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Melting of gold clusters
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Investigations of the thermal evolution of structural and dynamic properties of gold nanocrystalline clusters
of variable size(Auss, Auyu and Ausg were performed using extensive molecular-dynamics simulations
employing embedded-atom interactions. These studies reveal that the thermal evolution of these clusters is
punctuated by diffusionless solid-to-solid structural transformations from the low-temperature optimal struc-
tures(truncated-decahedra for Aand Au 4 and a face-centered-cubic structure with a truncated-octahedral
morphology for Ausg to icosahedral structures. These structural transformations are precursors to the melting
transitions which occur at temperatures below the bulk melting temperature of crystalline gold, and they are
intrinsic to the thermodynamics of the clusters. The melting scenario revealed by the simulations for these gold
clusters differs from that involving thickening of a quasiliquid wetting surface layer, and in addition it does not
involve at any stage of the thermal process dynamic coexistence where the cluster fluctuates between being
entirely solid or liquid. For the larger cluster, &4, a thermodynamicicosahedral solid-liquid coexistence
state is found in the vicinity of the melting transition. The occurrence of polymorphic solid structures, that is
a cluster containing simultaneously decahedral and icosahedral parts, is discussed in light of early observations
of such structures via high-resolution electron microsc¢p®163-182609)16231-3

[. INTRODUCTION of nonmonotonic dependence on size., number of atoms
of the melting temperature of sodium clusters, suggesting
Melting of material clusters is a subject that has beemossible correlation with cluster “magic number sequences”
studied theoretically and experimentally for a rather long(that is enhanced stability of clusters of particular sizes,
time. Indeed, the decrease of the melting temperature dfriginating from electronic shell effects and/or atomic geo-
small materials aggregates with reduction of their size, dismetric packing arrangementsvi) The occurrence of icosa-
cussed as early as 1871 by Lord Rayleighas been ob- hedral precursors to melting of gold clusters, revealed via
served and studied rather extensivelst and issues pertain- MD simulations, where at elevated temperatures the melting
ing to the nature of the melting process and the existence arffocess was found to be punctuated by solid-to-solid struc-
properties of equilibrium phase coexistence in finite systeméiral transformations to icosahedral structuies.
continue to be a subject of current interest. In this paper we focus mainly on the issue of structural
In addition to the aforementioned reduction in melting transformations{(vi) abovd, through MD studies of gold
temperature, some of the main findings about melting oflusters of increasing size: A4l Auyss and Ause These
clusters include the followingi) Broadening of the melting clusters belong to &iscretg family of gold clusters, iden-
transition, and the appearance of a characteristic S-shapéified through theoretical and experimental investigatft.
loop in the caloric curvei.e., total energy plotted vs tem- Furthermore, comparison between theoretically predicted
peraturg in the transition region(ii) The occurrence of and experimentally measured x-ray scattering intensities es-
structural isomerizations upon heatitdyiven by vibrational ~ tablished the structural evolution in this family of gold
and configurational entropy consideratibifé1623, signi-  clusters** Accordingly, clusters of this family in the range of
fied (in simulationg by changes in the slope of the caloric 70—-250 atomgeffective diameters of 1-2 nnbelong to a
curve prior to melting(iii) Surface premelting, analogous to truncated decahedrabh) motif;?*® in particular, the opti-
that found in studies of heated extended surfaté¢is) Gen-  mal (low-temperaturgstructure of Ays and Au 4 are Marks
eralization of the(bulk) concept of equilibrium thermody- decahedrar(-Dh), where re-entrantl1]) facets are intro-
namic phase coexistence to include “dynamic coexistence’luced via a modified Wulff constructiéi®™?°to optimize
(DC) states, occurring in relatively small clusters where inthe clusters’ energetic stability through a balance between
the vicinity of melting an individual cluster may fluctuate in surface and strain energy contributions. Consequently, these
time between being entirely solid or liquid:** In the DC  structures(see Fig. 1 are designated as Aym-Dh (2,2,2
regime, which was observed in molecular-dynam(stD) and Auyug m-Dh (3,2,2; for the meaning of the indices
simulations, the issue of time scales is of importance, andm,n,p, see Fig. 1. On the other hand, larger gold clusters
results depend on the length of the observation time relativbelonging to the above mentioned family assume face-
to the mean interval spent in the different phases and to theentered-cubic(fcc) structure with a truncated-octahedral
transit between them. Additionally, it has been shown thamorphology(TO) and variants thereof (TQ;24?© specifi-
true solid-melt phase coexistence may occur in sufficientlycally the optimal structure of Ay is a fcc crystallite with a
large cluster§;* and the nature of such statéhat is non- TO" morphology(see Fig. 1
wetting, partial wetting, and complete wetting geomejries  The paper is organized as follows: pertinent details of the
has been exploredv) Recent experimental observatiohs®  MD simulations and analyses are described in Sec. II. Re-
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FIG. 1. Top: Energy-optimized atomistic structures of the three gold clusters studied. The two smaller clusters are Marks dggahedra:
Aussm-Dh(2,2,2) and(b) Auyugm-Dh(3,2,2), with the(m,n,p indices as indicated in the schematic drawing. ThasAaluster shown in
(c) is fcc with a truncated-octahedral morphology, T.CFor each of the clusters we display plots of the caloric cutep panel and
diffusion constantgbottom panelvs temperature, obtained from constant energy calculatiortie caloric curves we give the total energy
per atom,E/N). (a) Aug for the diffusion constantbottom panel the solid dots correspond to values obtained for the whole cluster, and
for pointsC, D, E andH the squares and open circles correspond to diffusion constants calculated separately for atoms in the inner core
region of the clustefof radius 3.78 A from the cluster center of m&&)] and in the outer shele.g., for atoms distanced by more than
3.78 A from the CM), respectively(b) Auy,e in the bottom panel values of the diffusion coefficients at pdihendE and a point between
F and G, were calculated, in addition to the total clusteolid dotg for atoms:(i) in the inner core region of the clustére., a sphere of
radius 3.85 A about the center of mass, denoted by sgu&ii¢sn a shell 3.25 A<r <5.85 A denoted by crosses; afiii) in the outer shell,
r>5.85A (denoted by empty circlés(c) Auysg in the bottom panel only values of the diffusion constant of the whole center are shown
(solid dot3. The total energiE is in units of eV,D in 10 % cn?/s, andT in K.

