PHYSICAL REVIEW B 69, 085402 (2004

Electron delocalization in AuyXy (X=Sc, Ti, Cr, Fe) clusters: A density functional theory and
photofragmentation study

Ewald Janssens, Hiromasa Tanak&yen Neukermans, Roger E. Silverans, and Peter Lidvens
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 atd®s, Ti, Cr, F¢ 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 dopedsXili systems X=Au, Sc, Ti, Cr, F¢. The electron delocal-
ization behavior suggested by the qualitative description givefNeukermans et al., Phys. Rev. Lef0,
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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[. INTRODUCTION metals a certain amount efelectrons is added to the system
and the structure will change because of the different size of
One of the key properties of metal clusters is the delocalthe dopant. Also electrons stemming from an ogeshell are
ization behavior of the valence electrons of the constituenadded to the cluster. The complssd andd-d hybridization
atoms. In simple metal clusters such as alkaline or coinageffects betwees andd electrons of both types of atoms will
metal clusters the atomic valence electrons delocalize ovetetermine the properties of the mixed cluster. Moreover a
the cluster volume. Quantum confinement leads to an eledecal magnetic moment is introduced in a small free-electron
tronic shell structure with corresponding magic numberssystem.
This shell structure is reflected in many size dependent prop- Recent studies have shown that the structure of small gold
erties of the cluster, such as fragmentation energy, ionizationlusters clearly differs from other coinage metal clusters:
energy, electron affinity, and polarizability. The magic num-gold clusters prefer to be planar up to fairly large sifes®
bers can be reproduced using simple “structureless” model3he reason for the planar shape is related to relativistic ef-
for the effective potential neglecting the discrete nature offects that cause a shrinking of the size of therbitals and
the nuclear charge distribution; only the general shape of thenhance thes-d hybridization, leading to a preference for
potential is considered to be importdrft. more directional Au-Au bondS Moreover, nanoscale gold
On the other hand, these models do not suffice to describgystems have appealing properties as building blocks for
size dependent properties of small transition metal cluster;yanostructured materials as well as nanocatalytic
The presence of unfilled! shells has important conse- systemg%?!
guencesd electrons give rise to more directional bonds and In previous papers we reported photofragmentation ex-
there are many low-lying excited states due to the differenperiments on single transition metal atom doped gold clus-
possibilities to arrange the electrons in the emgtgtates. ters (AyX, X=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn;
Properties such as the stability of the cluster can often b&l=1-45). The observed stability patterns were discussed
discussed in terms of shells of atoms, relating the number adn the basis of a simple phenomenological shell model, tak-
atoms needed to form a compact symmetric structure to amg into account the electronic structure of the dopant
enhanced stability.If the d orbitals retain their atomic char- atom*??The enhanced abundance forgXi (X=Cr, Mn,
acter and remain localized, the cluster will be magneticFe, Co, Zn was ascribed to the planarity of these clusters, in
However, enhanced-d andd-d hybridization will increase combination with six delocalized electrons being a magic
the tendency toward itinerant behavior and decrease the localmber for two-dimensionéD) systems?
magnetic moments. Therefore the magnetic moment per In this paper we describe the extension of the experiments
atom will decrease(although nonmonotonicallywith in-  toward multiply doped gold clusters (f¥X,,, X=Sc, Ti,
creasing cluster size, i.e., when clusters have more neareSt, Fe;N=1-40,M =0-3). The clusters were produced in
neighborg"® a dual-target dual-laser vaporization source and their stability
The interplay between isotropic interactida.g., gold  was probed in photofragmentation experiments. In multiply
and directional bondge.g., transition metalscan be exam- doped systems the interplay between delocalized electrons
ined by studying bimetallic clusters. Transition metal dopedand the more localized opeahshells becomes more impor-
gold clusters are interesting from several points of viewtant. The limitations of the phenomenological shell models
Doping noble metal clusters with impurities changes theare encountered for these complex systems. For single doped
properties of the cluster significanfiy*® By using transition ~ systems density-functional theoffpFT) calculations were
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carried out on AgX™ (X=Au, Sc, Ti, Cr, F¢. The molecu-

lar orbitals in this work confirm the electron delocalization
behavior suggested in the qualitative description given
before'* The calculations also allow to study dopant depen-
dent properties such as atomization energy, atomic-orbital
occupancies and local magnetic moments. An extensive size
dependent DFT study for AZn®*) (N = 1-6) clusters is
presented elsewhet?.
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Il. PRODUCTION OF TRANSITION METAL DOPED
GOLD CLUSTERS

