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Density functional molecular dynamics simulations have been carried out to understand the finite temperature
behavior of Aygand Auy clusters. Ay has been reported to be a uniqgue molecule having tetrahedral geometry,

a large HOMG-LUMO energy gap, and an atomic packing similar to that of the bulk gold (Li, J.; et al.
Science2003 299 864). Our results show that the geometry of;fis exactly identical with that of A

with one missing corner atom (called a vacancy). Surprisingly, our calculated heat capacities for this nearly
identical pair of gold clusters exhibit dramatic differencesyundergoes a clear and distinct solid-like to
liquid-like transition with a sharp peak in the heat capacity curve around 770 K. On the other hagldagu

a broad and flat heat capacity curve with continuous melting transition. This continuous melting transition
turns out to be a consequence of a process involving a series of atomic rearrangements along the surface to
fill in the missing corner atom. This results in a restricted diffusive motion of atoms along the surfacg of Au
between 650 to 900 K during which the shape of the ground state geometry is retained. In contrast, the
tetrahedral structure of Aglis destroyed around 800 K, and the cluster is clearly in a liquid-like state above
1000 K. Thus, this work clearly demonstrates that (i) the gold clusters exhibit size sensitive variations in the
heat capacity curves and (ii) the broad and continuous melting transition in a cluster, a feature that has so far
been attributed to the disorder or absence of symmetry in the system, can also be a consequence of a defect
(absence of a cap atom) in the structure.

I. Introduction A more recent exciting report has shown photoelectron spec-
Recently discovered clusters and nanostructures of gold aretrOSCOlDiC evidence of hollow golden cages with an average
y 9 diameter of 5.5 A in the size range of 16 to 18 atdhEhese

found to have a rich chemistry with potential applications in . . .
materials scienck medicine? and the area of catalvsig. In predictions were further supported by the theoretical calculations
' ' ysIs. in the same report. However, A4is the most intriguing gold

particular, small clusters of gold have attracted interest as tips cluster reported so 47 Experimental studié&13 report this

and contacts in molecular electronic circhitand also as . .

chemical catalyst& Experimentally, even a small cluster such cluster to have a pyramidal struc_ture (tetrahedral symmetry) with

as Au has been reported to catalyze the oxidation reaction of each of the four faces representing the (111) surface of the Face
Centered Cubic (FCC) gold. Itis reported to have a large energy

CO.7 However, these properties are reported to have strong size - . .
sensitive variations. Another factor influencing the application gap between the Highest Occupied Molecular Orbital (HOMO)

of gold clusters is their thermal stability. It is noted that several and I_‘OWESt Occupied Molecular Orb_ltal _(LUMO)'.Th'S energy
Au clusters undergo structural transformation or tend to grow 92P IS greater than that oflsgsuggesting it to be highly stable
readily by migrating and mergifigunder high-temperature and chemically inert. On the_other hand, its structure with h|g_h
conditions (500 K and above). These effects have important surfac_e area .and large fraction qf corner sites with .Iow atomlc
consequences in the applications involving elevated temperature$0rdination is expected to provide ideal surface sites to bind
and the growth mechanisms of clusters. In this context, a study Various molecules such as CO,,@nd CQ for catalysis. The
on the finite temperature behavior of Au clusters is of consider- Structure of Aus is also seen to be very similar to that of Au
able importance. with one missing corner atom. In this context, it is interesting
Since the pioneering reports on the possible applications of to have an under_standing on_the the_rmal_stgbility of these two
gold clusters, a large amount of experimehtaid theoretical ~ 90!d clusters having an atomic packing similar to that of bulk
workl® has been devoted to understand the structural and90ld. Hence, in the present work, we study the finite temperature
electronic properties of Au(n < 50) clusters. These reports behavigr of Aue apd Auzp using the first principles Molecular
have demonstrated that gold clusters have very different physicalPynamics (MD) simulations.
and chemical properties as compared to their bulk counterpart. While several experimental and theoretical studies have been
devoted to understand the ground state geometries and chemical
* Address correspondence to this author. reactivity of gold clusters, there are very few reports on the
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finite temperature properties of gold clustétd> The classical experimentally observed geometriés!s Thus, the accuracy of
MD simulations by Landman and co-work&$° on medium- the DFT method on Au clusters in this size range is well tested
sized Au clusters (1501500 atoms) indicated that the clusters by now.

in this size range undergo a solid-to-solid structural transforma-

tion around 700 K, before eventually melting around 780 K. Il. Computational Details