sults of our simulations are presented in Sec. lll, and they araumber” sequenge which has been confirmed
summarized in Sec. IV. experimentally’* In each case, the system, with zero angular
and linear momenta and constant energy, was initially equili-
brated near room temperature for 1 ns. After that period, a
copy of the system was made, its energy was incregésed

In our molecular-dynamics simulations we used the samé&xed amounk by uniformly scaling the atomic velocities,
embedded-atom metha@&AM) many-atom interaction po- and a new highefconstantenergy simulation was started, in
tentials employed by us previously in studies of the low-parallel with continuation of the simulation of the lower-
temperature size dependence of the structural motifs of goldnergy system. This procedure was repeated, yielding the
clusters’* and in our investigatiof of the melting of Ause caloric curves displayed in Fig. 1. The energy increments
In integration of the classical equations of motion we used avhich we used were 0.5 eV for Ag 1.0 eV for Au,e and
fifth-order Gear predictor-corrector algorithm with a time 3.0 eV for Ause
step of 3 fs. In calculations of the properties of the systems, the first

For each cluster we started with the low-temperaturenanosecond of the simulations at each endrgy, for each
energy-optimized structurésee Fig. 1, taken from the mean kinetic temperaturevas excludedwith even larger
predicted* discrete family of optimal structurdgse., “magic  initial periods excluded as needed, particularly near transi-

II. SIMULATION PROCEDURE
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FIG. 2. Atomic diffusion coefficientRef. 27 histograms for the three gold clusters, calculated at the lettered points, corresponding to
those indicated in Fig. 1D is in units of 108 cn/s.

tion regiong. Globally time-averaged propertiésuch as ki- versus the mean kinetic temperatur&gT=[2/(3N
netic temperatures, radial distributions, and structure factors_ 6)1(S N ,(mv?/2)), where the angular brackets denote av-
were averaged for at least 1 ns, and for much longer times i@raginglaver tilme(typically 1-3 ng, andkg is the Boltz-

the vicinity of transition regions where fluctuations are more,, 5\ constant. At the bottom panel of each figure we show,
pronounced. Dynamic properties, such as an individual atplotted vs T, the corresponding diffusion coefficierid,

om’s potential energy, its diffusion, or its positi¢the latter . -\ ~to4 for each temperature as the slopeRoft)/6
for use in common neighbor analysis calculations, see Ap—E(1/6)<<2N

; N [ri() —ri(0)]3)), wherer(t) is the vector po-
pendix A were averaged over 30 ps. sition of theith atom, and the averaging denoted by the
double angular brackets performed over both the atoms in

Il RESULTS the cluster and over time origins. We also include in the

In this section we present the results of our simulationd?0tiom panels the diffusion coefficients at selected tempera-
for three gold cluster sizes, Ay Ay and Ause TO fa- tures, calculated for atoms assigned to different regions in
cilitate comparisons between the three cases we have chosdfi cluster(see below. o .
when possible, to display our results in a “parallel” manner, In_aII cases Fhe caloric curves exh|b|t_the following behav-
that is, group together the analysis pertaining to a giver" (i) aImegrlncrease of the energy Wlth_fcemperature at the
property for the three systems. Our discussion focuses firdW- and high-temperature regimes, aiit) pronounced
(Sec. IIIA) on caloric evolution of the clustercaloric ~ changes“breaks”) in slope[see interval<CD, DEFG and
curves, diffusion, and fluctuationgurning then to a detailed ABCDIN Figs. 1a), 1(b), and Xc), respectively, as well as

analysis of structural aspects of the thermal prod&ec. smaller features for the two smaller clustgsseAB in Fig.
NB). 1(a) andLA in Fig. 1(b)]. These breaks in the slopes of the

caloric curves correlate with discontinuities in the corre-
sponding calculated diffusion coefficients, indicating that
most likely they signify the occurrence of structural and/or
In Figs. Xa@-1(c), corresponding to A, Al and (at least, partial phase transformationsee beloy As we
Auyse respectively, we display at the top the caloric curvesdiscuss below melting of the clusters occurs in the vicinities
that is the total energy per atoB/N of the cluster, plotted of the points marked, G, and C on the caloric curves in