Abundance (arb. units)

A. Experimental setup | \

Bimetallic clusters are produced in a dual-tar%eét dual-laser
vaporization source described in detail elsewhéer®letal
vapor is created in the source by the ablation of two rectan- ) ! UUUUUL}U Ub UUUL
gular metal targets by means of two pulsed laser bdanns ; ;
pulses of the second harmonic output of Nd:YA@trium 10 15 20 25 30
aluminum garnetlaserg. The condensation chamber has a N
cylindrical shape, 17 mm long and a diameter of 3 mm,; the o _
two vaporization-laser spots are 3 mm apart. The vaporized FIG- 1. Abundance spectra of Aliy bimetallic clusters for
material is entrained in a short pulse of high purity heliumdifferent energies of the laser beam vaporizing the titanium target:
gas introduced by a pulsed supersonic valve. Collisions witf{® 20 MJ per pulseb) 24.5 mJ per pulse, ari@) 27 mJ per pulse.
the helium gas cool the metal vapor and initiate cluster proJ N laser spot has a diameter of 1 mm on the target.

duction. The clusters are further cooled by expansiory| systems a maximal production of gold clusters containing
through a conical nozzle into the vacuum. Charged clustergnly a few (one, two or threedopant atoms. In Table | the
are accelerated and mass analyzed in a reflectron time-oépplied laser energies, time intervals between the two vapor-
flight mass spectrometer M{Am=1000 around m ization laser pulses, and the delay time between introduction
=100 amu). For the production of AX,, (X=Sc, Ti, Cr,  of the helium gas and firing the first Nd:YAG lasgerpor-
Fe; N=1-40, M=0-3), the gold target is located at the izing the dopant materiphre listed for the different dopant
nozzle side of the source, the transition metal target is placeahaterials. The helium gas backing pressure is set at 7 bars.
next to the gas valve. The cluster production also is determined by the source ge-
ometry, in particular, the distance between the two ablation
laser spots, the volume of the condensation chamber, and the
diameter and opening angle of the nozzle. For the work pre-
Mixed clusters with a wide variety in size and composi- sented here we use a conical nozzle, with an opening angle
tion can be produced in our sourte:*?*?*The abundance of 10° and a diameter of 1.2 mm at the narrowest point.
of the constituent elements of the bimetallic clusters can be Probably the most important parameter influencing the
controlled by varying the partial pressures of the two metaproduction of the bimetallic clusters is the energy density of
vapors and the helium gas. The partial pressures depend ¢ine laser used for the vaporization of the dopant material.
the vaporization laser energies and the time delays of th¥Vith increasing energy density, a transition occurs from a
laser pulses with respect to the gas pulse. These parametéegime where the production of pure Aus barely influ-
are optimized for each transition metal impurity to obtain forenced to a regime with clear signal for gold clusters contain-
ing several dopant atoms. Figure 1 displays mass abundance
TABLE |. Source parameters optimized to obtain a maximalspectra of cationic titanium doped gold clusters for several
AupX™ signal.Ex andE,, are the applied laser energies in mJ per laser energies of the laser that vaporizes the titanium target,
pulse. The laser spot has a diameter of 1 mm on the takget, is  while all other parameters are kept constant. For a laser en-
the time delay between the firing of the two las@tepant material ergy of 20 mJ per pulse only small ATii* peaks can be
is vaporized as firgt Aty is the time delay between the introduc- observed. Increasing the energy to 24.5 mJ per pulse en-

B. Introducing dopants in gold clusters

tion of the helium gas and the firing of the first laser. hances the doping, the ATii " peaks are almost as high as
the pure gold signal, smaller peaks for @i, (M=2, 3, 4,
Ex Eau Aty Aty 5) are visible. A laser energy of 27 mJ per pulse gives rise to
X (mJ per pulse  (mJ per puls  (us) (ms) a larger signal for singly doped clusters than for pure gold
AU 4 590 clusters.
Sc 22 5 150 480 lll. STABILITY PATTERNS OBTAINED WITH
Ti 25 7 140 490 PHOTOFRAGMENTATION SPECTROSCOPY
Cr 23 9 170 470
Fe 22 9 190 430 The stability of AyX,, (X=Sc, Ti, Cr, Fe; =N=40,

0=<M=3) clusters is studied by means of photofragmenta-
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stability patterns reveal distinct odd-even alternations. The
strength of the abundance drops and the amplitude of the
odd-even alternations strongly depend on both the kind and
number of impurities.

