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Electron delocalization in AuNXM „XÄSc, Ti, Cr, Fe… clusters: A density functional theory and
photofragmentation study

Ewald Janssens, Hiromasa Tanaka,* Sven Neukermans, Roger E. Silverans, and Peter Lievens†

Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, B-3001 Leuven, Belgium
~Received 25 September 2003; published 10 February 2004!

The stability of gold clusters doped with transition metal atoms~Sc, Ti, Cr, Fe! is studied with photofrag-
mentation spectroscopy. The recorded stability patterns depend on the kind and the amount of dopants. While
for singly doped clusters phenomenological electronic shell-model interpretations are suitable, limits of this
model are encountered for more complex systems containing multiple dopants. Density-functional theory
calculations were carried out on singly doped Au5X1 systems (X5Au, Sc, Ti, Cr, Fe!. The electron delocal-
ization behavior suggested by the qualitative description given in@Neukermans et al., Phys. Rev. Lett.90,
033401~2003!# is supported by the calculated molecular-orbital patterns. Dopant dependent differences in
atomization energy, atomic-orbital occupancies and local magnetic moments are addressed. Evidence is pre-
sented to show that the number of delocalized electrons not only depends on the kind and amount of consti-
tuting atoms but also on the shape of the cluster.
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I. INTRODUCTION

One of the key properties of metal clusters is the deloc
ization behavior of the valence electrons of the constitu
atoms. In simple metal clusters such as alkaline or coin
metal clusters the atomic valence electrons delocalize o
the cluster volume. Quantum confinement leads to an e
tronic shell structure with corresponding magic numbe
This shell structure is reflected in many size dependent p
erties of the cluster, such as fragmentation energy, ioniza
energy, electron affinity, and polarizability. The magic nu
bers can be reproduced using simple ‘‘structureless’’ mod
for the effective potential neglecting the discrete nature
the nuclear charge distribution; only the general shape of
potential is considered to be important.1,2

On the other hand, these models do not suffice to desc
size dependent properties of small transition metal clust
The presence of unfilledd shells has important conse
quences:d electrons give rise to more directional bonds a
there are many low-lying excited states due to the differ
possibilities to arrange the electrons in the emptyd states.
Properties such as the stability of the cluster can often
discussed in terms of shells of atoms, relating the numbe
atoms needed to form a compact symmetric structure to
enhanced stability.3 If the d orbitals retain their atomic char
acter and remain localized, the cluster will be magne
However, enhanceds-d andd-d hybridization will increase
the tendency toward itinerant behavior and decrease the
magnetic moments. Therefore the magnetic moment
atom will decrease~although nonmonotonically! with in-
creasing cluster size, i.e., when clusters have more ne
neighbors.4,5

The interplay between isotropic interaction~e.g., gold!
and directional bonds~e.g., transition metals! can be exam-
ined by studying bimetallic clusters. Transition metal dop
gold clusters are interesting from several points of vie
Doping noble metal clusters with impurities changes
properties of the cluster significantly.6–15 By using transition
0163-1829/2004/69~8!/085402~9!/$22.50 69 0854
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metals a certain amount ofs electrons is added to the syste
and the structure will change because of the different size
the dopant. Also electrons stemming from an opend shell are
added to the cluster. The complexs-d andd-d hybridization
effects betweens andd electrons of both types of atoms wi
determine the properties of the mixed cluster. Moreove
local magnetic moment is introduced in a small free-elect
system.

Recent studies have shown that the structure of small g
clusters clearly differs from other coinage metal cluste
gold clusters prefer to be planar up to fairly large sizes.16–18

The reason for the planar shape is related to relativistic
fects that cause a shrinking of the size of thes orbitals and
enhance thes-d hybridization, leading to a preference fo
more directional Au-Au bonds.19 Moreover, nanoscale gold
systems have appealing properties as building blocks
nanostructured materials as well as nanocatal
systems.20,21

In previous papers we reported photofragmentation
periments on single transition metal atom doped gold cl
ters (AuNX, X5Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn;
N51 –45). The observed stability patterns were discus
on the basis of a simple phenomenological shell model, t
ing into account the electronic structure of the dopa
atom.14,22The enhanced abundance for Au5X1 (X5Cr, Mn,
Fe, Co, Zn! was ascribed to the planarity of these clusters
combination with six delocalized electrons being a ma
number for two-dimensional~2D! systems.23

In this paper we describe the extension of the experime
toward multiply doped gold clusters (AuNXM , X5Sc, Ti,
Cr, Fe;N51 –40, M50 –3). The clusters were produced
a dual-target dual-laser vaporization source and their stab
was probed in photofragmentation experiments. In multi
doped systems the interplay between delocalized elect
and the more localized opend shells becomes more impor
tant. The limitations of the phenomenological shell mod
are encountered for these complex systems. For single do
systems density-functional theory~DFT! calculations were
©2004 The American Physical Society02-1
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EWALD JANSSENSet al. PHYSICAL REVIEW B 69, 085402 ~2004!
carried out on Au5X1 (X5Au, Sc, Ti, Cr, Fe!. The molecu-
lar orbitals in this work confirm the electron delocalizatio
behavior suggested in the qualitative description giv
before.14 The calculations also allow to study dopant depe
dent properties such as atomization energy, atomic-orb
occupancies and local magnetic moments. An extensive
dependent DFT study for AuNZn(0,1) (N 5 1–6! clusters is
presented elsewhere.15