A. Caloric curves, diffusion, and fluctuations
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FIG. 3. (a) Au,s trajectory plots for atoms in a 4-A-thick slice through the cluster, centered about the center of mass of the cluster,
calculated after equilibration of the cluster. Trajectories are shown for pGinB, E, andH (see Fig. 1 In each case the upper two
trajectories and bottom ones were calculgeath for time spans of 300 ps with the two time intervals separated by 800 ps. This allows one
to visually estimate temporal changes lack thereofin the cluster behavior during the constant energy simulations at these selected points.
In each case the trajectory on the left is projected ontaxtye plane, and the one on the right is projected onto(th® plane; spreading
(larger width along the axis) of the trajectories projected on tligz) axis indicates enhanced atomic diffusion. The values on the axis of
the trajectory plots are distances in units of (B) and(c) Same aga), but for the Ay, [in (b)] and Ausg[in (c)] clusters. Here for the
selected stagd@dicated by letters, see also Fig.\e display only one 300-ps trajectory, viewed in each case ifixtieand(y,z) planes.

Figs. 1a—0, respectively, that isT(75)~550K, T(146) diffusive atomic trajectories encompassing the whole cluster
~625K, andT(459)~ 760 K. [see pointH in Fig. 3(@)]. It is also of interest to note here

Added information pertaining to the degree of atomicthat overall the evolution of the atomic diffusive motion with
diffusior?’ in the clusters, is given in Figs(@—2(c) where increasing temperatures does not seem to initiate predomi-
histograms of the atomic diffusion coefficients are shown fomantly at the surface of the cluster, althouglarticularly at
selected stagdsorresponding to lettered points marked onlower temperaturgsa small number of atom@articularly
the corresponding caloric curves, Figsat1(c)]. From vertex and edge atomsnay be preferentially mobile on the
these histograms, in conjunction with the corresponding trasurface. Note here that even after the melting transition the
jectory plots shown in Figs.(8-3(c) we observe the fol- diffusion constant of atoms in the inner part of the cluster is
lowing. smaller than that of atoms in the outer shi@bmpare the

(a) For the Ays cluster[Figs. 2a) and 3a)], the diffusion  values marked by the square and empty circle for pii
of atoms up to(and including the temperature correspond- Fig. 1(a)].
ing to pointC[~480 K; see also Fig.(®)] is very small. The (b) For the Ayggcluster[Figs. 2b) and 3b)] the increase
diffusion is markedly increased upon increasing the meain the atomic diffusion is localized to the surface region up to
kinetic temperaturédT~485K, pointD) and grows gradu- point E [T(E)=610K, see Fig. )], with a marked in-
ally in the interval DE (485 K T<550K). Note, however, crease upon transition frofato F (near 610 K, where in the
that throughout this interval the diffusion remains rather lim-latter state atoms at both the surface and the interior of the
ited. Furthermore, one may distinguish concentric atomicluster exhibit enhanced diffusive dynamics.
shells in the heated cluster, and the diffusion occurs mainly (c) For the largest cluster, Ay [Figs. 4c) and 3c)], we
within these shells with limited atomic transport betweenobserve limited diffusive motion, localized to the surface re-
them. For temperatures aboW€E)~550K, the diffusion  gion up to pointB. However, in contrast to the smaller clus-
grows linearly with temperature at a significant ratete the  ters, a further increment in the cluster’s total energy is ac-
break in the slope of the diffusion coefficient at pdihfFig.  companied by partial melting of the clusters, resulting in a
1(a)]) and the diffusive motion becomes isotropic with the coexistence state with an interface between part of the cluster
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FIG. 4. (a) Aus cluster. Time evolutions of the kinetic temperat(fe left scal¢ and estimated diffusion constabt’ (right scale at
various stages indicated by lettdeee Fig. L In each case, the temperatures are displayed for points along the trajectory separated by 60
fs, with the white traces corresponding to 30-ps averages. The diffusion cori3tamsere estimatedusing the same 30-ps time intervals
from the slope of the line connecting the beginning and end poirRé(@} (see text, and averaged over particles and time origins. Note the
changes in scale d' (on the right axes Temperature is in K, anB’ in 107 cm/s. (b) Same as ina) but for Au,e (c) Same as ira)
but for Ausse Note the change if andD’ at stageB, occurring at~1.6 ns and corresponding to a partial surface melting of the cluster.
The decrease i and increase oD’ at stageC, occurring at=<1 ns, correspond to the partial structural transformation of the cluster, and
the changes iT andD' at stageD for t<0.3 ns correspond to melting of the cluster.

