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Electronic and structural properties of small clusters of Ng,Au and Na,Ag (n=1-10)
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Equilibrium geometric structures of Nau and NaAg (n<10) clusters are obtained by a pseudopotential
approach within spin-polarized density-functional theory using the Becke-Perdew-WangBP@M1) gen-
eralized gradient approximation for the exchange-correlation energy functional. The stability of these clusters
is examined via the the analysis of the binding endBfy) and second difference of energy. Properties related
to the electronic structure such as the vertical ionization potential, electron affinity, energy gap between the
highest occupied molecular orbital and the lowest unoccupied molecular orbital, and the hardness are also
determined. The BE is largest for the dimer in the,Na series and also has peaks for,Na and NgaAu. The
NaAg dimer, NaAg, and NaAg are also found to be more stable in the,Ng series. The vertical ionization
potentials of NgAu clusters are in good agreement with the available experimental data. The electronic
structure of NgAu clusters fom=1, 7, and 9 shows that electronic shell closures are responsible for the high
stability of these clusters.
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[. INTRODUCTION nonmetal transition as one moves across the alkali-metal se-
ries from Li to Cs[11]. Recently, Heizt al.reported a study
The study of the growth patterns of structural and elec-of gold-doped Na clustef$]. The experimentally measured
tronic properties of clusters have caught the attention of th&nass spectra showed a prominent peak afANawhile the
material scientists over the last two decad@s?]. While ionization potentials for NgAu clusters withn=7-9 are
pure and mixed clusters of simple metals have been studidl@und to be similar to isoelectronic pure Na clusters with a
extensive|y' studies of the transition-metal or n0b|e-metapeak for NaAU The all-electron relativistic calculations of
clusters are not so prolific. Recently, there have been soni@e NaAu to NaAu clusters support the experimental find-
reports on the properties of alkali-metal clusters doped witings[3]. In the present paper we have carried out a system-
noble metal[3]. Impurity-doped alkali-metal clusters have atic analysis of the structural as well as the electronic prop-
been widely studiefi4—10]. Special attention has been paid erties of NgAu and NgAg for n=1-10. While the
to the electronic shell closure effects in such clusters. It igeometry optimization in Ref3] was performed with sym-
well known that the spherical jellium modésJM), which ~ metry constraints, no such constraints were imposed in the
assumes that ions are smeared out in a uniformly chargeeresent calculation. Apart from Nau clusters, we also re-
sphere, can predict peaks in the abundance spectra for pup@rt studies of Na clusters doped with a silver atom.
alkali clusters. However, the applicability of the SJM for  In the following section, we briefly outline the computa-
doped alkali clusters has been under debate. It was demotional methodology. In Sec. Il, the results are presented and
strated by Kappest al. that for magnesium-doped potassium discussed, and they are then summarized in Sec. Il.
clusters the SIM is not suitabJ@0]. In this context, it is
interesting to study the alkali-metal clusters doped with_ a || METHODOLOGY AND COMPUTATIONAL DETAILS
noble-metal atom. The noble-metal atoms have one unpaired
electron in their outermost shell, which makes it an interest- The geometry optimization and electronic structure calcu-
ing impurity in alkali-metal clusters. These atoms also have dation was carried out using a molecular-orbital approach
fully occupiedd shell, and in their bulk form, thd band lies  within the framework of spin-polarized density-functional
much below the Fermi surface. Therefore, the clusters ofheory[12,13. For structure optimization, we started from
noble-metal atoms are expected to show some similarity tseveral possible ionic configurations for each cluster, includ-
alkali-metal clusters. The applicability of the SIM to alkali- ing those obtained by simulated annealing for,Ala[7] and
metal clusters doped with noble metal is an interesting issuéNa,Mg [6]. Nonlocal exchange-correlation effects were in-
We shall show that for the gold-doped clusters, thelec- corporated during the optimization procedure using the
trons overlap in energy with the other valence electronsBecke [16] exchange and Perdew-Ward7] correlation
while for silver-doped clusters, thd electrons are rather (BPW9J1). The LANL2DZ basis sef14] together with the
lower in energy than the other valence electrons. small core effective core potentidECP was used for all the
In the present communication, we report studies of Na\a, Ag, and Au atoms. These ECP’s incorporate the mass-
clusters doped with gold and silver impurities. It is known velocity and Darwin relativistic effects into the potential. The
that stoichiometric gold—alkali-metal alloys show a metal-to-relativistic effects, important especially for Au in the present
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FIG. 2. Geometries of N@u structures. The shaded sphere