II. PRODUCTION OF TRANSITION METAL DOPED
GOLD CLUSTERS

A. Experimental setup

Bimetallic clusters are produced in a dual-target dual-la
vaporization source described in detail elsewhere.24 Metal
vapor is created in the source by the ablation of two rect
gular metal targets by means of two pulsed laser beams@7-ns
pulses of the second harmonic output of Nd:YAG~yttrium
aluminum garnet! lasers#. The condensation chamber has
cylindrical shape, 17 mm long and a diameter of 3 mm;
two vaporization-laser spots are 3 mm apart. The vapori
material is entrained in a short pulse of high purity heliu
gas introduced by a pulsed supersonic valve. Collisions w
the helium gas cool the metal vapor and initiate cluster p
duction. The clusters are further cooled by expans
through a conical nozzle into the vacuum. Charged clus
are accelerated and mass analyzed in a reflectron time
flight mass spectrometer (m/Dm.1000 around m
5100 amu). For the production of AuNXM (X5Sc, Ti, Cr,
Fe; N51 –40, M50 –3), the gold target is located at th
nozzle side of the source, the transition metal target is pla
next to the gas valve.

B. Introducing dopants in gold clusters

Mixed clusters with a wide variety in size and compo
tion can be produced in our source.10,14,24,25The abundance
of the constituent elements of the bimetallic clusters can
controlled by varying the partial pressures of the two me
vapors and the helium gas. The partial pressures depen
the vaporization laser energies and the time delays of
laser pulses with respect to the gas pulse. These param
are optimized for each transition metal impurity to obtain

TABLE I. Source parameters optimized to obtain a maxim
AuNX1 signal.EX andEAu are the applied laser energies in mJ p
pulse. The laser spot has a diameter of 1 mm on the target.Dt l 1l 2

is
the time delay between the firing of the two lasers~dopant material
is vaporized as first!. Dtgl1

is the time delay between the introdu
tion of the helium gas and the firing of the first laser.

X
EX

~mJ per pulse!
EAu

~mJ per pulse!
Dt l 1l 2
(ms)

Dtgl1
(ms)

Au 4 590
Sc 22 5 150 480
Ti 25 7 140 490
Cr 23 9 170 470
Fe 22 9 190 430
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all systems a maximal production of gold clusters contain
only a few ~one, two or three! dopant atoms. In Table I the
applied laser energies, time intervals between the two va
ization laser pulses, and the delay time between introduc
of the helium gas and firing the first Nd:YAG laser~vapor-
izing the dopant material! are listed for the different dopan
materials. The helium gas backing pressure is set at 7 b
The cluster production also is determined by the source
ometry, in particular, the distance between the two ablat
laser spots, the volume of the condensation chamber, and
diameter and opening angle of the nozzle. For the work p
sented here we use a conical nozzle, with an opening a
of 10° and a diameter of 1.2 mm at the narrowest point.

Probably the most important parameter influencing
production of the bimetallic clusters is the energy density
the laser used for the vaporization of the dopant mater
With increasing energy density, a transition occurs from
regime where the production of pure AuN is barely influ-
enced to a regime with clear signal for gold clusters conta
ing several dopant atoms. Figure 1 displays mass abund
spectra of cationic titanium doped gold clusters for seve
laser energies of the laser that vaporizes the titanium tar
while all other parameters are kept constant. For a laser
ergy of 20 mJ per pulse only small AuNTi1 peaks can be
observed. Increasing the energy to 24.5 mJ per pulse
hances the doping, the AuNTi1 peaks are almost as high a
the pure gold signal, smaller peaks for AuNTiM

1 (M52, 3, 4,
5! are visible. A laser energy of 27 mJ per pulse gives rise
a larger signal for singly doped clusters than for pure g
clusters.

III. STABILITY PATTERNS OBTAINED WITH
PHOTOFRAGMENTATION SPECTROSCOPY

The stability of AuNXM
1 (X5Sc, Ti, Cr, Fe; 1<N<40,

0<M<3) clusters is studied by means of photofragmen

l
r

FIG. 1. Abundance spectra of AuNTiM bimetallic clusters for
different energies of the laser beam vaporizing the titanium tar
~a! 20 mJ per pulse,~b! 24.5 mJ per pulse, and~c! 27 mJ per pulse.
The laser spot has a diameter of 1 mm on the target.
2-2
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ELECTRON DELOCALIZATION IN AuNXM . . . PHYSICAL REVIEW B69, 085402 ~2004!
tion spectroscopy. In contrast to the mass spectra in Fig
displaying cationic clusters created in the source, the cha
particles are now electrostatically deflected out of the be
The remaining neutral cluster beam is irradiated with h
fluence laser light (.2 mJ per pulse, 5-ns pulses, focuss
on 1 mm2) stemming from an ArF excimer laser~photon
energy 6.43 eV!. Because of the high fluence, each clus
will absorb multiple photons, reach a highly excited and u
stable state, and fragment. The formation of stable fr
ments, which can be as well neutral as charged particles,
be favored during the fragmentation process.26 The cationic
photofragments are recorded with reflectron time-of-flig
mass spectrometry. The measured enhanced abundanc
certain fragments, compared to the abundance of neigh
ing masses, will be indicative for their enhanced stability