A. Auf (1<N=40)

In the photofragmentation spectrum for pure gold clusters
a clear odd-even staggering is visible and steps in abundance
are recorded after A, N = 3, 9, 19, 21, and 3Fig. 2a)].
These observations can be related with a shell structure and
the magic numbers 2, 8, 18, 20, and 34 that arise from the
delocalization of the atomic valence &lectrons in the noble
metal clusterd:?’

B. AuySGh and AuyTi, (1SN<40M=1,2,3

Abundance (arb. units)

For gold clusters doped with one scandium atom we ob-
serve intensity drops at ABc", Au;eSc”, and Ay,Sc
[Fig. 2(b)]. Assuming that each gold atom delocalizes its 6
electron as for pure gold clusters, these cluster sizes corre-
spond to 8, 18, and 34 itinerant electrons, provided that the
scandium atom delocalizes three electrttishe single tita-
nium doped spectrfFig. 2(e)] reveal an enhanced stability
for AusTi™ and AusTi ™. Assuming Ti to delocalize its four
0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 valence electrons (@4s?) these magic clusters contain 8
N N and 18 itinerant electrons, respectivElyThe reason that Sc
%and Ti dopants would delocalize both theis 4nd 3 elec-
. n N . rons, is the large spatial extensiondelectron wave func-
Lor A.uf‘ @, AUNSE (b), AUNS% ©, AuNSCﬂ (q)’ AuyTi n ('.3)’ tions at the beginning of thed3series, which results in a
unTi; (F), AunCr™ (g), AunCr, (h), AugFe™ (i), AuyFe, (). 2 . .
Odd-even oscillations and steps in abundance are observed aftgrong hybrld_lzatlon with the Al’.' valence electron orbitals.
specific cluster sizes. emarkaple is thg strong drop in abundance gftefsw
and AusTi*, species corresponding to the magic number 18,
tion spectroscopy. In contrast to the mass spectra in Fig. Wyhile no enhanced stability is recorded for species having 20
displaying cationic clusters created in the source, the chargedklocalized electrons, which is a magic number for pure gold
particles are now electrostatically deflected out of the beanctlusters. Such behavior has been attributed to a modification
The remaining neutral cluster beam is irradiated with highof the effective mean-field potential by the insertion of a
fluence laser light 2 mJ per pulse, 5-ns pulses, focusseddopant atont®114
on 1 mnf) stemming from an ArF excimer lasgphoton For multiple scandium and titanium doped gold clusters
energy 6.43 ey, Because of the high fluence, each cluster[Fig. 2(c), 2(d), and Zf)] we observe an enhanced stability
will absorb multiple photons, reach a highly excited and un-for Au,Sc, , AusSc , AugSc , AugTi, , AuysTi, , and
stable state, and fragment. The formation of stable fragAu,4Ti, . It is not straightforward to link these observations
ments, which can be as well neutral as charged particles, wito electronic shell closure, although the enhanced abun-
be favored during the fragmentation proc&3he cationic  dances for the double titanium doped species can be related
photofragments are recorded with reflectron time-of-flightwith the magic numbers 8, 18, and 34 in case thesystem
mass spectrometry. The measured enhanced abundance &@htributes six electrons to the cloud of itinerant electrons.
certain fragments, compared to the abundance of neighboFollowing the atomic valence structure of the titanium atom
ing masses, will be indicative for their enhanced stability. one would expect foufonly s) or eight (s andd) delocal-
The recorded abundances as a function of the cluster sizged electrons for the dimer. The observation of six electrons
N of photofragmented AuXy, [X=Au, Sc, Ti, Cr, Fe;M  contributed by Tj indirectly suggests that the two titanium
=1,2(3)] clusters are shown in Fig. 2. For each measureatoms form a dimer in the gold cluster, and segregation takes
ment at least ten independent mass spectra were averaggidce. The experimental observations could be explained by
and a base line correction was carried out. For multiplythe formation of one localized bond between the two atoms,
doped systemsM =2,3) we limited ourself to smaller clus- while the other six valence electrons become itinerant.
ter sizes N=<20) for which the signals were significantly =~ The abundance patterns of single, double, and triple scan-
larger than the noise level and could be well separated frordium doped gold clusters show a clear odd-even staggering.
the other(pure and singly dopectluster peaks. This odd-even staggering is a reflection of an electronic shell
The abundances do not vary smoothly with increasingstructure, since clusters with an even number of delocalized
cluster size, but one can identify some clear structure. Irelectrons are more stable. For single and triple doped clusters
addition to drops in abundance after specific cluster sizes, thihe intensity maxima occur at an even number of gold atoms,