maintaining a crystalline structure and another part exhibit- In this context we comment on temporal fluctuations in
ing liquid characteristic§see C in Fig. 3(c)]. Further in- the clusters’ kinetic energy and atomic diffusion. One of the
crease in the energy of the cluster results in collapse of thprincipal observations pertaining to the thermodynamics of
whole cluster into a liquid droplet with a dramatic increase insmall clusters is the one concerning dynamic coexistence.
the diffusion. This term pertains to temporal fluctuations between equilib-
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FIG. 5. (a) Aus cluster. Number of atoms plotted versus distafrcén A) from the center of mass of the cluster, displayed for the three
stages indicated by lettefsee Fig. 1. (b) Same as ir(@) but for Auy4e () Same as ifa) but for Ausse In the panel marke® the light
dotted curvegshifted upwardscorresponds to calculations with the atom closest to the center of mass as the origin. This distinction does not
affect the other curves.

rium states of a clustefe.g., solid and liquig with indi-  tions. In both cases we observe enhanced fluctuations in the
vidual clusters transforming between being in a solid form akinetic temperature and the diffusion as the total energy con-
some time interval and in a liquid form at another; equiva-tent of the clusters is increased; note that since in each stage
lently, this term refers to an ensemble with a fraction of theof these microcanonical simulations the total energy of the
clusters in the ensemble being solid and the other fractiomluster is conserved, an increase in the kinetic energy is ac-
comprised of liquid clusters, but not to clusters comprised otompanied by a decreasgthat is a more negative valu@

solid and liquid parts simultaneously. To explore fluctuationsthe potential energy, and vice versa. From these figures we
in our systems in Figs.(4 and 4b) we show the kinetic observe that the fluctuations are enhanced at points corre-
temperatures and diffusion coefficien®’ for Au;s and  sponding to “transition stages[that is breaks in the caloric
Auyg at selected stages, plotted versus titheere the ki-  curves, see Figs.(4) and 1b)]. However, we have not de-
netic temperatures and the diffusion coefficients were evalutected any instances of dynamic coexistences, neither have
ated as short-time averagedt(~-30ps) over the simula- we found at any stage solid-liquid phase coexistence for the
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two smaller clusters. On the other hand the larger cluste [@yau, : L (&) Au,yg | L] pool g At L
(Auysg exhibits true phase coexistence, as discussed beloy 4 : 8o i 2 i
[see also the trajectory plot corresponding to p@nh Fig. 20 o 40 i 100/ & %ﬁa
3(0)]. The temporal fluctuations of the kinetic temperature =8 Fag Bl BB FAE = Elhe
and diffusion near the melting transition for the Asicluster i A s E Al 200} i A
are displayed in Fig. #), again showing no indication of i i z i
dynamic coexistence fluctuations between wholly solid and 29 5 “‘é g i 10 :
0

liquid forms of the cluster. The changes in the temperature
and diffusion at the beginning of the time intervals, seen
particularly for the stages markéglandD in Fig. 4(c), sig- *

40
nify partial melting accompanied by a structural transforma- H .
tion (see below at stageC, and completion of the melting " : E
process at stagp. 5 5
af |
_ 2 EE_ T =
B. Structural analysis g o : F
We turn next to more detailed examinations of the evolu- , 2 .
tion of structural characteristics of the clusters. In Figa) 5 g H g | B .
5(c) we display for the three clusters, at selected points “zabcdefghijkim ~?abcdefghijkim “?abcdefghijkim