The recorded abundances as a function of the cluster
N of photofragmented AuNXM

1 @X5Au, Sc, Ti, Cr, Fe;M
51,2,(3)] clusters are shown in Fig. 2. For each measu
ment at least ten independent mass spectra were aver
and a base line correction was carried out. For multi
doped systems (M52,3) we limited ourself to smaller clus
ter sizes (N<20) for which the signals were significantl
larger than the noise level and could be well separated f
the other~pure and singly doped! cluster peaks.

The abundances do not vary smoothly with increas
cluster size, but one can identify some clear structure
addition to drops in abundance after specific cluster sizes

FIG. 2. Measured cationic cluster signals as a function of s
for AuN ~a!, AuNSc1 ~b!, AuNSc2

1~c!, AuNSc3
1 ~d!, AuNTi1 ~e!,

AuNTi2
1 ~f!, AuNCr1 ~g!, AuNCr2

1 ~h!, AuNFe1 ~i!, AuNFe2
1 ~j!.

Odd-even oscillations and steps in abundance are observed
specific cluster sizes.
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stability patterns reveal distinct odd-even alternations. T
strength of the abundance drops and the amplitude of
odd-even alternations strongly depend on both the kind
number of impurities.

A. AuN
¿
„1ÏNÏ40…

In the photofragmentation spectrum for pure gold clust
a clear odd-even staggering is visible and steps in abund
are recorded after AuN

1 , N 5 3, 9, 19, 21, and 35@Fig. 2~a!#.
These observations can be related with a shell structure
the magic numbers 2, 8, 18, 20, and 34 that arise from
delocalization of the atomic valence 6s electrons in the noble
metal clusters.1,27

B. AuNScM
¿ and AuNTiM

¿
„1ÏNÏ40,MÄ1,2,3…

For gold clusters doped with one scandium atom we
serve intensity drops at Au6Sc1, Au16Sc1, and Au32Sc1

@Fig. 2~b!#. Assuming that each gold atom delocalizes itss
electron as for pure gold clusters, these cluster sizes co
spond to 8, 18, and 34 itinerant electrons, provided that
scandium atom delocalizes three electrons.14 The single tita-
nium doped spectra@Fig. 2~e!# reveal an enhanced stabilit
for Au5Ti1 and Au15Ti1. Assuming Ti to delocalize its four
valence electrons (3d24s2) these magic clusters contain
and 18 itinerant electrons, respectively.14 The reason that Sc
and Ti dopants would delocalize both their 4s and 3d elec-
trons, is the large spatial extension ofd electron wave func-
tions at the beginning of the 3d series, which results in a
strong hybridization with the Au valence electron orbita
Remarkable is the strong drop in abundance after Au16Sc1

and Au15Ti1, species corresponding to the magic number
while no enhanced stability is recorded for species having
delocalized electrons, which is a magic number for pure g
clusters. Such behavior has been attributed to a modifica
of the effective mean-field potential by the insertion of
dopant atom.10,11,14

For multiple scandium and titanium doped gold cluste
@Fig. 2~c!, 2~d!, and 2~f!# we observe an enhanced stabili
for Au4Sc2

1 , Au5Sc2
1 , Au6Sc3

1 , Au3Ti2
1 , Au13Ti2

1 , and
Au29Ti2

1 . It is not straightforward to link these observation
to electronic shell closure, although the enhanced ab
dances for the double titanium doped species can be rel
with the magic numbers 8, 18, and 34 in case the Ti2 system
contributes six electrons to the cloud of itinerant electro
Following the atomic valence structure of the titanium ato
one would expect four~only s) or eight (s and d) delocal-
ized electrons for the dimer. The observation of six electro
contributed by Ti2 indirectly suggests that the two titanium
atoms form a dimer in the gold cluster, and segregation ta
place. The experimental observations could be explained
the formation of one localized bond between the two atom
while the other six valence electrons become itinerant.

The abundance patterns of single, double, and triple sc
dium doped gold clusters show a clear odd-even stagger
This odd-even staggering is a reflection of an electronic s
structure, since clusters with an even number of delocali
electrons are more stable. For single and triple doped clus
the intensity maxima occur at an even number of gold ato

e
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for double doped clusters the intensity maxima corresp
with an odd number of gold atoms, indicating that Sc a
Sc3 donate an odd number of electrons and Sc2 delocalizes
an even number of electrons. The odd-even staggering
not show up for the smallest double and triple scandi
doped clusters (N,5). Remark that, despite the limited in
formation concerning shell closure, the amplitude of the o
even staggering in the multiple doped spectra is compar
with the one for the single doped spectrum. The fragmen
tion spectrum for AuNTi2

1 only reflects odd-even staggerin
in limited size ranges (2<N<5,8<N<15, and 18<N
<21).