represents the Au atom. When more than one structure is given for
a particular size, the structure on the left is the lowest-energy
structure.

Na.Au contain the lowest-energy structures and low-lying isomers

6 of the NgAu, while Figs. 3 and 4 display those of Neg.

FIG. 1. Geometries of N&u structures. The shaded sphere The NaAu molgculg has a bond length of 2.695 A, while
represents the Au atom. Structures on the left are the Iowest-energﬂ)"",t of th.e NaAg is slightly larger at 2.728 A. The crystal
structure. ionic radii of (monovalent Ag and Au are 1.26 and 1.37 A,

respectively. The shorter bond length of NaAu compared to
case, have been shown by Schwerdtfegeal. [15] to be  that of NaAg therefore suggest the NaAu bond to be stronger
perfectly well described by the ECP approach. In the critical 19]- This also may be seen from the binding enerditis-
examination of various ECP’s for Au and AuH, they found cussed latér The NaAu cluster is triangular in its lowest-
that the differences between the all-electron results and th@nergy state; its low-lying isomers are linear structures with
results obtained by small core EGRcluding the present thg Au atom in the center in one and at one end in the other
one to be small. In the present work, we have therefore usedFig. 1). The energy differences between the lowest-energy
a small core ECP14] in which the outermost core orbitals Structure and the isomers are 0.069 and 0.469 eV, respec-
(for Ag and Au are treated on equal footing with the valencetively. In the case of NgAg, the lowest-energy structure is a
electrons. The ionic configuration was regarded as optimizelinear one with Ag at the center, while the triangular structure
when the maximum force, the root-mean-squanes) force, ~and the other linear structure with Ag at one end are low-
the maximum displacement of atoms, and the rms displacdying isomers, the energy differences being 0.034 and 0.302
ment of atoms have magnitudes less than 0.00045, 0.0008Y: respectively. The differences in the lowest-energy struc-
0.0018, and 0.0012 a.u., respectively. The spin multiplicitiegures of NaAg and NaAu could be due to the differences in
are 5+1=1 and S+ 1=2, respectively, for clusters with the ionic radii of Au and Ag, and the dlfferences in the NaAu
an even and odd number of electrons. All calculations aré@nd NaAg bond strengths. However, in both cases, the en-

carried out using GAUSSIAN9BL8] suite of programs. ergy differences between the triangular structure and the one
with impurity (Ag or Au) at the center are very small, and

hence, at the present level of calculatioilBPW91/
LANL2DZ) are energetically degenerate.

The geometric structures of the Mau and NaAg clus- The lowest-energy structure of Ba (whereA is Au or
ters are presented in Figs. 1, 2, 3, and 4. Figures 1 and £g) in both series is a planar rhombus, while the low-lying

Ill. RESULTS AND DISCUSSION
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structure isY shaped with the impurity atom occupying a
O o O —0O—0O central position(see Fig. 1 The energy difference between

the different structures are 0.345 and 0.259 eV fogANa
and NaAg, respectively. In the case of hag, one more
low-lying structure is seen that is a planar triangular structure

and lies 0.419 eV above the lowest-energy structure. In the
case ofn=4, the lowest-energy structure is a tetrahedron
with both the noble-atom impurities. Both Neu and

Na,Ag have planar low-lying structures which are, respec-
tively, 0.063 and 0.007 eV above the lowest-energy struc-
tures. This structure is similar to the puregdNsructure when

one Na atom is replaced by the impurity atom. In this case
also, NaAg has one more isomer—a planar square structure
with Ag at the center, lying 0.307 eV above the lowest-