FIG. 2. Measured cationic cluster signals as a function of siz
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for double doped clusters the intensity maxima correspond D. Summary of the experimental observations

with an odd number of gold atoms, indicating that Sc and e glement and size dependent features observed for the
Sg; donate an odd number of electrons and Selocall_zes singly doped AywX " clusters are interpreted qualitatively
an even number of electrons. The odd-even §tagger|ng _doﬁthin a simple shell-model approach. From the dopant de-
not show up for the smallest double and triple scandiunhengent stability patterns and corresponding magic numbers
doped clustersN<5). Remark that, despite the limited in- ;;, photofragmented AyX* clusters we concluded that the
formation concerning shell closure, the amplitude of the OddTightest dopantsSc, Tj delocalize both their ¢ and &
even staggering in thg multiple doped spectra is Comparablglectrons, while for the heavier elemer@r, Fo only 4s
with the one for the single doped spectrum. The fragmentagoctrons are delocalized. This difference is related with the
tion spectrum for ANTI, only reflects odd-even staggering gpatial extension of electron wave functions for the differ-
in limited size ranges (2N<5,8<N<15, and 1&N  eptdopants resulting in a strong&c, T or weaker(Cr, Fo
<21). hybridization with the Au valence electron orbitafs.
A general trend for almultiply doped species is that the
C. Au\Cry and AuyFe), (1sN=40M=1,2) electronic shell closures become less pronounced and the

Both for gold clusters doped with a single chromium ang@mplitude of the odd-even staggering decreases compared to

a single iron atom, the same magic clusters are foundthe singly doped cluste_rs. It is not straightforward to count
AU X, AuX™, AuXF, AupX*, and AugXt (X=Cr the number of delocalized electrons, nevertheless there is

Fe). Assuming that two electrons of the dopant atoms ar&©Me évidence that $@nd Sg contribute an even and an
delocalized, these clusters contain 2, 6, 8, 18, and 34 itineRdd number of electrons, respectively. The titanium dimer
ant electrons, respectivel{The same magic numbers as for would delocalize six electrons, which is not directly related
pure gold clusters are obtained if the two dopant valesice v_vlth_the atomic val_enc_e structure and can indicate segrega-
electrons become itinerant. Note that the atomic valencdon in mixed gold-titanium clusters. At least for certain clus-
structure of chromium is @&4s® but the promotion energy ter sizes, Cy and Fg behave tetravalent. Thg disappearance
toward a 31*4s? configuration is small, which makes it rea- of a clear shell structure compared t_o the singly do'ped' clus-
sonable that this last electron configuration is the preferre{:}ers_ can have several causes. Possibly the delocalization be-
one in a gold cluster. Contrary to the Sc and Ti doped clusHavior is size dependent. But more probable, the addition of
ters, the @ electrons of Cr and Fe remain localized, which MOre transition metal atoms will enhance the hybridiza-

agrees with the more contractdarbitals for the heavier@  tion and increase the importance of localized bonds as in the
atoms case of pure transition metal clusters. The raised importance

Remarkable are the strongly enhanced abundances o .geometric packing disfavors electronic She" features,
AusCr* and AuFe', corresponding with six delocalized which are most pronounced for amorphous simple metal

electrons, while six does not appear as a magic number ifiUSters:

pure gold cationic clusters. The enhanced stability for

AusX™" species is due to their planar structgsee belowin IV. CALCULATED PROPERTIES OF Au -X*
combination with the 2D magic number $Note also the ' (X=Au, Sc, Ti, Cr, Fe) °
disappearance of the magic number 0., AugX™) and R
the enhancement of the steplike feature corresponding to the A. Calculational level

; +
magic number 18e.g., Au7X"). The aim of this study is to identify in a more quantitative