C. AuNCrM
¿ and AuNFeM

¿
„1ÏNÏ40,MÄ1,2…

Both for gold clusters doped with a single chromium a
a single iron atom, the same magic clusters are fou
Au1X1, Au5X1, Au7X1, Au17X

1, and Au33X
1 (X5Cr,

Fe!. Assuming that two electrons of the dopant atoms
delocalized, these clusters contain 2, 6, 8, 18, and 34 iti
ant electrons, respectively.14 The same magic numbers as f
pure gold clusters are obtained if the two dopant valencs
electrons become itinerant. Note that the atomic vale
structure of chromium is 3d54s1 but the promotion energy
toward a 3d44s2 configuration is small, which makes it rea
sonable that this last electron configuration is the prefer
one in a gold cluster. Contrary to the Sc and Ti doped cl
ters, the 3d electrons of Cr and Fe remain localized, whi
agrees with the more contractedd orbitals for the heavier 3d
atoms.

Remarkable are the strongly enhanced abundances
Au5Cr1 and Au5Fe1, corresponding with six delocalize
electrons, while six does not appear as a magic numbe
pure gold cationic clusters. The enhanced stability
Au5X1 species is due to their planar structure~see below! in
combination with the 2D magic number six.23 Note also the
disappearance of the magic number 20~e.g., Au19X

1) and
the enhancement of the steplike feature corresponding to
magic number 18~e.g., Au17X

1).
For double chromium and iron doped clusters, there

limited information concerning possible shell closures. T
only distinguishable drops in abundance occur at Au7Cr2

1 ,
Au9Cr2

1 , Au15Cr2
1 , Au5Fe2

1 , Au9Fe2
1 , and Au15Fe2

1 .
Au7Cr2

1 and Au5Fe2
1 correlate with the magic number eigh

in case Cr2 and Fe2 delocalize respectively two and fou
electrons in these clusters. It is unclear which shell or s
shell closing is related with Au9X2

1 . The steps at Au15X2
1

are smeared out overN515,16 and correspond to the mag
number 18 if together the two dopant atoms delocalize f
electrons. This is in agreement with the observations fo
single dopant, so we cannot make a prediction concern
segregation as for the titanium doped case. The odd-e
staggering only is observed for the small sizes (N,17) with
an amplitude lower than for the singly doped species. Mo
over, one can notice some anomalies in the odd-even pa
for the very small clusters (N54,5 for Cr2 doped andN
52,3 for Fe2 doped gold systems!. The pattern for larger
sizes suggests that Cr2 and Fe2 delocalize an even number o
electrons.
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D. Summary of the experimental observations

The element and size dependent features observed fo
singly doped AuNX1 clusters are interpreted qualitative
within a simple shell-model approach. From the dopant
pendent stability patterns and corresponding magic num
in photofragmented AuNX1 clusters we concluded that th
lightest dopants~Sc, Ti! delocalize both their 4s and 3d
electrons, while for the heavier elements~Cr, Fe! only 4s
electrons are delocalized. This difference is related with
spatial extension ofd electron wave functions for the differ
ent dopants resulting in a stronger~Sc, Ti! or weaker~Cr, Fe!
hybridization with the Au valence electron orbitals.14

A general trend for allmultiply doped species is that th
electronic shell closures become less pronounced and
amplitude of the odd-even staggering decreases compare
the singly doped clusters. It is not straightforward to cou
the number of delocalized electrons, nevertheless ther
some evidence that Sc2 and Sc3 contribute an even and a
odd number of electrons, respectively. The titanium dim
would delocalize six electrons, which is not directly relat
with the atomic valence structure and can indicate segre
tion in mixed gold-titanium clusters. At least for certain clu
ter sizes, Cr2 and Fe2 behave tetravalent. The disappearan
of a clear shell structure compared to the singly doped c
ters can have several causes. Possibly the delocalization
havior is size dependent. But more probable, the addition
more transition metal atoms will enhance thes-d hybridiza-
tion and increase the importance of localized bonds as in
case of pure transition metal clusters. The raised importa
of geometric packing disfavors electronic shell featur
which are most pronounced for amorphous simple me
clusters.