Na,Ag

Na,Ag

Na,Ag energy structure.
An octahedral structure with the impurity atom at one
apex is the lowest-energy structure with a Mg impurity in a
Nag cluster[6]. However, this structure is not stable with an
Au impurity, and collapsed into a square pyramid structure
Na,Ag with one face capped by an Au atom in its lowest-energy

state. Its low-lying structure is also a three-dimensional ge-

ometry with an energy difference of 0.254 €Fig. 1). On
the other hand, both the lowest-energy structure and its low-
lying isomer are planar in the case of @ (Fig. 3. The

Na Ag energy difference between the two structures is only 0.058

eV. The low-lying structure is similar to that of ja
FIG. 3. Geometries of N&g structures. The shaded structure ~ The lowest-energy structures and low-lying isomers for
represents the Ag atom. For each size, structures are ordergv=6 clusters are the same in both sefiefgs. 1 and & The
in energy from left to right, with the lowest-energy structure on energetically lowest one is a pentagonal bipyramid with the
the left. impurity atom occupying one apex. The low-lying structure
is a planar hexagon with the impurity at the center. The en-
ergy differences between the two structures ingkMNaand

NagAg are, respectively, 1.751 and 1.457 eV.
The order of isomers are reversed in the case of structures
with n=7 in the two series. Addition of one Na atom to
NagAu leads to a bipyramidal structure with Au at one apex
and two faces capped by Na atofsge Fig. 2 A low-lying
geometry of this cluster is a symmetric pentagonal bipyramid
Na,Ag with Au at the center. Interestingly, in the case of;Ng, the

lowest-energy structure is a symmetric bipyramid with Ag at
the center, while the low-lying structure is the asymmetric

structure (Fig. 4). Thus, the addition of one Na atom to
NagAg caps it from the other side and traps the Ag atom
inside. The energy differences between the isomers are 0.143

and 0.041 eV for NgdAu and NaAg, respectively. However,
the energy differences between the two isomers foyAda
are small and the structures can be said to be energetically

degenerate at the present BPW91/LANL2DZ level. Heiz
et al. in their all-electron symmetry constrained calculation
reports pentagonal bipyramid to be the one with the lowest
energy with binding energyBE) and ionization potential
(IP) being 7.21 and 4.02 eV, respectively. At the present
Na,Ag Na,,Ag BPW91/LANL2DZ level, these values are 6.82 and 3.92 eV.

The differences in the BE and IP in the two calculations are
FIG. 4. Geometries of N#&g clusters for m=6. The shaded 0.4 and 0.1 eV, respectively. These differences could be the
structure represents the Ag atom. When more than one structure @mbined effect of the use of the ECP and generalized gra-
given for a particular size, the structure on the left is the lowest-dient approximatiofGGA) during the structure optimization
energy structure. in our calculations. The all-electron calculation em-
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ployed the local-density approximatidhDA) for structure 0.74
optimization. The LDA generally has a tendency to overbind,
and hence, underestimates bond lengths and overestimates
the BE. The comparison of bond lengths between the Au
sitting at the center and the Na atoms in the two calculations
seem to support this fact. In all-electron calculations, the
bond lengths are 2.81 and 2.87 A, against the present values
of 2.87 and 2.96 A. The remaining discrepancy may be at-
tributed to different basis set and the different treatment of
inner-core electrons.

The structures fom=8 clusters are somewhat similar
with both the impurities. The lowest-energy structure is a
“twisted” cubic structure (Archimedean antiprisim while
the low-lying structure is symmetric-centered cubic with the
impurity atom at the centdiFigs. 2 and 4 In this case, the
energy differences are 0.332 and 0.046 eV fogMNaand
NagAg, respectively.

