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Electronic and structural properties of small clusters of NanAu and NanAg „nÄ1– 10…
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Equilibrium geometric structures of NanAu and NanAg (n<10) clusters are obtained by a pseudopotential
approach within spin-polarized density-functional theory using the Becke-Perdew-Wang 1991~BPW91! gen-
eralized gradient approximation for the exchange-correlation energy functional. The stability of these clusters
is examined via the the analysis of the binding energy~BE! 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 NanAu series and also has peaks for Na7Au and Na9Au. The
NaAg dimer, Na7Ag, and Na9Ag are also found to be more stable in the NanAg series. The vertical ionization
potentials of NanAu clusters are in good agreement with the available experimental data. The electronic
structure of NanAu clusters forn51, 7, and 9 shows that electronic shell closures are responsible for the high
stability of these clusters.

DOI: 10.1103/PhysRevA.64.043202 PACS number~s!: 36.40.Cg, 61.46.1w
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I. INTRODUCTION

The study of the growth patterns of structural and el
tronic properties of clusters have caught the attention of
material scientists over the last two decades@1,2#. While
pure and mixed clusters of simple metals have been stu
extensively, studies of the transition-metal or noble-me
clusters are not so prolific. Recently, there have been s
reports on the properties of alkali-metal clusters doped w
noble metal@3#. Impurity-doped alkali-metal clusters hav
been widely studied@4–10#. Special attention has been pa
to the electronic shell closure effects in such clusters. I
well known that the spherical jellium model~SJM!, which
assumes that ions are smeared out in a uniformly cha
sphere, can predict peaks in the abundance spectra for
alkali clusters. However, the applicability of the SJM f
doped alkali clusters has been under debate. It was dem
strated by Kappeset al. that for magnesium-doped potassiu
clusters the SJM is not suitable@10#. In this context, it is
interesting to study the alkali-metal clusters doped with
noble-metal atom. The noble-metal atoms have one unpa
electron in their outermost shell, which makes it an intere
ing impurity in alkali-metal clusters. These atoms also hav
fully occupiedd shell, and in their bulk form, thed band lies
much below the Fermi surface. Therefore, the clusters
noble-metal atoms are expected to show some similarit
alkali-metal clusters. The applicability of the SJM to alka
metal clusters doped with noble metal is an interesting iss
We shall show that for the gold-doped clusters, thed elec-
trons overlap in energy with the other valence electro
while for silver-doped clusters, thed electrons are rathe
lower in energy than the other valence electrons.

In the present communication, we report studies of
clusters doped with gold and silver impurities. It is know
that stoichiometric gold–alkali-metal alloys show a metal-
1050-2947/2001/64~4!/043202~8!/$20.00 64 0432
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nonmetal transition as one moves across the alkali-meta
ries from Li to Cs@11#. Recently, Heizet al.reported a study
of gold-doped Na clusters@3#. The experimentally measure
mass spectra showed a prominent peak at Na9Au, while the
ionization potentials for NanAu clusters withn57 –9 are
found to be similar to isoelectronic pure Na clusters with
peak for Na7Au. The all-electron relativistic calculations o
the Na7Au to Na9Au clusters support the experimental fin
ings @3#. In the present paper we have carried out a syste
atic analysis of the structural as well as the electronic pr
erties of NanAu and NanAg for n51 –10. While the
geometry optimization in Ref.@3# was performed with sym-
metry constraints, no such constraints were imposed in
present calculation. Apart from NanAu clusters, we also re-
port studies of Na clusters doped with a silver atom.

In the following section, we briefly outline the computa
tional methodology. In Sec. II, the results are presented
discussed, and they are then summarized in Sec. III.