IV. CALCULATED PROPERTIES OF Au 5X¿

„XÄAu, Sc, Ti, Cr, Fe…

A. Calculational level

The aim of this study is to identify in a more quantitativ
way the dopant dependent differences in the properties
given cluster structure. Because of the inherently large p
cessing time needed to calculate cluster structures involv
heavy atoms~relativistic effects! and transition metals~high
spin states possible! at a high level of theory, we have limite
this study to AuX1 dimers and Au5X1 clusters (X5Au, Sc,
Ti, Cr, Fe!. The latter systems were chosen because sev
of the Au5X1 clusters appeared to be very stable. The geo
etries are optimized with DFT using the hybrid B3LY
functional.28 A relativistic effective core potential with cor
responding valence basis set, LANL2DZ,29 is employed for
gold. The Wachters-Hay all electron basis s
@6-3111G~d!#30,31 is used for the 3d transition metal atoms
The optimization of Au5X1 is restricted to triangular struc
tures, havingC2v symmetry. Similar structures were calcu
lated as ground-state geometries both for p
Au6

(0,1,2)16,17,34and zinc doped Au5Zn(0,1) clusters.15,22 Vi-
brational frequency analysis characterized the optimi
structures as minima. Charge populations and the occupa
of atomic valence orbitals are obtained with the natu
2-4
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ELECTRON DELOCALIZATION IN AuNXM . . . PHYSICAL REVIEW B69, 085402 ~2004!
population analysis~NPA!.32 All calculations are performed
with the GAUSSIAN 98 package.33

B. Geometry, charge transfer, and stability

The calculated cationic dimer bond lengths are given
Table II together with the contraction compared to the sum
the atomic radii of gold and the impurity atom. The mag
tude of contraction is reasonable for all dopants.nR is
larger for AuSc1 and AuTi1 than for the AuCr1 and AuFe1

dimers. A similar dopant dependent trend was observed
transition metal doped Cu12 and Ag12 clusters.7,8

Optimization of Au5X1 (X5Au, Sc, Ti, Cr, Fe! started
from the triangular ground-state structure of Au5Zn1,15,22 in
which the zinc atom is replaced by the respective dop
atom. In all cases a stable triangular isomer that resem
the initial structure was found, as shown in Fig. 3. The c
culated Au6

1 cluster is only slightly distorted fromD3h sym-
metry, and corresponds very well to the ground-state st
tures for Au6

(0,1,2) found in literature.16,17,34The Au-X bond
lengths in the Au5X1 (X5Ti, Cr, Fe! structures are shorte
than the corresponding Au-Au bonds in Au6

1 , due to the
smaller radius of the dopant atoms~see Table II!. A more
drastic change occurs when the cluster is doped with a s
dium atom. The structure of Au5Sc1 differs from the other
Au5X1 systems, the scandium atom is shifted much m

TABLE II. Cationic dimer bond length~R! and the difference
between this bond length and the sum of the atomic radii of
constituent atoms (nR). The AuX1 and Au5X1 atomization ener-
gies (De) as defined in Eqs.~1! and ~2!. The last column contains
the highest occupied molecular orbital~HOMO! lowest unoccupied
molecular orbital~LUMO! gap (EH-L) of the Au5X1 species.

X R ~Å! nR ~Å! De ~eV! EH-L ~eV!

AuX1 AuX1 AuX1 Au5X1 Au5X1

Au 2.705 20.18 1.87 9.99 1.06
Sc 2.469 20.58 3.49 12.12 1.40
Ti 2.428 20.46 2.98 11.35 2.52
Cr 2.435 20.26 1.24 9.68 2.44
Fe 2.359 20.32 2.43 9.41 2.18

FIG. 3. ~Color online! Optimized structures for Au5X1 (X
5Au, Sc, Ti, Cr, Fe!. Bond lengths are given in angstrom.
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towards the center of the cluster. The bond distances betw
Sc and the neighboring Au atoms are shorter than thos
Au6

1 , despite the large size of the Sc atom. However
insertion of the Sc atom causes a significant elongation of
Au~2!-Au~3! @and Au~2!-Au~4!# bond distance~the gold
atom numbering is defined for Au6

1 in Fig. 3!. The energetic
disadvantage of the stretched Au-Au bond is compensate
stronger Au-Sc bonds. The highest occupied molecular
bital ~HOMO! of Au5Sc1 ~see Fig. 5! is bonding between Sc
and the four neighboring gold atoms, but antibonding b
tween Au~2! and Au~3! as well as between Au~2! and Au~4!,
and leads to stronger Au-Sc bonds and longer Au-Au d
tances. A similar molecular orbital is not occupied for t
other Au5X1 species as will be discussed in Sec. IV C.

Charge populations obtained with NPA are given in Ta
III. The transition metal dopants lose almost an entire el
tron charge to make the cluster cationic. The absolute va
of the positive charge on the dopant atom correlates with
difference in electronegativity betweenX and Au. Note that
the schemes to assign charges are to some extent arb
because atomic charge is not a quantum-mechanical obs
able. The charges of the dopant atom obtained with Mullik
charge population analysis were higher than the ones
tained with NPA. The positive charge is on the dopant at
because this atom has the lowest electronegativity. The la
electron transfer leads to partial ionic and therefore stron
bonds, which gives rise to enhanced atomization energ
The atomization energies are calculated as follows:

De~AuX1!5EAu1EX12EAuX1, ~1!