This is at a much lower value as compared to the bulk melting

We h timized about 300 tries fi h of th
temperature of 1377 K. However, to the best of our knowledge © have opfimized abou geometies for each of fhe

" . . ' clusters, to obtain the ground state geometry and several low-
only one ab |n|t|p _molecular dynamics s_tl}éyattemptmg to energy isomers. The initial configurations for the optimization
understand the finite temperature behavior of Au clusters has, are optained by carrying out a constant-temperature dynamics
been reported so far. of 100 ps each at various temperatures between 400 and

As the cluster size reduces, the electronic effects play a more1600 K. Once the ground state geometry is obtained, thermo-
explicit role in controlling the structural and thermal properties dynamic simulations are performed by using Beppenhe-
of the clusters. This is amply demonstrated by several first imer MD based on the KohnSham formulation of Density
principles molecular dynamics simulatios2> which have Functional Theory (DFT§2 The ionic phase space of the clusters
successfully explained various experimental findffigé on the is sampled classically in a canonical ensemble according to the
finite temperature behavior of sodium, tin, gallium, and method proposed by ¢e? The mass of the Nse thermostat
aluminum clusters. These experimental studies have brought outiS chosen such that the characteristic frequency of the thermostat
various interesting phenomena such as higher than bulk meltingfalls within the range of the vibrational eigen frequencies of
temperatures in Ga and Sn clusté3! and strong size  the system. The potential energy distribution obtained by the
dependent variations in the melting temperatures of Ga and Al Nose thermostat with this mass is further seen to be statistically
clustersi233However, the most surprising experimental finding Similar to the one generated by using an isokinetic velocity
i the size-sensitive behavior of the shape of the heat capacitie$S¢2/g aIgonthnf.O.T’he MD simulations have been carried out
where addition of even one atom is seen to result in a dramatic by using Vgnderbnt s'ultrg-soft pseudopotenﬂélwnhm the
change of shape, prompting some of the clusters to be called"ocal Density Approximation (LDA) f(_)r describing the cere
“Magic Melters”32 This means that while some clusters do valance interactions as implemented in the vasp packdger ,

. . - choice of functional was based on the fact that the energetics

undergo a conventional and clear melting transition, others .
undergo a near-continuous transition making it very difficult of the gas-phase Au clusters using LDA-DFT calculatibnms

. . . o seen to match more closely with that of the CCSD(T) calcula-
to |dent|f_y any ?eanlngful transition temperature. In a recent g <43 oy energy cutoff of 13.21 Ry is used for the plane wave
cqmmunlc?t|ori, ,}Ne ha}ve clearly demonstrated that.a cluster expansion of Au. We have used cubic super cells of length 20
with local “order” (an island of atoms connected with equal & 30 have ensured that the results converge with respect to a

bond strengths) displays a well-characterized melting transition frther increase in the energy cutoff and size of the simulation
with a distinct peak in the heat capacity curve, while a poy.

“disordered” cluster is seen to undergo a continuous transition  £ojiowing the finite temperature study, the ionic heat capacity
with a flat heat capacity curve. Further, it is noted that this size- 5f poth clusters is computed by using the multiple histogram
sensitive nature in small clusters is related to the evolutionary (\H) method?#445 The computation of the heat capacity with
pattern seen in their ground states and is seen to exist in clustershe MH technique is sensitive to the number of temperatures at
of sodium, gallium, and aluminuft:®>% which the thermodynamic behavior of the cluster is simulated.
In what follows, we show that this dramatic variation in the The range and the number of temperatures must be chosen so

shape of the heat capacity curve is also observed in the presenas to have an adequate overlap of potential energy distribution.
pair of gold clusters, viz., Ais and Awo. This observation has ~ To have areliable sampling, we split the total temperature range
also thrown light on additional factors responsible for a from 400 to 1600 K into at least 15 different temperatures for
continuous melting transition in clusters. As we shall see, in Poth clusters. We maintain the cluster at each temperature for

contrast to gallium or aluminum clusters, the flat or broad heat @ period of at least 100 ps after equilibration, leading to a total
capacity curve in A s attributed to a “vacancy” in the surface  Simulation time of around 1.3 ns. We have further ensured that

(or a surface defect). This “vacancy” results in a chain of atomic U heat capacity curve does not change with the addition of

rearrangements leading to a restricted diffusion of atoms along @dditional temperatures between 400 and 1600 K. The MH

the surface. In contrast, Asiundergoes a relatively sharp _methoq gnd the various errors associated with it are discussed
melting transition with a clear peak in the heat capacity curve in detail in one of the earlier works.