II. METHODOLOGY AND COMPUTATIONAL DETAILS

The geometry optimization and electronic structure cal
lation was carried out using a molecular-orbital approa
within the framework of spin-polarized density-function
theory @12,13#. For structure optimization, we started fro
several possible ionic configurations for each cluster, incl
ing those obtained by simulated annealing for NanAl @7# and
NanMg @6#. Nonlocal exchange-correlation effects were i
corporated during the optimization procedure using
Becke @16# exchange and Perdew-Wang@17# correlation
~BPW91!. The LANL2DZ basis set@14# together with the
small core effective core potential~ECP! was used for all the
Na, Ag, and Au atoms. These ECP’s incorporate the ma
velocity and Darwin relativistic effects into the potential. Th
relativistic effects, important especially for Au in the prese
©2001 The American Physical Society02-1
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case, have been shown by Schwerdtfegeret al. @15# to be
perfectly well described by the ECP approach. In the criti
examination of various ECP’s for Au and AuH, they foun
that the differences between the all-electron results and
results obtained by small core ECP~including the presen
one! to be small. In the present work, we have therefore u
a small core ECP@14# in which the outermost core orbital
~for Ag and Au! are treated on equal footing with the valen
electrons. The ionic configuration was regarded as optimi
when the maximum force, the root-mean-square~rms! force,
the maximum displacement of atoms, and the rms displa
ment of atoms have magnitudes less than 0.00045, 0.0
0.0018, and 0.0012 a.u., respectively. The spin multiplicit
are 2S1151 and 2S1152, respectively, for clusters with
an even and odd number of electrons. All calculations
carried out using GAUSSIAN98@18# suite of programs.

III. RESULTS AND DISCUSSION

The geometric structures of the NanAu and NanAg clus-
ters are presented in Figs. 1, 2, 3, and 4. Figures 1 an

FIG. 1. Geometries of NanAu structures. The shaded sphe
represents the Au atom. Structures on the left are the lowest-en
structure.
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contain the lowest-energy structures and low-lying isom
of the NanAu, while Figs. 3 and 4 display those of NanAg.

The NaAu molecule has a bond length of 2.695 Å, wh
that of the NaAg is slightly larger at 2.728 Å. The cryst
ionic radii of ~monovalent! Ag and Au are 1.26 and 1.37 Å
respectively. The shorter bond length of NaAu compared
that of NaAg therefore suggest the NaAu bond to be stron
@19#. This also may be seen from the binding energies~dis-
cussed later!. The Na2Au cluster is triangular in its lowest
energy state; its low-lying isomers are linear structures w
the Au atom in the center in one and at one end in the o
~Fig. 1!. The energy differences between the lowest-ene
structure and the isomers are 0.069 and 0.469 eV, res
tively. In the case of Na2Ag, the lowest-energy structure is
linear one with Ag at the center, while the triangular structu
and the other linear structure with Ag at one end are lo
lying isomers, the energy differences being 0.034 and 0.
eV, respectively. The differences in the lowest-energy str
tures of Na2Ag and Na2Au could be due to the differences i
the ionic radii of Au and Ag, and the differences in the NaA
and NaAg bond strengths. However, in both cases, the
ergy differences between the triangular structure and the
with impurity ~Ag or Au! at the center are very small, an
hence, at the present level of calculations~BPW91/
LANL2DZ ! are energetically degenerate.

The lowest-energy structure of Na3A ~whereA is Au or
Ag! in both series is a planar rhombus, while the low-lyin

rgy

FIG. 2. Geometries of NanAu structures. The shaded sphe
represents the Au atom. When more than one structure is given
a particular size, the structure on the left is the lowest-ene
structure.
2-2



a
n

ure
the
on

c-
uc-

se
ure
st-

ne
a
n
re

rgy
ge-

ow-

58

for

the
re
en-

ures
o
ex

id

at
ric
o
m
.143

cally
iz

on
est

ent
V.

are
the

gra-

-

re
e
on

re
s
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FIG. 3. Geometries of NanAg structures. The shaded structu
represents the Ag atom. For each size, structures are ord
in energy from left to right, with the lowest-energy structure
the left.