The NaAu cluster in its lowest-energy state is shaped
like a twisted(and slightly distorteficubic cage with Au at
center and one face capped by I&g. 2. The lowest-
energy structure of NgAu is similar with a twisted cubic
cage but with one more face capped by the additional Na P S R
atom. The structures of NAu and NaAg have similar 12 3 4 5 6 7 8 9 10

Binding energy per atom (eV)

cages, but the capping by the last Na atom is on different No. of Na atoms

faces (cf. Figs. 2 and 4 The lowest-energy structure of 05 : : : :

Na;Ag can be viewed as capping of the Jda structure by 04} Na,Ag

an Na atom. 03| (c)
An overview of all these structures shows that in its 0.2 |

lowest-energy state, the Au atom prefers a peripheral posi- 01t

tion for n<7. This is in spite of the facts that Au is more
electronegative than Na and that the Na-Au bond is very
strong. Although the structures of Nsu and NgAg are
somewhat similar for most of the sizes, interestingly, the
trapping of the impurity occurs earlier in the case of silver
than in gold. The addition of more Na atoms fram 8 to
n=10 only caps the faces, while the coordination of the
impurity atom remains the same. The structures qfAfor
n=7-9 reported by Heiet al.do not match with our calcu-
lated lowest-energy structures, except foprAa. It may be
mentioned here that the optimization carried out in R&f.
was constrained by symmetry, while no such constraint was
imposed in the present calculation.

We have examined the stability of the Mai and NaAg
clusters on the basis of the binding energies per atom and the
second difference of energy of these clusters in their lowest-
energy states. The binding energy per at@&) is defined . . . . . .
as Ey[Na,A]l=(nE[Na]+E[A]—E[Na,A])/(n+1), where 2 3 4 5 6 7 8 9
Ais Au or Ag, and is presented in Fig. 5 for both the Na No. of Na atoms
and NgaAg clusters. In the case of the gold impurity, BE is
highest for NaAu dimer, and then it goes down and levels out
as the number of the sodium atom increases. The BE is alst’
high forn=2 andn=3 clusters. The abundance spectra also
shows noticeable peaks for these two clusf@is The BE lower than that of the NaAu dimer. On the other hand, the
slowly increases froon=7 to n=9 clusters, while fom BE curve rises as the cluster size grows and shows peaks for
=10, it decreases noticeably. The abundance spectra dbth n=7 andn=9 clusters. The BE curve in this case
Na,Au also shows a very high peak for=9 cluster with  shows more prominent odd-even oscillations than the BE
second highest abundance for 8 [3]. In the case of NadAg curve for NaAu clusters. The BE curve has different behav-
clusters, the peaks occur far=1, 3, 7, and 9 clusters. Al- ior in two cases. It decreases with the cluster size fofAda
though the BE of the NaAg dimer is high, its value is much while it increases in the case of Neg. This different be-

Second difference of energy (eV)

FIG. 5. Binding energy per atofi@) Na,Ag, (b) Na,Au; and the
cond difference of enerdg) Na,Ag, and(d) Na,Au.
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TABLE |. Vertical ionization potentials, vertical electron affini-
ties, and hardnesses of Mau clusters.
No. of Na
atoms VIP VEA Hardness

% 1 7.48 0.70 3.39
o 2 4.74 0.57 2.09
3 3 4.98 0.72 2.13
= 4 411 0.66 1.72
= 5 491 0.72 2.10
6 4.29 1.13 1.58
7 4.23 0.98 1.62

413

o 4.02
1 2 8 4 s s 7 8 e 1o 8 3.84 1.24 1.30

No. of Na atoms

3.7%8

FIG. 6. HOMO-LUMO gap in electron volt. First panel: Neg; 3.70
second panel: NAu. 9 3.93 0.80 1.57

. 3.97

havior is due to the difference in the BE of the NaAu and 387
NaAg dimers. The BE of NaAu is almost twice that of 10 356 0.46 155