marked on the corresponding caloric curvésdgs. 1(a)— CNA Signatures
1(c)], the number of atom# plotted versus the distance
from the center of mass of the cluster. From these radial FIG. 6. Histograms of CNA signaturésee Appendix Afor the
atomic distributions we observe for the two smaller clusterghree clustersa—(c), at selected stages indicated by upper-case
[Figs. Ha) and §b)], early obliteration of their detailed crys- letters(see _Fig. L Th_e dashed vertical lines sepa_rate fcc S|gnatures
talline structure occurring already at rather low temperature&€ft of the line from icosahedrafand decahedrabignaturesright
compared to their melting temperatures. However, we not&' the lin8. The CNA signaturegmarked by letters are explained
that this loss of detail occurs at temperatures for which thd Table I, Appendix A.
atomic diffusion in the clusters is rather low. From the
above, coupled with inspection of atomic configurations, wespection of atomic configurations, allows identification of the
conclude that the aforementioned fluctuation patterns in Figsype of structural transformations which the clusters undergo
4(a) and 4b) originate from enhanced thermal vibrational prior to melting.
motion in the crystalline clusteriéhermal softening rather From Figs. §a) and {a) we observe a marked change in
than from early liquificatior(premelting of the clusters. For the CNA characteristics of Ay occurring in stagd, corre-
the larger (Auysg cluster, on the other hand, we observesponding toT~350K. This change is expressed mainly by
distinct crystalline features in the radial distributions up toan increase in the amplitude of the indeterminate signatures
the melting regiori.e., see poinB in Fig. 5(c)], indicatinga (“?” ), and an increase in the amplitudes of the signatures
smaller degree of thermal enhancement of the atomic vibramarked(i) and (k). The increase in the weight of signatures
tional motions(particularly in the inner shellghan that ob- (i) and (k) indicates the emergence of icosahedral character
served in the smallefless coordinatedclusters. in the cluster. Indeed, both these signatures are higher in an
The type and degree of crystalline order in the clustergcosahedral structure than in a decahedral dinecorre-
and their thermal evolutions are analyzed in Figs)-66(c), sponds to edges between two adjad@nitl) facets, of which
where we display signatures obtained from a common neighthere are ten in an ideal decahedron and 30 in an icosahe-
bor analysis(CNA)?® for selected stages of the simulations dron, and(k) corresponds to surface vertices of which there
(see Appendix A In this analysis we distinguish between are two in a decahedron and 12 in an icosahedron. We also
signatures characteristic to a strictly fcc crystallittenoted  observe from Fig. (@ (stageB) the abrupt nature of the
by a—f and given left to the vertical dashed dividing line in transformationat ~1.5 ng. We note here that the structural
Figs. §a)—6(c)], and those ¢—m) shown to the right of the transformation to a partial icosahedral isomer is signified by
dashed dividing line, occurring only in multi-twingdeca- a small change in slope on the caloric cufsee the sequent
hedral or icosahedrglcrystallites (here we include also ABin Fig. 1(a)] and is diffusionles§see Figs. (a) and Za)].
Marks-decahedral structupe<CNA signatures which do not Interestingly, the (partia) icosahedral structure which
belong to either of these classifications are denoted by “?”"emerges already at a rather low temperature maintains up to
and are taken as corresponding to a disordered and/or meltetbse to the melting of the clust¢point E on the caloric
atomic configurations. Because the structural transformationsurve, Fig. 1a)]. A polymorph of the Ays cluster, exhibiting
which we find involve icosahedral isomers which share simidinterfacing decahedral and icosahedral parts, recorded in
lar CNA characteristics with the decahedral ones, the CNAstageA prior to the more complete transformation occurring
analysis of such transformations is more complicated for thén stageB, is shown in Fig. 8. Later in stagk after forma-
Auss and Au g clusters[which are of decahedraln{-Dh) tion of the polymorph the cluster completely reverts to its
morphology at low temperaturgthan for the fcc truncated- original decahedral forrfisee Fig. 7a)], suggesting that this
octahedral Augg cluster. Nevertheless, examination of Fig. solid-solid transformation may reflect the existence of
6, together with the time evolution of the CNA signaturesmechanisms by which the decahedsatosahedral transfor-
recorded at selected stagddgs. 1a)—7(c)] and visual in- mation can proceed in stages instead of happening every-
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FIG. 7. (a) Au,s cluster. Time evolutions of the CNA signaturage Table I, Appendix Aat selected stages, indicated by letisee Fig.
1). (b) Same as ina) but for Auye (c) Same as ina), but for Ause

where at once. The ability of gold to accommodate such The structural transformations discussed abdwéhich
high-strain intermediate states may underlie our observationsre driven by the vibrational and configurational entropy of
of icosahedral precursor states during the thermal evolutiothe clusters at elevated temperatéfesire reflected in the
of gold clusters. Similar behavior is found for the Agiclus-  scattering functions shown in Figs(a®-9(c), calculated us-
ter, with the Dh—lh transformation occurring aT~510 ing the Debye formuld’ In these plots we included the scat-
[see the stage markdlin Figs. @b) and 1b)], although we tering intensity from ideal icosahedral structurést sizes
have not isolated stable polymorphs for it. close to the given clustersequilibrated at the temperature of
As we noted, identification of the occurrence of icosahe-the transformatiorisee dashed lines above the solid line cor-
dral precursors to melting is easier for the large fcc-TQsu responding to the structural transformation sjade each
cluster. Indeed, from Figs.(6 and 7c) we observe the oc- case the structural transformation of the cluster is signified
currence of icosahedral signatures in st&ysignified par- by a change in the peak-pattern and/or line shape of the
ticularly by the abrupt increase in the amplitudes of the CNAscattering functioficompare the lines markeglin Figs. 9a)
signatureg (corresponding to twining plangandi. At this  and 9b), and the line marke& in Fig. 9c) to the scattering
stage which occurs just prior to melting tligansformed  function traces below them, corresponding to pre-transition
icosahedral part of the cluster coexists witfipgandank lig- structures of the corresponding clusieM/e note that past
uid part[see the panel marked in Fig. 3(c)]. the structural transformation stagend including the com-
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! (a) Au_g

I(s) (arb. units)