FIG. 4. Geometries of NanAg clusters for n>6. The shaded
structure represents the Ag atom. When more than one structu
given for a particular size, the structure on the left is the lowe
energy structure.
04320
structure isY shaped with the impurity atom occupying
central position~see Fig. 1!. The energy difference betwee
the different structures are 0.345 and 0.259 eV for Na3Au
and Na3Ag, respectively. In the case of Na3Ag, one more
low-lying structure is seen that is a planar triangular struct
and lies 0.419 eV above the lowest-energy structure. In
case ofn54, the lowest-energy structure is a tetrahedr
with both the noble-atom impurities. Both Na4Au and
Na4Ag have planar low-lying structures which are, respe
tively, 0.063 and 0.007 eV above the lowest-energy str
tures. This structure is similar to the pure Na5 structure when
one Na atom is replaced by the impurity atom. In this ca
also, Na4Ag has one more isomer—a planar square struct
with Ag at the center, lying 0.307 eV above the lowe
energy structure.

An octahedral structure with the impurity atom at o
apex is the lowest-energy structure with a Mg impurity in
Na5 cluster@6#. However, this structure is not stable with a
Au impurity, and collapsed into a square pyramid structu
with one face capped by an Au atom in its lowest-ene
state. Its low-lying structure is also a three-dimensional
ometry with an energy difference of 0.254 eV~Fig. 1!. On
the other hand, both the lowest-energy structure and its l
lying isomer are planar in the case of Na5Ag ~Fig. 3!. The
energy difference between the two structures is only 0.0
eV. The low-lying structure is similar to that of Na6.

The lowest-energy structures and low-lying isomers
n56 clusters are the same in both series~Figs. 1 and 4!. The
energetically lowest one is a pentagonal bipyramid with
impurity atom occupying one apex. The low-lying structu
is a planar hexagon with the impurity at the center. The
ergy differences between the two structures in Na6Au and
Na6Ag are, respectively, 1.751 and 1.457 eV.

The order of isomers are reversed in the case of struct
with n57 in the two series. Addition of one Na atom t
Na6Au leads to a bipyramidal structure with Au at one ap
and two faces capped by Na atoms~see Fig. 2!. A low-lying
geometry of this cluster is a symmetric pentagonal bipyram
with Au at the center. Interestingly, in the case of Na7Ag, the
lowest-energy structure is a symmetric bipyramid with Ag
the center, while the low-lying structure is the asymmet
structure ~Fig. 4!. Thus, the addition of one Na atom t
Na6Ag caps it from the other side and traps the Ag ato
inside. The energy differences between the isomers are 0
and 0.041 eV for Na7Au and Na7Ag, respectively. However,
the energy differences between the two isomers for Na7Ag
are small and the structures can be said to be energeti
degenerate at the present BPW91/LANL2DZ level. He
et al. in their all-electron symmetry constrained calculati
reports pentagonal bipyramid to be the one with the low
energy with binding energy~BE! and ionization potential
~IP! being 7.21 and 4.02 eV, respectively. At the pres
BPW91/LANL2DZ level, these values are 6.82 and 3.92 e
The differences in the BE and IP in the two calculations
0.4 and 0.1 eV, respectively. These differences could be
combined effect of the use of the ECP and generalized
dient approximation~GGA! during the structure optimization
in our calculations. The all-electron calculation em

red

is
t-
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ployed the local-density approximation~LDA ! for structure
optimization. The LDA generally has a tendency to overbi
and hence, underestimates bond lengths and overestim
the BE. The comparison of bond lengths between the
sitting at the center and the Na atoms in the two calculati
seem to support this fact. In all-electron calculations,
bond lengths are 2.81 and 2.87 Å, against the present va
of 2.87 and 2.96 Å. The remaining discrepancy may be
tributed to different basis set and the different treatmen
inner-core electrons.

The structures forn58 clusters are somewhat simila
with both the impurities. The lowest-energy structure is
‘‘twisted’’ cubic structure ~Archimedean antiprism!, while
the low-lying structure is symmetric-centered cubic with t
impurity atom at the center~Figs. 2 and 4!. In this case, the
energy differences are 0.332 and 0.046 eV for Na8Au and
Na8Ag, respectively.