De~Au5X1!55EAu1EX12EAu5X1, ~2!

whereEM is the total energy ofM. The atomization energie
for both AuX1 and Au5X1 are presented in Table II. Dopin
with scandium and titanium enhances the stability of
cluster compared with pure gold, correlating with the lar
bond length contraction, while doping with chromium an
iron slightly reduces the stability. One should note that t
result is only valid for the studied triangular isomers
Au5X1, which not necessarily are the ground-state str
tures. Nevertheless, there is a correspondence betwee
calculated atomization energies and the measured AuNX1

e
TABLE III. Charge on the different atoms in AuX1 and Au5X1

obtained with NPA. The gold atoms are numbered as presente
Au6

1 in Fig. 3.nEN is the difference in electronegativity of Au an
X according to the Pauling scale.

X nEN Charge~a.u.! Charge Au5X1 ~a.u.!
AuX1 X Au~1! Au~2!, Au~4!,

X Au~3! Au~5!

Au 0.0 10.50 10.24 10.25 10.12 10.14
Sc 1.1 11.22 10.89 10.10 10.07 20.07
Ti 0.9 11.19 10.84 10.11 10.10 20.08
Cr 0.8 11.05 10.84 10.13 10.09 20.07
Fe 0.6 10.93 10.76 10.12 10.10 20.04
2-5
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cluster abundances: we recorded larger absolute signal
scandium and titanium doped than for chromium and i
doped gold clusters.

C. Density of states and molecular-orbital patterns

In this section we focus on the electronic structure of
clusters presented in Fig. 3. Both the density of states and
shape of some specific molecular orbitals are conside
The density of states~DOS! was obtained from the discret
energy levels using a Lorentz expansion scheme

DOS~E!5(
d/p

~E2« i !
21d2

, ~3!

where the sum is made over all occupied levels~« i!: spin-up
and spin-down states are considered separately, a broad
factor d50.20 eV is used. The DOS is shifted in energy
place the Fermi level at zero~shift of 11.01 eV for Au6

1 ,
9.63 eV for Au5Cr1, 10.07 eV for Au5Ti1, 11.13 eV for
Au5Cr1, and 11.17 eV for Au5Fe1). The result is given in
Fig. 4, the spin-down density is plotted as negative. T
HOMO level ~at zero energy! is indicated by the dashed line
the lowest unoccupied molecular orbital~LUMO! level by a
dotted line. The energy of the HOMO-LUMO gap is given
Table II. A large HOMO-LUMO gap is obtained for Au5Ti1,
Au5Cr1, and Au5Fe1. According to the shell-model inter
pretation described earlier, the number of delocalized e
trons in these clusters is eight, six, and six, respectiv
Where six is a magic number for planar clusters, eight i
magic number both for triangular planar and for spheri
clusters.23,1,2 On the other hand, for Au6

1 and Au5Sc1 we
predicted an odd number of delocalized electrons; this n
stabilized electronic state agrees with the calculated sm
HOMO-LUMO gap.

All studied species have an intense ’band’ in the DO
between 0 eV and25 eV, which is composed mainly of th
valences andd orbitals of the constituent atoms. Thes andd
electrons are strongly hybridized. This is related with t
relativistic contraction of the atomic Au 6s orbitals, which
leads to a shortening of the interatomic bond distances
an increaseds-d and d-d overlap for electrons stemmin
from neighboring atoms. The imbalance between spin-up
spin-down states is a reflection of the local magnetic m
ment, which is especially large in the case of the chromi
doped cluster.

One can distinguish two types of orbitals for the stud
bimetallic clusters. Most molecular orbitals are ‘‘localized
They are build up mainly fromd electrons that are localize
on one specific atom and there only is a negligible over
between the different parts of the wave function. Some m
lecular orbitals have a more delocalized character. They
build up mainly froms electrons, and 3d electrons in the
case of scandium and titanium, and spread out over the e
cluster. We will link these orbitals to the itinerant electrons
the shell model. This way a comparison can be made
tween the high-level DFT calculations and the phenome
logical shell-model interpretations. The energies of the de
calized orbitals are indicated in Fig. 4 by the arrows and th
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electron density is plotted in Fig. 5. The valence-electr
occupancy of the dopant atom~X! is listed in Table IV.

The delocalized molecular orbitals for all studied syste
are alike. The lowest delocalized orbital, in energy betwe
the localized MO’s built up from atomicd orbitals, has no
nodal planes (s wave function!. The next two levels have
one nodal plane perpendicular to the molecular framepx
and py wave functions!. These levels are the HOMO an
HOMO-1 levels in all cases except for the scandium a
titanium doped systems. Thes and p molecular orbitals are
shaped alike the three lowest energetic wave functions p

FIG. 4. Density of states for the structures shown in Fig.
~a! Au6

1 , ~b! Au5Sc1, ~c! Au5Ti1, ~d! Au5Cr1, ~e! Au5Fe1. Spin
up ~positive! and spin-down~negative! densities are given in eac
case. The arrows are placed at energies corresponding with th
localized molecular orbitals. The entire spectra are energetic
shifted as such that zero energy corresponds with the HOMO~given
by the dashed line!. The dotted lines locate the LUMO.
2-6
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sible for a particle in a two-dimensional box. Filling the
levels will add up to six itinerant electrons, being a mag
number for planar shaped structures.23 In the case of Au5Sc1

there is an extra delocalized level with adxy shape. All
shown molecular orbitals are doubly occupied except for
energetic highest orbitals for Au6

1 and Au5Sc1. This means
that the number of itinerant electrons in these clusters is:
for Au6

1 , seven for Au5Sc1, six for Au5Ti1, six for
Au5Cr1, and six for Au5Fe1. This is the same conclusio
we reached when interpreting the photofragmentation spe
on the basis of a phenomenological shell model, except
Au5Ti1 where eight itinerant electrons were assigned.
will discuss this last point in more detail in Sec. V.