FIG. 8. Polymorph of the A cluster, recorded during the MD
simulation, exhibiting a cluster with interfacing decahedral and
icosahedral parts. The polymorph occurred-dt ns during stagé
[that isT~360K, see Fig. (); see also Fig. (&), top-left framd,
and the structure converted back to the decahedral one-afters
[see the time dependence of the CNA signatures in Fa).7The
decahedral part is marked by numb¢ts2,3 and the icosahedral
one by letters(A,B,C). The whole polymorphic Aw cluster is
shown at the top left. At the bottom left we show, separately, the
icosahedral part, and the decahedral pantated to expose the in-
ternal interfacgis shown at the top right. At the bottom right we - ) B
also display the piece of a perfect icosahedron corresponding to the 0 4 » 8 12
icosahedral partbottom left. s (nm-T)

FIG. 9. Large-angle x-ray powder-diffraction intensitibs)
plete melting of the clustgrthe variations in the scattering piotted vs momentum transfer(in nm™2), for the three gold clus-
functions are rather mild and subtle. ters. In each casiés), incorporating the atomic form factor of gold
and averaged over the simulatiofi®., calculated for individual
atomic equilibrium configurations evolving dynamically, and then
averaged is given for various stages corresponding to the points on

In this paper we reported results of extensive molecularthe caloric curve shown in Fig. l.'The dashed line corresponds to
dynamics simulations employing embedded-atom interack(s) fqr an icosahedral clgste([)f size close to that of the corre-
tions, aimed at investigation of the melting of gold clusters?‘pond'ng c_Iuster, thermalized to the temperature of the solid line
of three sizes, i.e., A, AUse and Auge At low tempera- 1St below 0.
tures(e.g., room temperaturéhese clusters are crystalline,
with Au,s and Au,g having energy optimized truncated- are illustrated by the configuration/property plots shown in
decahedral structures, and Ayibeing an fcc crystallite with  Fig. 10 (Auy,e and Fig. 11 (Aysg of Appendix B, where
a truncated-octahedral morpholo¢gee Fig. L atomistic energetic and mobility characteristics are superim-

The main finding of our study pertaining to the thermal posed on atomic cluster configurations recorded at selected
evolution of these gold clusters is the occurrence of strucstages of the thermal process.
tural solid-to-solid transformations from the above low- The melting scenario predicted by our simulations differs
temperature optimal structural motifs to icosahedral strucfrom that described previously, where no such structural
tures, as precursors to melting, with their eventual meltingransformation precursors were found, and the thermal evo-
below the bulk melting temperature of gold,(bulk) lution involved solely surface premelting, where lower coor-
=1090K, calculated with the use of the same EAM interac-dination and weaker bonding of surface atofparticularly
tions]; from our simulations we estimate cluster melting tem-at edges and corners between surface fadesls to ther-
peratures of Ty (75)~550K, Tyu(146)~625K, and mally activated processes resulting in formation of a surface
Tw(459)~760K [see Figs. (a—1(c)]. The temperatures at wetting quasiliquid layer al <T,(bulk). While we indeed
which these diffusionless structural isomerization transforfind enhanced mobility of surface atoms at elevated tempera-
mations occur are predicted to be350 K, and~510 K for  tures, for the range of cluster sizes studied here we do not
theDh—Ih of Au;s and Au 4 respectively and-760 K for  find a quasiliquid wetting layer which grows in thickness
the (fcc) TO"—1h of the Auysg cluster(see Figs. 6 and)7  consuming eventually the whole cluster. Instead, the heating
The thermal/structural evolutions of the two larger clustersprocess in punctuated in these clusters by the aforementioned

IV. SUMMARY
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FIG. 10. Cluster configuration/property plots for Aglat se- .
lected stages of its thermal evolutifin C, E, andG; see Fig. 1b)]. '
In the first three columns, configuration/energy plots are displayed d
[with the shading following the potential energy scaifeeV) at the
top]. Configuration/diffusion plots are displayed in the fourth and
fifth columns(with the scale oD in cn?/s given at the top The D
configurations in the first and fourth columns correspond to the .
Auyye cluster shown in Fig. 1 viewed along the normal to the page;
that is, looking directly into a decahedral notch. The configurations FIG. 11. Cluster configuration/property plots for Ay at se-
in the second column correspond to a view of the cluster after a 90fected stages of its thermal evolutiph, A, B, C, andD; see Fig.
rotation abouk (the horizontal axis The configurations in the third  1(c)]. Configuration/energy ploisvith shading following the poten-
and fifth column correspond to a view obtained via cutting thetial energy scale, in eV, shown at the jape displayed in the first
cluster in the middle with a meridiaimorth-south plane normal to  column and configuration/diffusion plots in the two other columns.
the page(the cut line is indicated in column)2followed by a 90°  The configurations in the first and second columns correspond to a
left rotation of the clustefi.e., the plane of the cut lies in the plane view of the Ausg cluster shown in Fig. 1 along a normal to the page
of the page, allowing view of atoms in the interior of the cluster [i.e., normal to thg100) front facet of the clustdr The configura-
Note the change of the shape of the cluster associated with thgon on the right was obtained via the planar cut and rotation de-
m-Dh—1h structural transformatiofcompare configurations in the scribed in the caption to Fig. 1@he cut line is indicated in the
left two columns at stagels and C). second column An expanded color version of this figure, including

the CNA signature, can be found as Fig. 2 in Ref. 20.

structural transformation into an icosahedral strucfureich
in the case of the larger cluster (g coexists with gpen-
dany liquid (melted fraction]; see the panel marke@ in
Fig. 3(c), culminating eventually in melting of the cluster.