NaAg. It is also larger than the BE<0.8 eV) of sodium
clusters(containing about 10—20 atomnfs]. As the cluster 2Experimental value, Ref3].
size grows with the addition of sodium atoms, the number oPReferencd?3].
Na-Na bonds in the clusters increases and the contribution to
the binding energy from sodium and impurity interaction de-
creases. gonsegalently, the BE tends to saturate towards thg>® of NgAg, then=7 andn=9 are more stable than
BE of Na, clusters. others. In the case of NAu, bothn=7 andn=8 clusters
; : are equally stable.
The second difference of cluster enet@DE), defined by Next, we present the ionization potentials, electron affini-
A2E[Na,A]=E[Na,, ;A]+E[Na,_;A]-2E[Na,A], ties, and the chemical hardnesses of these clusters. For that
(1) purpose we have assumed the lowest-energy structure of the
charged clusters to be same as that of the neutral clusters,
also indicates the relative stability of the cluster with respectind the quantities so calculated are known as the vertical
to its neighbors. The calculated values of SDE for both thdonization potential(VIP) and vertical electron affinities
series of clusters are also presented in Fig. 5. The odd-evéWEA). The VIP is calculated as the difference of the total
oscillation is more pronounced in the second difference oknergies of the neutral and its positively charged counterpart.
energy than in the binding energy. The curve for,Ma& The calculated VIP's for NgAu clusters are given in Table .
clearly shows the N#\u and NaAu clusters to be the most The ionization potential shows odd-even oscillations and de-
stable ones, followed by the Mau cluster. The SDE of creases as the cluster size grows. For comparison, we also
Na,Ag also shows peaks at=3, 7, and 9. give the available earlier reported experimental and theoret-
The energy gap between the highest-occupied moleculacal [3] VIP’s of Na,Au. The trend of these earlier reported
orbital (HOMO) and the lowest-unoccupied molecular or- VIP’s for n=6-9 compares well with the present paper. The
bital (LUMO) is another indicator of relative stability. The large value of VIP for NaAu again suggests a high stability
clusters with a large HOMO-LUMO gap are less reactive. Inof this cluster compared to others. The larger values for
the case of the open-shell systems, we calculate the HOMNa;Au and NaAu clusters can be accounted for by the even
LUMO gap as the smallest of the spin-up and spin-dowmumber of electrons present in these clusters. On the other
gaps. Figure 6 shows the HOMO-LUMO gaps of ¥a and  hand, the VIP of the Ngu cluster is not prominently high
Na,Ag clusters as a function of cluster size. The HOMO- against the peak seen for this cluster in the curves of the BE,
LUMO gaps for then=1 clusters in both the series are large. SDE, and HOMO-LUMO gaps. In the same table, we also
The odd-even oscillations in the HOMO-LUMO gap curvesgive the vertical electron affinities of these clusters. Interest-
are more prominent in the case of Au impurity. In both casesingly, the VEA for thetwo-electron system NaAu does not
n=3 clusters have a large HOMO-LUMO gap. However, thehave a low electron affinity compared to its neighbor. Across
curve does not show any prominent peak for the other clusthe series, NgAu and NaAu clusters have a greater ten-
ters. A small peak occurs far=9 followed by a dip in the dency to accept electron, indicated by their large value of the
HOMO-LUMO curve for both NgAu and NaAg. From the  VEA. These clusters, according to SIJM, are short of one
above analysis it can be concluded that the NaAu and NaAglectron to form a closed “electronic” shell and therefore
molecules are highly stable. Next highly stable clusters arevilling to accept theextra electron to form a closed elec-
then=3 andn=9 clusters for the NgAu series while in the tronic shell. The smaller VEA of the following NAu and
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TABLE II. Vertical ionization potentials, vertical electron affini- model predicts that the clusters with 2,8,20,40. , valence
ties, and hardnesses of Mey clusters. electrons are highly stable because of the closing of elec-
tronic shells at these electron numbers. In the present case,