The Na9Au cluster in its lowest-energy state is shap
like a twisted~and slightly distorted! cubic cage with Au at
center and one face capped by Na~Fig. 2!. The lowest-
energy structure of Na10Au is similar with a twisted cubic
cage but with one more face capped by the additional
atom. The structures of Na9Au and Na9Ag have similar
cages, but the capping by the last Na atom is on differ
faces ~cf. Figs. 2 and 4!. The lowest-energy structure o
Na10Ag can be viewed as capping of the Na9Ag structure by
an Na atom.

An overview of all these structures shows that in
lowest-energy state, the Au atom prefers a peripheral p
tion for n,7. This is in spite of the facts that Au is mor
electronegative than Na and that the Na-Au bond is v
strong. Although the structures of NanAu and NanAg are
somewhat similar for most of the sizes, interestingly,
trapping of the impurity occurs earlier in the case of silv
than in gold. The addition of more Na atoms fromn58 to
n510 only caps the faces, while the coordination of t
impurity atom remains the same. The structures of NanAu for
n57 –9 reported by Heizet al.do not match with our calcu
lated lowest-energy structures, except for Na9Au. It may be
mentioned here that the optimization carried out in Ref.@3#
was constrained by symmetry, while no such constraint w
imposed in the present calculation.

We have examined the stability of the NanAu and NanAg
clusters on the basis of the binding energies per atom and
second difference of energy of these clusters in their low
energy states. The binding energy per atom~BE! is defined
as Eb@NanA#5(nE@Na#1E@A#2E@NanA#)/(n11), where
A is Au or Ag, and is presented in Fig. 5 for both the NanAu
and NanAg clusters. In the case of the gold impurity, BE
highest for NaAu dimer, and then it goes down and levels
as the number of the sodium atom increases. The BE is
high for n52 andn53 clusters. The abundance spectra a
shows noticeable peaks for these two clusters@3#. The BE
slowly increases fromn57 to n59 clusters, while forn
510, it decreases noticeably. The abundance spectr
NanAu also shows a very high peak forn59 cluster with
second highest abundance forn58 @3#. In the case of NanAg
clusters, the peaks occur forn51, 3, 7, and 9 clusters. Al
though the BE of the NaAg dimer is high, its value is mu
04320
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lower than that of the NaAu dimer. On the other hand,
BE curve rises as the cluster size grows and shows peak
both n57 and n59 clusters. The BE curve in this cas
shows more prominent odd-even oscillations than the
curve for NanAu clusters. The BE curve has different beha
ior in two cases. It decreases with the cluster size for NanAu
while it increases in the case of NanAg. This different be-

FIG. 5. Binding energy per atom~a! NanAg, ~b! NanAu; and the
second difference of energy~c! NanAg, and~d! NanAu.
2-4
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ELECTRONIC AND STRUCTURAL PROPERTIES OF . . . PHYSICAL REVIEW A 64 043202
havior is due to the difference in the BE of the NaAu a
NaAg dimers. The BE of NaAu is almost twice that
NaAg. It is also larger than the BE (;0.8 eV) of sodium
clusters~containing about 10–20 atoms! @6#. As the cluster
size grows with the addition of sodium atoms, the numbe
Na-Na bonds in the clusters increases and the contributio
the binding energy from sodium and impurity interaction d
creases. Consequently, the BE tends to saturate toward
BE of Nan clusters.

The second difference of cluster energy~SDE!, defined by

D2E@NanA#5E@Nan11A#1E@Nan21A#22E@NanA#,
~1!

also indicates the relative stability of the cluster with resp
to its neighbors. The calculated values of SDE for both
series of clusters are also presented in Fig. 5. The odd-e
oscillation is more pronounced in the second difference
energy than in the binding energy. The curve for NanAu
clearly shows the Na9Au and Na3Au clusters to be the mos
stable ones, followed by the Na7Au cluster. The SDE of
NanAg also shows peaks atn53, 7, and 9.

