeratures from 300 K to 1400 K, and run'3.00" steps

interesting to note that the rapid increasesoliappens in a
wide range of temperature, namely from 400 K to 900 K. At
T=400 K, the sharp increase éfindicates the onset of the
diffusive movement of atoms, and the structure begins to
change. AtT=900 K, § approximately reaches 0.29, and
above this temperatur@, almost saturates. According to the
Lindemann rulé? the cluster has become liquidlike when T
>900 K. In Fig. 6, we also present the results for the tem-
perature dependence of the energy per atom. In contrast to
high-symmetry clusters, there is no jump or a sharp change
in the caloric curves from low temperature to very high tem-
perature, at which the cluster has melted. It means that the 2 L L ' '
latent heat is absent for glass cluster,Al In Fig. 7, we 200 690 1000 1400
. . . emperature(K)
show the heat capacity as a function of temperature, there is
no clear peak as observed for,A|l while the heat capacity FIG. 7. Temperature dependence of heat capacity per atom for
has only a steplike jump from 400 K to 900 K. In terms of Al ,;. Square, data collected throughout 20° MD steps; triangle,
the changes of the total energy and the heat capacity, th#ata collected throughout $MD steps.

5 T T T T

=
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Heat Capacity
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at a few temperatures. The obtained results are also plotted surface atoms before the overall melting. Therefore, we do

Fig. 7 (triangles; we find that the fluctuation does not sig- not think that the surface melting really occurs injfy. For

nificantly decrease. These results suggest that the fluctuatio 45, from the change of of each shellFig. 6), no surface

in the properties of Al; is intrinsic, which may be due to its melting can be observed too, it implies that the surface melt-

complicated potential surface, and it is difficult to reduce theing will not occur in the glass clusters, since in the glasslike

fluctuation just by increasing the number of steps. cluster, the energy difference between the surface atoms and
According to the discussion above, we find that the therthe inner atoms becomes small.

mal behavior of glass cluster § has the basic features

similar to the bulk glass transition. However, because of the IV. SUMMARY

size effect in cluster Az, the transition is over a very wide

range of temperatures up to 400 K; it is difficult to exactly

determine a transition temperature for the glass clustes.Al

Similar to bulk glass, the transition region will probably also

depend on the heating rate. 1jcosahedral like, in agreement with previous studies. While

For a long time, people are interesting in the behavior o ; . )
surface melting for bulk materials. Although the standard©" A3 the structure is glasslike. For the high-symmetry
lusters, the results of thermal and melting behavior are simi-

argument was that the surface premelting could always tak . . .
place, recent experiments have shown that the overheat to th_os_e observed pr_ewously. The size effect_m the small
Surfa(’:e can be observed. Since thélAl) and A(100) sur-  © uster is important, which can lead to the coexistence of a
face can be overheatéa.it is interesting to know if the liquidiike state and a SOI.'d“ke state._ln _thg large h'gh'
surface melting can exist in the cluster, even though the Su's_ymmetry_ clgst(_ar, the melting process 1S S|m|lar to the first-
face melting of thel,, cluster has been observed in Sc)meorder solid-liquid phase transition. However, in the glass
metal clustergNiss arr]1d Cu) and LJ clusterd® For Al ;5 clust_er Algs, the _continuous ch_ange (.)f the volume _an_d the
the root-mean-square bond-length fluctuation for the tota?teIOIIke chg_nge_ in heat capacity, which are very ?'m"ar to
cluster and outermost 12 atoms have similar behafgee glass transition in bulk, are found. Because of thg size effect,
the change of energy, volume and heat capacity are even

\I/:vl|?h ?c))}(:\r/]i%rueslssti\gizzgtlzo?o Aslurfactehemfétér:gmlgaigsrgﬁgzntsmOother than that observed in bulk glass. The melting of the
. 147 3 -

. : Sqlass cluster is inherently different from the melting of high-
bond fluctuations for each shell has very small d|fferences mmetrv clusters. Contrary to what is observed indind
below 800 K(see Fig. 3, it begins to change significantly at y y i y B

the same time, which indicates that melting happens simul9u55’ we have not observed the surface-melting behavior in

taneously in the whole cluster. In fact, as discussed in Ad”‘” studied Al clusters.
clusters by Ercolessi, Andreoni, and Tosagijrface melting
should not exist in aluminum icosahedral structure where
only (111) facets are present, since it is shown thaflAl) We are greatly indebted to Professor Q. Q. Zheng for his
has a lower surface free energy than the liquid surface ataluable help. One of the authof®. Y. Sun would like to
Tm.2" However, it needs to be pointed out that we have als@xpress his gratitude to L. J. Zou and W. Fan for their valu-
observed the emergence of floater-vacancy pairs as meable discussions. This work was partially supported by Pan-
tioned in previous papers about surface melting of cluiter, Den Project, the National Natural Science Foundation of
but we have not observed the significant diffusion of theChina, and Important Project of CAS.

In summary, we have studied the structural and thermal
properties of A}, clusters by MD and the simulated anneal-
ing method with theglue atomic potential. We find that, for
Al 13, Algs, and Aly,; the lowest-energy structures are
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