around 770 K. Thus, these results bring out an understanding t,?'n;'mp;)rtantl solu:pe otfherfr'or.tlntMD S|mL:Iat|ons IS tt;e I|rr|1t|ted
not only of additional factors contributing to the broad melting E:r:ztlgz tﬁ;f?h(;uaatl) Iir;?tio ﬁa'tr&'r: o?r'::\‘)eerr:ettlrrligrour)tgr;?:étrigﬁ));]
transition in clusters but also of the relative thermal stability of P

. on the simulation time scales. An examination of the conver-

these unique tetrahedral gold clusters. : S -
) ~gence of various thermodynamic indicators has indicated that
It may be noted that the present work is based on the Density 3 simulation time of 70 ps is sufficient enough in the present

Functional Theory (DFT) method. We also use plane wave basiscase. During the MD simulations, the small amount of angular
whose advantages for carrying out accurate MD simulations aremomentum of the clusters is removed from the equation of the
well established” Indeed, an excellent agreement has been jonic motion at every step. Another way to remove the angular
obtained for properties such as melting temperature, latent heatmomentum from the clusters is described in one of the recent
and the shapes of the specific heat capacity curves for clustersyorks46

of sodium (delocalized charge densit§)gallium and tin Various other thermodynamic indicators such as the mean-
(covalently bonded system%)3> and aluminun?® It may be squared displacements (MSDs) of ions and the root-mean-
further noted that the ground state geometries found here andsquared bond-length fluctuation (RMS-BLF 049 are also

for Au, (n = 16—21) by DFT calculations agree with the computed. For the sake of completeness we briefly discuss these
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(¢) E=0.077 eV (a) E=0.000 eV

(d) E=0.113 eV (¢) E=0.188 eV (f) E=0.212 eV (d) E=0523 eV (¢) E=0.553 eV (f) E=0.587 eV

Figure 1. The ground state geometry and low-lying isomers ofAu Figure 2. The ground state geometry and low-lying isomers ofAu
The energy below is the difference in total energy of the isomer with The energy below is the difference in total energy of the isomer with
respect to the ground state energy. respect to the ground state energy.

parameters. The parametersis a measure of the fluctuations (a)
in the bond lengths averaged over all the atoms and over the
total time span. It is defined as

. 2 (mijzm_ Ijjij ﬁ)l’z
N(N — 1)i5 mijm

1)

rms

Figure 3. The distribution of shortest bonds (2.63 A) in Aand At
whereN is the number of atoms in the systemjs the distance The rest of the interatomic bond distances (for the first nearest nearest
between atoms andj, and [1.[J denotes a time average over neighbor) in both the clusters are 2.75 A.
the entire trajectory. The MSD is another widely used parameter
for analyzing a solid-like-to-liquid-like transition. In the present in both ground state geometries. Thus,éean be considered
work, we calculate the mean-squared displacements for indi- as Ao With a vertex defect.
vidual atoms, which is defined as The atoms in Awg as well as Agg are bonded to their first

nearest neighbors with bond distances of either 2.63 A (shortest

5 1M ) bonds in the cluster) or 2.75 A (next shortest bonds). It is

(= — Z [R(tom + 1) — R(tg)] 2 interesting to display the connectivity of the shortest bonds to

M = bring out the differences in them. Parts a and b of Figure 3

show the distribution of shortest bonds (2.63 A) for the case of
Auig and Auyg, respectively. Clearly, the shortest bonds are
distributed only along the surface of both clusters and form a

closed network in Agph, while in Aug they form an open

network due to the missing atom. It turns out that the presence

of the vertex defect and open skeleton of shortest bonds ig Au

MISDS. olf_li(ndividual atohms frhom;heir equilibriulrfrf1 posi:]ions.r:n play a significant role in the finite temperature behavior of the
ah'qul'd" € stgte;], on the other ar;ld, aton;]s diffuse t (rjougl OUtfcIuster around 650 K and initiate a set of restricted atomic
the cluster and the MSDs eventually reach a saturated value o rearrangements on the surface.