The energy gap between the highest-occupied molec
orbital ~HOMO! and the lowest-unoccupied molecular o
bital ~LUMO! is another indicator of relative stability. Th
clusters with a large HOMO-LUMO gap are less reactive.
the case of the open-shell systems, we calculate the HOM
LUMO gap as the smallest of the spin-up and spin-do
gaps. Figure 6 shows the HOMO-LUMO gaps of NanAu and
NanAg clusters as a function of cluster size. The HOM
LUMO gaps for then51 clusters in both the series are larg
The odd-even oscillations in the HOMO-LUMO gap curv
are more prominent in the case of Au impurity. In both cas
n53 clusters have a large HOMO-LUMO gap. However, t
curve does not show any prominent peak for the other c
ters. A small peak occurs forn59 followed by a dip in the
HOMO-LUMO curve for both NanAu and NanAg. From the
above analysis it can be concluded that the NaAu and N
molecules are highly stable. Next highly stable clusters
then53 andn59 clusters for the NanAu series while in the

FIG. 6. HOMO-LUMO gap in electron volt. First panel: NanAg;
second panel: NanAu.
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case of NanAg, the n57 and n59 are more stable than
others. In the case of NanAu, both n57 andn58 clusters
are equally stable.

Next, we present the ionization potentials, electron affi
ties, and the chemical hardnesses of these clusters. For
purpose we have assumed the lowest-energy structure o
charged clusters to be same as that of the neutral clus
and the quantities so calculated are known as the ver
ionization potential ~VIP! and vertical electron affinities
~VEA!. The VIP is calculated as the difference of the to
energies of the neutral and its positively charged counterp
The calculated VIP’s for NanAu clusters are given in Table I
The ionization potential shows odd-even oscillations and
creases as the cluster size grows. For comparison, we
give the available earlier reported experimental and theo
ical @3# VIP’s of NanAu. The trend of these earlier reporte
VIP’s for n56 –9 compares well with the present paper. T
large value of VIP for NaAu again suggests a high stabi
of this cluster compared to others. The larger values
Na3Au and Na5Au clusters can be accounted for by the ev
number of electrons present in these clusters. On the o
hand, the VIP of the Na9Au cluster is not prominently high
against the peak seen for this cluster in the curves of the
SDE, and HOMO-LUMO gaps. In the same table, we a
give the vertical electron affinities of these clusters. Intere
ingly, the VEA for thetwo-electron system NaAu does no
have a low electron affinity compared to its neighbor. Acro
the series, Na6Au and Na8Au clusters have a greater ten
dency to accept electron, indicated by their large value of
VEA. These clusters, according to SJM, are short of o
electron to form a closed ‘‘electronic’’ shell and therefo
willing to accept theextra electron to form a closed elec
tronic shell. The smaller VEA of the following Na7Au and

TABLE I. Vertical ionization potentials, vertical electron affin
ties, and hardnesses of NanAu clusters.

No. of Na
atoms VIP VEA Hardness

1 7.48 0.70 3.39
2 4.74 0.57 2.09
3 4.98 0.72 2.13
4 4.11 0.66 1.72
5 4.91 0.72 2.10
6 4.29 1.13 1.58
7 4.23 0.98 1.62

4.13a

4.02b

8 3.84 1.24 1.30
3.75a

3.70b

9 3.93 0.80 1.57
3.97a

3.87b

10 3.56 0.46 1.55

aExperimental value, Ref.@3#.
bReference@3#.
2-5
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Na9Au clusters indicate them to be less reactive or m
stable with respect to their neighbors. This feature can
contrasted with the low ionization potential for Na8Au and a
subsequent higher value for Na9Au. Therefore, although the
VIP does not show a very prominent peak for Na9Au, the
analysis based on the VEA does confirm the conclusi
drawn from the BE, SDE, and HOMO-LUMO gap that th
cluster possesses special stability.

We have also studied the chemical hardness of these
ters, which is an indicator of the chemical reactivity. T
hardnessh can be approximated ash'(1/2)(I 2A) @12,20#,
whereI andA are the ionization potential and electron affi
ity, respectively. We have calculated the hardnesses of
NanAu and NanAg clusters using the VIP and VEA for th
ionization potential and electron affinity. The results a
given in Table I. The hardness curve also shows odd-e
oscillations with respect to cluster size. The hardness is la
for the NaAu dimer. However, it does not show a rather la
value, either for the Na7Au or the Na9Au clusters, which
would indicate them to be more stable than the neighb
On the other hand, the small value for Na8Au indicates that
Na8Au is more reactive than its neighbors Na7Au and
Na9Au.