_ For double chromium and iron doped clusters, there igyay the dopant dependent differences in the properties of a
limited information concerning possible shell closure+s. Thegiven cluster structure. Because of the inherently large pro-
only distinguishable drops in abundance occur ay@W ,  cessing time needed to calculate cluster structures involving
AugCry , AuiCr, , AusFe , AugFe, , and AusFe . heavy atomdrelativistic effects and transition metaléhigh
Au,Cr; and AuFe) correlate with the magic number eight spin states possiblat a high level of theory, we have limited

in case Cy and Fg delocalize respectively two and four this study to AuX dimers and AgX™ clusters K=Au, Sc,
electrons in these clusters. It is unclear which shell or subTi, Cr, Fe. The latter systems were chosen because several
shell closing is related with AjX; . The steps at AgX, of the AuX™ clusters appeared to be very stable. The geom-
are smeared out ovéd= 15,16 and correspond to the magic etries are optimized with DFT using the hybrid B3LYP
number 18 if together the two dopant atoms delocalize foufunctional?® A relativistic effective core potential with cor-
electrons. This is in agreement with the observations for aesponding valence basis set, LANL2BZis employed for
single dopant, so we cannot make a prediction concerningold. The Wachters-Hay all electron basis set
segregation as for the titanium doped case. The odd-evd6-311+G(d)]*°3!is used for the @ transition metal atoms.
staggering only is observed for the small sizBis{17) with  The optimization of AgX™ is restricted to triangular struc-

an amplitude lower than for the singly doped species. Moretures, havingC,, symmetry. Similar structures were calcu-
over, one can notice some anomalies in the odd-even pattetated as ground-state geometries both for pure
for the very small clustersN=4,5 for Ci, doped andN  Aul’* )161734and zinc doped AZn(®*) clusterst®?2 Vi-
=2,3 for Fe doped gold systemsThe pattern for larger brational frequency analysis characterized the optimized
sizes suggests that £and Fg delocalize an even number of structures as minima. Charge populations and the occupancy
electrons. of atomic valence orbitals are obtained with the natural
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TABLE II. Cationic dimer bond lengtiR) and the difference TABLE Ill. Charge on the different atoms in AU™ and AuX*
between this bond length and the sum of the atomic radii of theobtained with NPA. The gold atoms are numbered as presented for
constituent atoms/AR). The AuX* and AuX* atomization ener- ~ Aug in Fig. 3. AEN is the difference in electronegativity of Au and
gies D) as defined in Eq91) and(2). The last column contains X according to the Pauling scale.
the highest occupied molecular orbitelOMO) lowest unoccupied

molecular orbitalLUMO) gap (Ey..) of the AuX* species. X AEN Charge(a.u) Charge AyX* (a.u)

AuX™ X Au(l) Au(2), Au(4),
X RA)  AR(A) De (eV) En (V) X Au(®  Au(5)

Aux* Aux* AuxXt  AugX™ AusX*t

Au 2705 ~-018 1.87 9.99 1.06 Au 0.0 +0.50  +0.24 +0.25 +0.12 +0.14
Sc 2469  —0.58 3.49 12.12 1.40 Sc 11 +1.22  +0.89 +0.10 +0.07 -0.07
Ti 2.428  -0.46 2.98 11.35 2.52 Ti 09 +1.19  +0.84 +0.11 +0.10 -0.08
Cr 2435  -0.26 1.24 9.68 2.44 cr 08 +1.05  +0.84 +0.13 +0.09 -0.07
Fe 2359 -0.32 2.43 9.41 2.18 Fe 06 +0.93 4076 +0.12 +0.10 —0.04

population analysigNPA).3? All calculations are performed towards the center of the cluster. The bond distances between

with the GAUSSIAN 98 package® Sc and the neighboring Au atoms are shorter than those in
Aug , despite the large size of the Sc atom. However the
B. Geometry, charge transfer, and stability insertion of the Sc atom causes a significant elongation of the

o , _Au(2)-Au(3) [and AuU?2)-Au(4)] bond distance(the gold
The calculated cationic dimer bond lengths are given u‘E

Table Il h ith th . dtoth tom numbering is defined for Auin Fig. 3. The energetic
able Il'together with the contraction compared to the sum o isadvantage of the stretched Au-Au bond is compensated by

the atomic radii of gold and the impurity atom. The Magnlstronger Au-Sc bonds. The highest occupied molecular or-

tude of contraction is reasonable for all dopantsR is bital (HOMO) of AusSc" ; . :
o 5Sc" (see Fig. His bonding between Sc
larger for AuSc and AuTI” than for the AuCt and AuFe and the four neighboring gold atoms, but antibonding be-

dimers. A similar dopant dependent trend was observed fot'ween AU2) and Au3) as well as between AB) and Au4)
= 7.8 '
transition metal doped Guand Ag, clusters. and leads to stronger Au-Sc bonds and longer Au-Au dis-

o T 12 A1 :
Optimization of AuX™ (X=Au, Sc, Ti, Cr, Fe started  5nce5 A similar molecular orbital is not occupied for the