the order of the square of the cluster radius. More technical o low-lying isomers of Aw, (shown in Figure 1bf) are

q%tgils conce:jning the extracticor;] ofhthermodyr.lamic aV(':'r‘rj‘g"fjs’clearly devoid of a regular triangular arrangement of atoms seen
Indicators, and computation of the heat capacity curve can bej, the ground state configuration. The first low-lying isomer of

found in previous work® Augg (Figure 1b) is nearly 0.065 eV higher in energy as
compared to the ground state configuration,floas several
isomers with continuous energy distribution between 0.065 and
We begin with a discussion on the ground state geometries0.7 eV, some of which are shown in Figure 1, partd.cThis
and some representative low-lying isomers ofifAand Awg can be contrasted with first low-lying isomer of Aushown
which are shown in the Figures 1 and 2, respectively. Itis clearly in Figure 2b), which is almost 0.44 eV higher than the ground
seen from these figures that the ground state geometry gf Au state geometry. This structure has one central atom and the rest
(Figure 2a) is a tetrahedron. The ground state geometry gf Au of the 19 atoms arrange around this central atom so as to have
(Figure 1a) differs from that of Au by a single missing vertex  a highly deformed tetrahedron. This configuration is degenerate
atom of the tetrahedron. This is in agreement with the recent with the hollow cage configuration of Apy (Figure 2c). The
experimental and theoretical predictioddsQuite clearly both fact that there are a couple of isomers well separated from the
structures are symmetric, with ordered triangles stacked overground state geometry correlates very well with the existence
one another. The rest of the geometric parameters such as bondf a relatively sharp and well-defined peak in the heat capacity
lengths, bond angles, and dihedral angles are almost identicalcurve of Alpe. Bixon and Jortnéf have established an explicit

whereR is the position of théth atom and we average over
different time originston, spanning the entire trajectory. The
MSD indicates the displacement of an atom in the cluster as a
function of time. In the solid-like region, all atoms perform
oscillatory motion about fixed points resulting in negligible

I1l. Results and Discussion
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Figure 4. The heat-capacity curves of Apand Ato. Co = (3N —

9/2)Kg is the zero-temperature classical limit of the rotational plus
vibrational canonical specific heat. The bar at the peak of thg Au
curve indicates the maximum estimated error in the height. The peak (d)

positions are stable to withig50 K. Figure 5. (a—e) Snhapshots of restricted rearrangement of atoms in

vtical relati hip bet It h teristi d th Aujge around 650 K. (f) Arrows depict the continuous atomic rearrange-
analyucal relationship between meiting characterstics an € ments that take place to fill in the missing cap atom between 700 and

internal energies of the isomers. They show that clusters havingggg k.
a large energy gap within the isomer distribution and a
considerable spread of the high-lying isomers (which is the caseduring this process. At the end of this rearrangement (see Figure
for Auzg) exhibit a clear transition in their caloric curve, while  5e), it is seen that the top edge atom (atom “C”) imf\moves
clusters having a continuous distribution of isomers do not to cap the missing vertex atom seen in Figure 5a. The next edge
exhibit such a clear melting transition. Our calculations are atom (“B”) moves up to occupy the position initially occupied
consistent with their observations. It also may be noted that by atom “C” and atom “A” occupies the position occupied by
similar features in the heat capacity curves were also observed‘B”. Now this creates a vacancy or defect at the position initially
in the case of a few other clusters by using Lennard-Jonesoccupied by the atom “A”. Thus, we now have aAcluster
potentials!® Some other representative low-lying isomers of Au that is rotated by 90in the anticlockwise direction (Figure 5e)
20 are shown in Figure 2df. We also note that the atoms in all  with respect to Figure 5a.
the high-energy configurations of both clusters are bonded to  Around 650 K, only a single edge is displaced so as to cap
each other through a much wider and continuous range ef Au the missing vertex atom. Between 700 and 900 K, we see a
Au bond lengths (ranging between 2.67 and 2.90 A) as comparedcontinuous displacement of atoms along all the edges as shown
to those in the ground state geometry. in Figure 5f as the vacancy is shifted from one vertex to the
Now, we present the finite temperature behavior of both other vertex. A remarkable feature of this motion is that the
clusters. We begin with a discussion on the calculated heatoverall shape of the cluster remains approximately tetrahedron
capacity curves which is shown in Figure 4. The figure brings with a missing cap. Around 1000 K, the tetrahedron structure
out a remarkable feature, viz., a significant size-sensitivity nature is destroyed and the cluster visits its first and second high-energy
of the heat capacity curves. The heat capacity curve gbhAu configurations. The cluster finally melts completely above 1200
has a clear and recognizable peak around 770 K, with a width K. This leads to a broad feature (between 650 and 1200 K) in
of about 250 K. In contrast, the heat-capacity curve ofsAa its heat capacity curve.
cluster with a vacancy, shows a broad and almost continuous In contrast, the ionic motion of Ay shows all the atoms to
solid-to-liquid transition between 650 and 1200 K. Thus, this vibrate around their initial positions until about 750 K. The
is yet another example of dramatic change in the shape of thecluster undergoes a structural transformation from the ground
heat capacity curve with the addition of a single atom. As state geometry to the first isomer shown in Figure 2b around
already noted this size-sensitive nature has been observed earlieBOO K. The cluster visits other isomers around 900 K and melts
in Ga, Al clusters experimentalR#:33 completely above 1000 K leading to a clear and relatively
It is possible to make a detailed analysis of the ionic motion narrow melting transition.
by examining the trajectories of the clusters. An analysis of the  This contrasting behavior is brought out more clearly by
ionic motions of Ayg reveals the cluster to vibrate around its examining the MSDs of the individual atoms. It may be recalled
ground state geometry until 600 K. Around 650 K, the cluster that we have ensured that our clusters do not rotate and hence
undergoes a peculiar structural rearrangement so as to fill inthe MSD values that we report correspond to the absolute
the vacancy (the apex atom). The snapshots of this structuraldisplacement of the ion from its original position. In Figure 6,
rearrangement are shown from Figure 5a to Figure 5e. Figurewe show the MSDs of individual atoms in both clusters in the
5a shows Ay with a missing cap atom. Note that, at the end temperature range of 45@000 K. It is clear from parts a and
of the structural rearrangement (Figure 5e), the vacancy that isb of Figure 6 that atoms in both clusters vibrate around their
present on the top in Figure 5a is shifted to the bottom edge. equilibrium positions at 450 K. Around 650 K, the rearrange-
We denote the edge consisting of atoms “A”, “B”, and “C” as ment of atoms along one edge in Aus reflected in slightly
the reference edge. Coming to the details of the structural higher mean-squared displacements (around 3 A) in Figure 6c.
rearrangement, as the cluster evolves around 650 K, it is seenThese values increase continuously in;fdas shown by the
that these atoms in the reference edge push themselves upwartypical behavior around 800 K. In contrast, the MSD values in
(see Figure 5b to Figure 5d). The rest of atoms in the cluster Au, are negligible until 750 K€0.5 A) and the values increase
undergo minor displacements around their equilibrium positions sharply around 800 K. It is precisely at this temperature that
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Figure 7. Omms Of Auig @and Ato.