In Table II, we give the VIP, VEA, and hardness of th
Ag-doped Na clusters. The VIP’s are largest for NaAg, f
lowed by the second large value for Na3Ag beyond which it
tends to level out. The drop in the VIP after Na9Ag is again
in conformity with the SJM indicating that the Na9Au cluster
is stable due to the electronic shell closure. This observa
is corroborated by the low electron affinity shown by t
Na9Ag cluster. The electron affinity of NaAg is also low. Th
chemical hardness is high forn51, 3, and 9 clusters. Thus
in this case, the values of VIP, VEA, and hardness firm
indicate then51, 3, and 9 clusters to be more stable. Ho
ever, such a conclusion cannot be drawn from these va
for the Na7Ag cluster.

The above analysis based on the energetics has sh
that, in both the NanAu and NanAg series, the clusters with
n51 are the most stable ones, followed by then59 andn
57 clusters. It is well known that the stability of pure s
dium clusters can be explained by the SJM. The jelliu

TABLE II. Vertical ionization potentials, vertical electron affin
ties, and hardnesses of NanAg clusters.

No. of Na
atoms VIP VEA Hardness

1 6.29 0.49 2.90
2 4.27 0.65 1.81
3 4.70 0.72 1.99
4 4.13 0.69 1.72
5 4.21 0.84 1.69
6 4.13 0.95 1.59
7 3.94 0.95 1.50
8 3.87 1.00 1.43
9 3.87 0.76 1.56

10 3.58 0.95 1.32
04320
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model predicts that the clusters with 2,8,20,40, . . . , valence
electrons are highly stable because of the closing of e
tronic shells at these electron numbers. In the present c
both the impurity atoms have one unpaired electron outsid
completely filled atomicd shell. It is therefore interesting to
see if the SJM can explain the stability of these clusters
one supposes that the impurity atoms contribute only
electron~the single unpaired electron! to the delocalized va-
lence electrons in the SJM, then then51, 7, and 9 clusters
have 2, 8, and 10 valence electrons, respectively—preci
the right numbers of electrons to complete the 1s, 1p, and
2s shells of the SJM. Note that here we are assumin
reversal of the usual ordering of 1d and 2s energy levels in
the n59 clusters, with the 2s state having a lower energ
than 1d. This is not unreasonable, since forn59, the impu-
rity atom occupies a central position and the more comp
2s electrons therefore overlap more completely with
pseudopotential than do the 1d electrons. On the other hand
pure Nan clusters withn57 –10 have cagelike structure
with no central atom, and the 1d level is found to be slightly
lower in energy than the 2s level. The reversal of the usua
ordering of 2s and 1d states has also been found theore
cally in a jelliumlike model of NanMg clusters having the
Mg impurity atom at the center@5#. It is also found theoreti-
cally for Na8Mg @6# and Na7Al @7# in three-dimensional
density-functional theory~DFT! calculations.