; + 15,22;
from the triangular ground-state structure ofs&Za™, N other AuX™* species as will be discussed in Sec. IV C.

which the zinc atom is replaced by the respective dopant - cparge populations obtained with NPA are given in Table
atom. In all cases a stable triangular isomer that resemblqg The transition metal dopants lose almost an entire elec-
the initial structure was found, as shown in Fig. 3. The calyon charge to make the cluster cationic. The absolute value
culated Ay cluster is only slightly distorted frorDz, Sym-  of the positive charge on the dopant atom correlates with the
metry, and corresponds very well to the ground-state strucgjtference in electronegativity betweetiand Au. Note that
tures for A@’" ™) found in literature'®*"**The Au-X bond  the schemes to assign charges are to some extent arbitrary
lengths in the AgX™ (X=Ti, Cr, F¢ structures are shorter pecause atomic charge is not a quantum-mechanical observ-
than the corresponding Au-Au bonds in Audue to the able. The charges of the dopant atom obtained with Mulliken
smaller radius of the dopant atontsee Table ). A more  charge population analysis were higher than the ones ob-
drastic change occurs when the cluster is doped with a scamained with NPA. The positive charge is on the dopant atom
dium atom. The structure of ABc" differs from the other because this atom has the lowest electronegativity. The larger
AusX™" systems, the scandium atom is shifted much moreslectron transfer leads to partial ionic and therefore stronger
bonds, which gives rise to enhanced atomization energies.

Au; (ZAI) AuSSc+(2B2) AuSTf(S A,) The atomization energies are calculated as follows:
1 :
i —_ 2,694_/(?005 Do(AUX ") =Epy+ Exs — Epux+s 1)
Qg (3 o o 2,650 o_o o 2756
2.693 ' 3/2808 2770 NS /\ / Do(AusX™)=5Ep,+ Ex+— EAu5X+: 2

4 @@ — ‘
e 32-720‘ & O 20 whereE,, is the total energy ofl. The atomization energies

Aucr (A,) AugFe ('B,) for both AuX™ and AuX™ are presented in Table Il. Doping
with scandium and titanium enhances the stability of the
5658 0/2934 cluster compared with pure gold, correlating with the large
O 0 2672 bond length contraction, while doping with chromium and
\ /X iron slightly reduces the stability. One should note that this
O 2.5260 result is only valid for the studied triangular isomers of

AusX ™, which not necessarily are the ground-state struc-
FIG. 3. (Color onling Optimized structures for AX™ (X  tures. Nevertheless, there is a correspondence between the
=Au, Sc, Ti, Cr, Fé. Bond lengths are given in angstrom. calculated atomization energies and the measuregXAu
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cluster abundances: we recorded larger absolute signals for
scandium and titanium doped than for chromium and iron
doped gold clusters.

C. Density of states and molecular-orbital patterns

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

DOSE)=> : om 3

E—g)2+ 6%

where the sum is made over all occupied levels: spin-up
and spin-down states are considered separately, a broadening
factor 5=0.20 eV is used. The DOS is shifted in energy to
place the Fermi level at zergshift of 11.01 eV for Ay ,

9.63 eV for AuCr*, 10.07 eV for AyTi*, 11.13 eV for
AusCr*, and 11.17 eV for AgFe"). The result is given in

Fig. 4, the spin-down density is plotted as negative. The
HOMO level(at zero energyis indicated by the dashed line,

the lowest unoccupied molecular orbithlUMO) level by a
dotted line. The energy of the HOMO-LUMO gap is given in
Table 1I. Alarge HOMO-LUMO gap is obtained for ATi*,
AusCr", and AuFe". According to the shell-model inter-
pretation described earlier, the number of delocalized elec-
trons in these clusters is eight, six, and six, respectively.
Where six is a magic number for planar clusters, eight is a
magic number both for triangular planar and for spherical
clusters’®12 On the other hand, for Au and AuSc™ we
predicted an odd number of delocalized electrons; this non-
stabilized electronic state agrees with the calculated smaller
HOMO-LUMO gap.