No. of Na both the impurity atoms have one unpaired electron outside a
atoms vie VEA Hardness completely filled atomia shell. It is therefore interesting to
1 6.29 0.49 2.90 see if the SIM can explain the stability of these clusters. If
2 4.27 0.65 1.81 one supposes that the impurity atoms contribute only one
3 4.70 0.72 1.99 electron(the single unpaired electrpio the delocalized va-
4 4.13 0.69 1.72 lence electrons in the SJM, then the=1, 7, and 9 clusters
5 4.21 0.84 1.69 have 2, 8, and 10 valence electrons, respectively—precisely
6 4.13 0.95 1.59 the right numbers of electrons to complete the 1p, and
7 3.94 0.95 1.50 2s shells of the SIJM. Note that here we are assuming a
8 3.87 1.00 1.43 reversal of the usual ordering ofiland 2 energy levels in
9 3.87 0.76 1.56 the n=9 clusters, with the & state having a lower energy
10 3.58 0.95 1.32 than 1d. This is not unreasonable, since fo 9, the impu-

rity atom occupies a central position and the more compact
2s electrons therefore overlap more completely with its

NagAu clusters indicate them to be less reactive or morePseudopotential than do thel Electrons. On the other hand,
stable with respect to their neighbors. This feature can b@ure Ng clusters withn=7-10 have cagelike structures
contrasted with the low ionization potential for {eu and a  with no central atom, and thedllevel is found to be slightly
subsequent higher value for pMeu. Therefore, although the lower in energy than the<level. The reversal of the usual
VIP does not show a very prominent peak forgNa, the  ordering of Z and 1d states has also been found theoreti-
analysis based on the VEA does confirm the conclusionsally in a jelliumlike model of NaMg clusters having the
drawn from the BE, SDE, and HOMO-LUMO gap that this Mg impurity atom at the centdb]. It is also found theoreti-
cluster possesses special stability. cally for NggMg [6] and NaAl [7] in three-dimensional
We have also studied the chemical hardness of these cludensity-functional theoryDFT) calculations.
ters, which is an indicator of the chemical reactivity. The These shell closures can explain the enhanced stability of
hardness; can be approximated ag~(1/2)(1 —A) [12,20, the n=1, n=7, andn=9 clusters over their neighbors.
wherel andA are the ionization potential and electron affin- However, for this to occur, the energy levels of titemic d
ity, respectively. We have calculated the hardnesses of thelectrons of the impurity atoms should lie deeper than the
Na,Au and NgAg clusters using the VIP and VEA for the “1 s”level of the SIM, so that the atomitelectrons remain
ionization potential and electron affinity. The results arelocalized and do not contribute significantly to the delocal-
given in Table I. The hardness curve also shows odd-eveized valence electrons of the SJM. It is therefore instructive
oscillations with respect to cluster size. The hardness is larg® examine the electronic structure of these clusters. For that
for the NaAu dimer. However, it does not show a rather largepurpose, we present the electronic structures of NaAu,
value, either for the Nau or the NaAu clusters, which Na,Au, and NaAu in Fig. 7, and those of NaAg, NAg,
would indicate them to be more stable than the neighborsand NaAg in Fig. 8. It can be mentioned immediately that
On the other hand, the small value fora indicates that the energy levels belonging to thes §4s) and 5 (4p)
NagAu is more reactive than its neighbors Ma and states of the AUAg) atom lie very deegaround—2 to —3
NagAu. a.u) and are not shown in the figures. Although we included
In Table Il, we give the VIP, VEA, and hardness of the these electrons explicitly in our DFT calculations, they can in
Ag-doped Na clusters. The VIP’s are largest for NaAg, fol-fact, to a good approximation, be taken as core or semicore
lowed by the second large value for ey beyond which it  states. However, theds(4d) electrons of the AYAg) atom
tends to level out. The drop in the VIP after {a is again  lie much closer to the valence statesge Figs. 7 and)8In
in conformity with the SIM indicating that the j&au cluster  the electronic structure of NaAu, the first five states shown in
is stable due to the electronic shell closure. This observatiofig. 7 can be identified with thedblevels of the Au impurity
is corroborated by the low electron affinity shown by theatom, and the next one with ars™like SJM state. (Note
NagAg cluster. The electron affinity of NaAg is also low. The that here and in Figs. 7 and 8, we omit an extra factor of two
chemical hardness is high for=1, 3, and 9 clusters. Thus, in the degeneracies due to the electron gpimthe cases of
in this case, the values of VIP, VEA, and hardness firmlyNaAu and NaAu, this “s”-like state lies very near to the®
indicate then=1, 3, and 9 clusters to be more stable. How-states, and in N@u the “s”-like state is indistinguishable
ever, such a conclusion cannot be drawn from these valugsom the & states. Thus, the simple SJM picture, with each
for the NgAg cluster. atom contributing one electron to the delocalized valence
The above analysis based on the energetics has shovefectrons, is an oversimplification for \au. This feature of
that, in both the N@Au and NgAg series, the clusters with the merging of the “s”-like state is not seen in the work of
n=1 are the most stable ones, followed by the9 andn Heiz et al. [3]. Note that the atomic & electrons overlap
=7 clusters. It is well known that the stability of pure so- significantly only with the “1s” valence states. In the case of
dium clusters can be explained by the SIJM. The jelliumNa;Au, the high-lying occupied states can be identified as
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FIG. 7. Electronic structures of NaAu, Nau, and NaAu. Note
that we exclude from the degeneracies an extra factor of 2 due FIG. 8. Electronic structures of NaAg, Nag, and NaAg. Note
to spin. that we exclude from the degeneracies an extra factor of 2 due