Additionally, we do not find any indication in our simula-

tions for dynamical coexistence, where the whole clustef’©PY On structural isomerizatioi. Our results support the
fluctuates in time between solid and liquid forfisee Figs. latter models, in showing that the structural-transformations

Aa)-4(c)]; this is to be distinguished from the solid (icosahedralprecur.sors to the_ mglting transition (dn&ol.ated
(icosahedratiquid coexistence mentioned above. gold clusters, are indeed of intrinsic thermodynamic nature,
In closing, we remark that certain types of structural fluc-rather than the results of electronic excitations, charging or
tuations in small particles have been discussed previouslgther extrinsic effects, thus providing insights into the nature
(Refs. 4—6; see the review in Ref. 1B the context of of phase transformations of metal particles of reduced di-
high-resolution electron microscopy studi@sostly for me-  mensions. In this context we also note our finding pertaining
tallic particles, such as silver and gold, larger than thoséo the occurrence of polymorphic particlesee Fig. 8, where
treated by us hejeSeveral models were proposed to explaina cluster made of an icosahedral and a decahedral part joined
such findings(that is observations that a single particle will at an interface, is displayed for Ag). Interestingly such
change in time, in an apparently random manner, between polyparticles(though of a much larger sizevere found via
single crystal, a lamellar twin, a decahedral multi-twinnedhigh-resolution electron microscopy,where it has been
particle, or an icosahedral structur&hese models include suggested that indeed such configurations may correspond to
(i) the involvement of some relatively violent procéesy., a local energy minima stable to small perturbations. Our find-
Coulomb explosiori® an Auger cascad®,or charging®),  ing may constitute confirmation of these early studies.

and (ii) intrinsic thermodynamic models, postulating struc-
tural coexistence associated with a relatively “soft” configu-
rational energy surface'® and the effect of vibrational en-
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TABLE I. Atomic CNA signatures in terms of bond CNA signatures, for various atomic arrangements
(environmentspertinent to our study. The letters in parentheses correspond to those used in Figs. 6 and 7 for
the CNA signatures. Listed for each atomic environment the total number of nearest neigfimnds
followed by a list of the corresponding CNA signatures with the number of times each occurs in parentheses.
The information in this table corresponds to the idgarfec} structures.

Environment #bonds  CN®&) CNA®#) CNA#)  CNA® CNA(#)
fcc bulk (a) 12 42112

fcc (100) surface(b) 8 421(4) 211(4)

fcc (111 surface(c) 9 421(3) 311(6)

fcc (111)-(100 edge(d) 7 421(2) 311(2) 211(3)

fcc (111)-(111) edge(e) 7 421(1) 311(4) 200(2)

truncated octahedron

vertex (cornep (f) 6 421(1) 3112 211(2) 200(1)
icosahedral internal twinning

plane(g) 12 4226) 421(6)

icosahedral spirfe(h) 12 5582)  42210)

icosahedral surface edge 8 4222) 3222) 311(4)

icosahedral central atof) 12 55512)

icosahedral surface vertex or 6 555 322(5)

decahedral axial vertetk)

truncated icosahedral vertex or

decahedral notch vertéxl) 7 4221) 322(1) 311(2) 300(1) 200(2)
decahedral notch edgém) 10 4222) 4212)  311(4) 30002)
tetrahedral edge 6 314 2112

bce bulk 14 6666) 444(8)

A vertex atom such as one on a truncated octahedral cluster of fcc material at, for example, the intersection
of a(111), a (111), and a(100) surface plane.

®An atom in the row of atoms on the line connecting the central atom of an icosahedral cluster and one of its
surface vertex atoms. This signature also occurs for atoms on the axis of a decahedral cluster between the
two axial vertex atoms.

‘The removal of an icosahedral vertex atom leaves five new vertex atoms with this signature which had
formerly been on an icosahedral edge. The vertex atom(ontahed Marks’ decahedroiisee Fig. 1 at the
intersection of two adjacent cappiri@1l) planes at the inside corner of the notch has the same local
environment.

datoms on the inside edge of a decahedral notch, between the two decahedral notch vertices.