D. Local magnetic moments

Not only the structural and electronic properties of t
clusters are dopant dependent, also their magnetic beha
will be different. In this paragraph we examine the influen
of the surrounding gold atoms on the local magnetic mom
of the impurity. Open shell atoms are magnetic in th
ground state according to Hund’s rules. If atoms bind, so
discrete localized atomic orbitals can delocalize or hybridi
the atomic levels disperse in energy and can give rise
energy bands. Magnetism is quenched in many bulk syst
because of this delocalization. Extensive studies on the
havior of 3d ions in different kinds of bulk metals, surface
and clusters have been performed.35,36 In all cases, the loca
magnetism was sensitive to the local structure and envi
ment. In small clusters, the coordination of the dopant
limited, 3d electrons remain reasonably localized.

FIG. 5. ~Color online! Plot of the molecular orbitals that ar
delocalized over the entire cluster. The energy of the orbital
indicated with the arrows in Fig. 4, the lowest energy states
below. All shown orbitals are doubly occupied, except the energ
highest orbitals of Au6

1 and Au5Sc1. This means that the number o
delocalized electrons in these clusters are: five for Au6

1 , seven for
Au5Sc1, and six for Au5Ti1, Au5Cr1, and Au5Fe1.
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The magnetic moment is related to the spin imbalan
through theg factor, which we assumed to be equal to t
free-electron value. As such the magnetic moment is the
ference between occupation numbers in spin-up and s
down states. NPA is used to obtain the occupation numb
of the atomic orbitals for different spin states. The local ma
netic moment on the dopant atom and the averaged mag
moment of the five gold atoms in Au5X1 are given in Table
V and compared with the magnetic moments of the f
atom, free ion and ofX in the cationic dimer. One can not
that the dopant atoms having a large magnetic momen
free atom or ion, still have a large magnetic moment
Au5X1, although it is reduced~except for titanium!. The
reduction is considerable for iron and scandium dopants,
smaller for doping with chromium.

Previous studies have shown that charge transfer and
bridization of valence electrons stemming from host and
purity importantly influence the local magnetic moment.7,37

In general, the magnetic moment of the impurity decrea
with an increasing amount of neighboring atoms. The lo
magnetic moment of the scandium doped system is quenc
because of the strongd-d hybridization due to the spatially
extended scandiumd orbitals. For larger dopants~Cr, Fe!
d-d hybridization is less important, there is almost nod or-
bital overlap because thed orbitals of the heavier transition
metals are more contracted. The main influence on oc
pancy of the impurityd orbitals arises froms-d and p-d
interactions.

is
re
ic

TABLE IV. Valence-electron occupancy~Occ.! of the dopant
atom ~X! as: free atom, cation, in AuX1 and in Au5X1. No differ-
ence is made between different spin states. The occupancy of
berg states~mainly 4p or 6p) is also given, in this number also
higher contributions~which all are very small! are included.

X Occ.X Occ.X1 Occ. AuX1 Occ. Au5X1

Au 6s15d10 6s05d10 6s.555d9.936p.02 6s.875d9.816p.01

Sc 4s23d1 4s13d1 4s.653d1.104p.03 4s.593d1.404p.12

Ti 4s23d2 4s0.73d2.3 4s.443d2.344p.03 4s.513d2.484p.16

Cr 4s13d5 4s03d5 4s.443d4.484p.03 4s.553d4.494p.11

Fe 4s23d6 4s03d7 4s.783d6.254p.04 4s.723d6.394p.12

TABLE V. Local magnetic moments~in mB) of the dopant atom:
as free atom, free ion, in AuX1 and in Au5X1. The last column lists
the averaged magnetic moment on the gold atoms in Au5X1.

X mX mX1 mX mX mAu,avg

AuX1 Au5X1 Au5X1

Au 1 0 0.50 0.30 0.14
Sc 1 2 1.02 0.36 0.13
Ti 2 1 2.05 1.93 0.01
Cr 6 5 4.19 4.17 20.03
Fe 4 3 3.91 1.85 0.03
2-7
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V. 2D VERSUS 3D STRUCTURES

In this section we focus on the dimensionality of the stu
ied clusters. Stable planar triangular isomers were found
the studied Au5X1 systems. This is in line with previou
theoretical and experimental work on pure gold cluste
where evidence was found for planar ground-state struct
up to fairly large sizes~up to N57 for neutrals and cations
and up toN512 for anions!.16,17,18The preference for plana
isomers is related to the large mass of the gold atoms. R
tivistic effects lower the energy and shrink the size of the
orbital, allowing a larger degree of 6s-5d hybridization and
therefore stronger and more directional bonds. The ove
of the 5d orbitals is optimal for a planar configuration. Sy
tems composed of lighter atoms already become 3D
smaller sizes@e.g., Ag5

1 ~Ref. 38! and Li6 ~Ref. 39! are 3D#.
As shown above, introducing a dopant can drastica

change cluster properties such as electronic structure, d
ciation energy, magnetic moment, or size dependent stab
Here we will address the question whether one can cons
a three-dimensional cluster just by replacing one atom i
planar cluster.