to spin.

the jellium “p” states, which are split. On the other hand, the
splitting of the “p” states is less in the case of fau, and  the position of the Au atom is probably responsible for the
the highest-occupied state is here once again ghlike large splitting of the p"-like states in NagAu compared to
state. Thus, in this case, the reversal of the jelliwmahd 2 those in NgAu.
states occurs, which gives rise to the high stability of this On the other hand, in the case of the,Ng clusters, the
cluster. In NgAu, the Au atom lies near the center, while in merging of the jellium “1s” state with the 4 states of the
Na;Au it occupies an off-center position. This difference in Ag atom is absent. Thed states are well separated from
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those of the valence statésee Fig. 8 The splitting of the “
p’-like states is observed in both MAg and NaAg. In this

the second difference energy, HOMO-LUMO gap, ionization
potential, electron affinity, and chemical hardness assign the
case, the splitting is larger for the fsg cluster than N@Ag, = n=7 and 9 clusters to be particularly stable. The analysis of
which is more symmetric. The reversal of the jelliumdl  the electronic structure of these clusters shows that the
and “2s” states is again observed in the electronic structurehigher stability can be assigned to the electronic shell closure
of NagAg, which accounts for the high stability of this clus- effect. The %I energy levels of the Au atom lie very near to
ter. It can also be noticed from Fig. 8 that for ¥ clusters, the valence states, while thel £nergy levels of the Ag atom
the width of the 4l energy levels of the Ag atom decreasesare well separated. However, thedp states of the Au atom

as the cluster grows in size. To a good approximation, thend the 44p states of the Ag atom lie much deeper and do
atomic 4d states can be treated as core or semicore statesnot contribute to the cluster properties. The electronic struc-
tures show that a basis of 11 electrons is sufficient for such

IV. CONCLUSIONS studies of the N@Au and NaAg clusters.

Gold and silver single-impurity-doped sodium clusters
have been studied within a pseudopotential approach em-
ploying a generalized gradient correction to the exchange-
correlation potential. The optimized geometries of these clus- R.R.Z. and T.B. acknowledge R. K. Pathak and D. G.
ters show that NgAg clusters are planar up t©=4 in their ~ Kanhere for valuable discussions and encouragement. R.R.Z.
lowest-energy state. The impurity atom seems to get trappegratefully acknowledges financial assistance from the Indo-
within the cage of the host atoms from a cluster sizenof French Center for the Promotion of Advanced Research
=7 upwards. The binding energies of the NaAu and NaAg(New Delhj / Center Franco-Indien Pour la Promotion de la
are the highest. The stability analysis of the clusters based dRecherche Avaneg under Contract No. 1901-1.
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