the tetrahedron is destroyed. The MSDs ofifAand Aug
saturate around 35 A at 1200 and 1000 K, respectively,
indicating the presence of a liquid-like state.

This contrasting behavior is somewhat weakly reflected in
the average root-mean-squared bond-length fluctuatary)(
of Auig and Ao, Which is in any case a quantity averaged out
over all the atoms. In Figure 7 we show thg,s for both the
clusters. As expected Agishows a sharp transition indicated
by a jump in thed,ms value from 0.07 to 0.20.

As already mentioned in Section Il (Computational Details),

clusters were optimized by using the Projector Augumented
Wave (PAW) psuedopotential. An analysis of these optimized
configurations reveals that the ground state geometries gf Au
and Auo remain unaffected by the change of the exchange
correlation functional. There are small variations in the bond
lengths, with GGA predicting slightly longer bond distances
(~3%) as compared to those by LDA. The rest of the structural
features such as distribution of the shortest bonds remain the
same?® An isomer analysis reveals that the first low-lying
isomers of Adg and Auyg are identical with those obtained by
LDA. The first low-lying isomer of Ayg (Figure 1b) is about
0.081 eV higher in energy with respect to the ground state
geometry (see Figure 1a), while in the case obdthe first
low-lying isomer is about 0.54 eV higher in energy. Thus, there
is a shift in the relative energies of first low-lying isomers with
respect to the ground state geometry as compared to LDA. The
first high-energy isomer is followed by a “continuous distribu-
tion” of isomers in both clusters as is the case in LDA.

To assess the effect of the GGA functional on the finite
temperature properties, we have carried out representative
simulations on these clusters at four different temperatures
between 600 and 1000 K. This region corresponds to the
predicted solid-to-liquid transition by the LDA method. These
simulations were performed for a time period of 40 ps. From
the finite temperature calculations using GGA, we have

all of the above calculations were carried out at a local density computed the multiple histograms (MH), which is a crucial input
approximation. However, to assess the role of exchangefor the calculation of the heat capacity curve. The MH is
correlation functional, we have obtained around 30 isomers for obtained when the potential energy at these temperatures is

each of the clusters with Generalized Gradient Approximation
(GGA) using the PerdewBurke—Ernzerhof functional. All the

sampled according to a canonical distribution. The multiple
histograms obtained from the GGA simulations were found to
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5 R e o o S S N L Y reported in the present gold clusters could have several
T3 - implications in the applications of these clusters and is a topic
0.28 |- - i of further research interest.
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