In our recent work on AuNZn(0,1) (N<6) all ground-state
structures were computed to be 2D.15 As for pure clusters40

strongs-d hybridization was found to have a major influen
on the planarity of the AuNZn systems. Additionally, the dop
ant Zn atom promotes the 2D isomers through extras bond-
ing formed by overlap between vacant 4p orbitals of Zn and
the atomic valence 6s and 5d orbitals of Au. Similar phe-
nomena occur in the Au5X1 systems studied in this work
also favoring the 2D isomers.

The photofragmentation experiments for AuNTi1 sug-
gested that as well thes as thed electrons of titanium are
delocalized over the cluster volume, meaning that
Au5Ti1 cluster has eight delocalized electrons. On the ot
hand, the calculated MO pattern for the planar triangu
Au5Ti1 isomer showed only three filled delocalized orbita
~six electrons!, the other electrons occupied localized m
lecular orbitals consisting of atomicd orbitals. For the other
Au5X1 (X5Au, Sc, Cr, Fe!, the experimentally determine
number of itinerant electrons agreed with the molecular
bital pattern.

Eight is a magic number for 3D clusters. Optimization
3D isomers for Au5Ti1 lead to a trigonal bipyramid arrange
ment (C2v) in which the titanium atom is fivefold coordi
nated as shown in Fig. 6. This isomer is only 0.41 eV hig
in energy than the planar triangular isomer, despite the l
ited number of Au-Au bonds. This is in contrast wi
Au5Zn1 for which, notwithstanding the exhaustive searc
no 3D isomer was found.15 The 3D isomer of Au5Ti1 has
four doubly occupied delocalized orbitals~singlet state!, or
eight itinerant electrons in agreement with the 3D ma
number. In case of the 2D triangular isomer the thirdp
shaped molecular orbital, having a node in the molecu
plane, was energetically unfavorable and for that reason
occupied.

To link this result with the experimental observation, tw
situations are possible. Or Au5Ti1 is planar and has six de
localized electrons, meaning that the number of delocali
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electrons is size dependent (Au15Ti1 corresponds with the
magic number 18!. Or the cluster is 3D and has eight del
calized electrons.

One can conclude, that there is a strong correlation
tween the shape of the cluster, leading to certain magic n
bers and the number of delocalized electrons.

VI. CONCLUSIONS

In this work AuNXM clusters (X5Sc, Ti, Cr, Fe; N
51 –40, M50 –3) were studied. Stability patterns obtain
in photofragmentation experiments revealed a shell struc
in the singly transition metal doped gold species. The nu
ber of itinerant electrons arising from the dopant depends
the extension of their atomicd orbitals. For higher doped
systems the electronic shell structure is less clear. Prob
interactions involving the relatively large transition metald
electron orbitals lead to the formation of more localiz
bonds, like in pure transition metal clusters.

DFT studies on the Au5X1 species showed that depen
ing on the dopant the stability of the gold cluster can
enhanced or reduced. From the dopant point of view, th
local magnetic moment is not screened completely by in
action with the surrounding gold atoms. All studied spec
had some delocalized molecular orbitals. The number
electrons in these orbitals corresponds with the numbe
delocalized electrons we deduced from the interpretation
the experiments, based on a phenomenological shell mo
For the Au5Ti1 system it was shown that the number
delocalized electrons not only depends on the number
kind of the constituent atoms but also on the shape
the cluster.

FIG. 6. ~Color online! On the left-hand side the optimized 3D
structure for Au5Ti1 (C2v , 1A1) is presented. Bond lengths ar
given in angstrom. On the right-hand side the delocalized molec
orbitals are plotted. All shown orbitals are doubly occupied; th
are in total eight delocalized electrons in this isomer.
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18V. Bonačić-Koutecký, J. Burda, R. Mitric´, M. F. Ge, G. Zampella,

and P. Fantucci, J. Chem. Phys.117, 3120~2002!.
19P.A. Christiansen, W.C. Ermler, and K.S. Pitzer, Annu. Rev. Ph

Chem.36, 407 ~1985!.
08540
Concerted Action~GOA! Research Program, and the Inte
university Poles of Attraction Program~IAP!—Belgian State,
Prime Minister’s Office—Federal Office for Scientific, Tech
nical and Cultural Affairs. E.J. and S.N. thank the FWO f
financial support.

s,
-

s.

.

r-
,

P.

P.

.

s.

20U. Landman, W.D. Luedtke, N.A. Burnham, and R.J. Colton, S
ence248, 454 ~1990!.
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