These shell closures can explain the enhanced stabilit
the n51, n57, and n59 clusters over their neighbors
However, for this to occur, the energy levels of theatomic d
electrons of the impurity atoms should lie deeper than
‘‘1 s’’ level of the SJM, so that the atomicd electrons remain
localized and do not contribute significantly to the deloc
ized valence electrons of the SJM. It is therefore instruct
to examine the electronic structure of these clusters. For
purpose, we present the electronic structures of Na
Na7Au, and Na9Au in Fig. 7, and those of NaAg, Na7Ag,
and Na9Ag in Fig. 8. It can be mentioned immediately th
the energy levels belonging to the 5s (4s) and 5p (4p)
states of the Au~Ag! atom lie very deep~around22 to 23
a.u.! and are not shown in the figures. Although we includ
these electrons explicitly in our DFT calculations, they can
fact, to a good approximation, be taken as core or semic
states. However, the 5d (4d) electrons of the Au~Ag! atom
lie much closer to the valence states~see Figs. 7 and 8!. In
the electronic structure of NaAu, the first five states shown
Fig. 7 can be identified with the 5d levels of the Au impurity
atom, and the next one with an ‘‘s’’-like SJM state. ~Note
that here and in Figs. 7 and 8, we omit an extra factor of t
in the degeneracies due to the electron spin.! In the cases of
NaAu and Na7Au, this ‘‘s’’-like state lies very near to the 5d
states, and in Na9Au the ‘‘s’’-like state is indistinguishable
from the 5d states. Thus, the simple SJM picture, with ea
atom contributing one electron to the delocalized valen
electrons, is an oversimplification for NanAu. This feature of
the merging of the ‘‘s’’-like state is not seen in the work
Heiz et al. @3#. Note that the atomic 5d electrons overlap
significantly only with the ‘‘1s’’ valence states. In the case o
Na7Au, the high-lying occupied states can be identified
2-6
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the jellium ‘‘p’’ states, which are split. On the other hand, t
splitting of the ‘‘p’’ states is less in the case of Na9Au, and
the highest-occupied state is here once again an ‘‘s’’-like
state. Thus, in this case, the reversal of the jellium 1d and 2s
states occurs, which gives rise to the high stability of t
cluster. In Na9Au, the Au atom lies near the center, while
Na7Au it occupies an off-center position. This difference

FIG. 7. Electronic structures of NaAu, Na7Au, and Na9Au. Note
that we exclude from the degeneracies an extra factor of 2
to spin.
04320
s

the position of the Au atom is probably responsible for t
large splitting of the ‘‘p’’-like states in Na7Au compared to
those in Na9Au.

On the other hand, in the case of the NanAg clusters, the
merging of the jellium ‘‘1s’’ state with the 4d states of the
Ag atom is absent. The 4d states are well separated fro

e FIG. 8. Electronic structures of NaAg, Na7Ag, and Na9Ag. Note
that we exclude from the degeneracies an extra factor of 2
to spin.
2-7
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those of the valence states~see Fig. 8!. The splitting of the ‘‘
p’’-like states is observed in both Na7Ag and Na9Ag. In this
case, the splitting is larger for the Na9Ag cluster than Na7Ag,
which is more symmetric. The reversal of the jellium ‘‘1d’’
and ‘‘2s’’ states is again observed in the electronic struct
of Na9Ag, which accounts for the high stability of this clus
ter. It can also be noticed from Fig. 8 that for NanAg clusters,
the width of the 4d energy levels of the Ag atom decreas
as the cluster grows in size. To a good approximation,
atomic 4d states can be treated as core or semicore stat

IV. CONCLUSIONS

Gold and silver single-impurity-doped sodium cluste
have been studied within a pseudopotential approach
ploying a generalized gradient correction to the exchan
correlation potential. The optimized geometries of these c
ters show that NanAg clusters are planar up ton54 in their
lowest-energy state. The impurity atom seems to get trap
within the cage of the host atoms from a cluster size on
57 upwards. The binding energies of the NaAu and Na
are the highest. The stability analysis of the clusters base
,

a
J

e

s.

u
B

J

G

S.

a-

.
.

em

04320
e

e
.

-
e-
s-

ed

g
on

the second difference energy, HOMO-LUMO gap, ionizati
potential, electron affinity, and chemical hardness assign
n57 and 9 clusters to be particularly stable. The analysis
the electronic structure of these clusters shows that
higher stability can be assigned to the electronic shell clos
effect. The 5d energy levels of the Au atom lie very near
the valence states, while the 4d energy levels of the Ag atom
are well separated. However, the 5s5p states of the Au atom
and the 4s4p states of the Ag atom lie much deeper and
not contribute to the cluster properties. The electronic str
tures show that a basis of 11 electrons is sufficient for s
studies of the NanAu and NanAg clusters.
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@4# U. Röthlisberger and W. Andreoni, Int. J. Mod. Phys. B6,
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