ACKNOWLEDGMENTS CNA fundamentally operates by categorizing such bonds.
We gratefully acknowledge useful conversations with L.,:Ehach ?f a bgnd s ftvrr? atortns hasta set of'nearter;c,t nel'gwi)ors;
D. Marks pertaining to structural transformations in clusters € Intersection of those o Sets comprises the neighbors
that the two atoms have in common. CNA characterizes the

in the context of high-resolution electron microscopy, and o . . )
for bringing Ref. 33 to our attention. This research was supP0nd by examining this set of common neighbors and speci-

ported by the U.S. Department of Energy, Grant No. FGosfying three numbers(1) the total number of atoms in the set,

86ER45234. Calculations were performed at the Georgi4?) the total number of bonds between atoms in it, &8
Tech Center for Computationa| Materials Science. The number of bonds in its |argest Cont|guously bonded sub-

set. While in general a given CNA bond signature may cor-
respond to more than one possible common-neighbor con-
figuration, in practice this is not a problem in this study.
We employ the method of common neighbor anaffsis Thus in a fcc bulk crystal, each nearest-neighbor pair shares
(CNA) to characterize local atomic environments within thefour common neighbors, among those common neighbors
clusters. We identify a given atom’s nearest neighbors aswo disjointed bonds are foun@o that the longest chain of
simply those closer to it than an appropriately chosen disbonds has only one membeThus the CNA signature of the
tancer., which we take as 3.5 A, midway between the bond is 421. Since all 12 of the bonds of each atom in a fcc
nearest- and next-nearest-neighbor shells in fcc gold. Resultsystal are the same, we say that the local environment of an
from this analysis for these clusters are insensitive to thatom with 12 nearest neighbors each of which has a 421
precise value ofr.. We speak of each pair of nearest- CNA signature is that of fcc bulk.
neighbor atoms as being “bonded” and being connected by Similarly an atom in a hexagonal-close-packed bulk crys-
a “bond,” but this merely denotes a geometrical relationshiptal (or equivalently one on a twinning plane in a fcc cryptal
and not a chemical one. has six bonds with the 421 signature and six with a 422

APPENDIX A: COMMON NEIGHBOR ANALYSIS
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signature. Table | lists the CNA signatures for some of theshaded lighterthan those of facet and interior atoms. For the
interesting atomic environments considered in this studyAu, . cluster we show also in the second column of Fig. 10
Note that classification of an atomic environment as deconfiguration/energy plots corresponding to(tap) view
scribed above is inherently conservative in the sense that Hlong the axis connecting the top and bottom vertex atoms of
only one bond fails to match a possible signature, that sigthe decahedrofithat is, a view obtained via a 90° rotation
nature is entirely rejected. In order to find configurationsapout the left-righk axis of the decahedron shown at the top
which are near to that of fcc bulk, for example, it is neces-gft corner of the figure Additionally, we display in the

sary to explicitly catalog any signatures one wants to chargsirg column of Fig. 10 configuration/energy plots obtained
acterize as having that property and track them separately.,;5 cytting of the cluster shown in the second column with a

meridian(north-south plane normal to the page followed by
a 90° left rotation of the left half of the cluster, thus allowing

The thermal evolution may be illustrated and summarized® view of the cluster interior. The configuration/diffusion
through the Configuration/propertw/(p) p|0ts’ shown in plOtS in the fourth and fifth columns of F|g 10 Correspond to
Figs. 10 and 11 for the Ays and Ausg clusters, respec- the cluster configurations shown in the first and third col-
tively. In these figures we show, for selected stages of th&imns, respectively. For the A4 cluster the configuration/
thermal evolution of the clusterfsnarked by letters corre- diffusion plots in the second column of Fig. 11 correspond to
sponding to those denoted on the caloric curves, Fig®. 1 the cluster configuration shown in the first column, and those
and Xc)], atomistic energetics and mobility characteristicsdisplayed in the third column correspond to configurations
(calculated per atojnsuperimposed on the corresponding obtained from that shown in the second column through a
atomic cluster configuratiorn@n expanded colar/p plot for  meridian-planar cut followed by rotation as described above.
the Ausg can be found as Fig. 2 in Ref. R0 The structural transformations are evident from inspection

In both figures we display in the left column atomic con- of Figs. 10 and 11; see the#p plots corresponding to stage
figurations, at the marked thermal stages, corresponding 18 in Fig. 10 (Auy4¢ showing am-Dh—lh transformation
the orientations of the Augand Ausgclusters shown in Fig.  with no indication for enhanced atomic diffusion, and those
1, viewed along the normal to the page. For both clusters weorresponding to stagé in Fig. 11 (Ausg. Moreover, from
observe at low temperaturék in Fig. 10, andL and A in  the configuration/diffusion plot shown in the third column of
Fig. 11) that the superimposed atomic potential energies-ig. 11(stageC), we observe that the transformed crystalline
(shaded according to the energy scales given at the top of ttewlid icosahedral part of the Asy cluster is in equilibrium
figureg “trace” the structural features of the clusters coexistence with a liquidmelted part which does not wet
(truncated-decahedral for Ay and fcc-TO™ for Auusg),  the solid fraction[see also paneC in Fig. 3(c)]. Eventual
with edge and corner atoms characterized by lower bindingnelting of the clusters is observed in staggéFig. 10 and
energies(less negative values of the potential enetdy D (Fig. 11).
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