All studied species have an intense 'band’ in the DOS
between 0 eV and-5 eV, which is composed mainly of the
valences andd orbitals of the constituent atoms. Thandd 8 -6 4 -2 0 2 4
electrons are strongly hybridized. This is related with the Energy- E; (eV)
relativistic contraction of the atomic Ausborbitals, which
leads to a shortening of the interatomic bond distances an(%)
an increaseds-d and d-d overlap for electrons stemming

fro.m gelghborlng a.toms' -lf—lhe I.mbal?nﬁe ?etwleen Spln-_up aNfse. The arrows are placed at energies corresponding with the de-
Spin- own states IS "?‘ re ectlor) ot the local magnetic r,nOTocaIized molecular orbitals. The entire spectra are energetically
ment, which is especially large in the case of the Chrom'“”%hifted as such that zero energy corresponds with the HQji@n

doped cluster. _ by the dashed line The dotted lines locate the LUMO.
One can distinguish two types of orbitals for the studied

bimetallic clusters. Most molecular orbitals are “localized.”

They are build up mainly frond electrons that are localized electron density is plotted in Fig. 5. The valence-electron
on one specific atom and there only is a negligible overlapccupancy of the dopant ato(X) is listed in Table IV.
between the different parts of the wave function. Some mo- The delocalized molecular orbitals for all studied systems
lecular orbitals have a more delocalized character. They arare alike. The lowest delocalized orbital, in energy between
build up mainly froms electrons, and & electrons in the the localized MO’s built up from atomid orbitals, has no
case of scandium and titanium, and spread out over the entireodal planes € wave function. The next two levels have
cluster. We will link these orbitals to the itinerant electrons inone nodal plane perpendicular to the molecular frapg (
the shell model. This way a comparison can be made beand p, wave functions These levels are the HOMO and
tween the high-level DFT calculations and the phenomenoHOMO-1 levels in all cases except for the scandium and
logical shell-model interpretations. The energies of the delotitanium doped systems. Theand p molecular orbitals are
calized orbitals are indicated in Fig. 4 by the arrows and theishaped alike the three lowest energetic wave functions pos-

Density of states (arb. units)

FIG. 4. Density of states for the structures shown in Fig. 3.
Aug , (b) AusSc', (0) AusTi*, (d) AusCr*, (e) AugFe". Spin
p (positive and spin-down(negative densities are given in each
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TABLE V. Valence-electron occupanc§Occ) of the dopant
atom(X) as: free atom, cation, in A" and in AuX". No differ-
ence is made between different spin states. The occupancy of Ryd-
berg statesmainly 4p or 6p) is also given, in this number also
higher contributiongwhich all are very smallare included.

22 53
B‘ O‘ X  Occ.X Oce.X*  Occ. A* Occ. AuX*
09, @)
Au  6s'5d®  6s%5d'°  6s°%6d*%%p?? 65°'5d* POt
Sc  45°3d"  4s'3d"  4s%BdMUp*®  4s5°%3dM%Upt?

% Q Ti 452302 4s073023  4s43d23p03  4s513¢24%p16
C}‘ O‘ Cr 4s'3dS  4s°3d°  4s*Bd*4up?  4sS3¢taupll
Fe  4%3d°  4s°3d”  4s7%Rd*2%p® 4s723d%3%p??

The magnetic moment is related to the spin imbalance

Yo AusSc” - Au.Ti AuCr  AuFe’ through theg factor, which we assumed to be equal to the
FIG. 5. (Color onling Plot of the molecular orbitals that are fre€-électron value. As such the magnetic moment is the dif-
delocalized over the entire cluster. The energy of the orbitals iference between occupation numbers in spin-up and spin-
indicated with the arrows in Fig. 4, the lowest energy states arglown states. NPA is used to obtain the occupation numbers
below. All shown orbitals are doubly occupied, except the energetiof the atomic orbitals for different spin states. The local mag-
highest orbitals of Ay and AiSc". This means that the number of netic moment on the dopant atom and the averaged magnetic
delocalized electrons in these clusters are: five fof Aseven for  moment of the five gold atoms in AM™ are given in Table
AusSc’, and six for AgTi*, AusCr”, and AuFe’. V and compared with the magnetic moments of the free
atom, free ion and oK in the cationic dimer. One can note
that the dopant atoms having a large magnetic moment as
sible for a particle in a two-dimensional box. Filling these free atom or ion, still have a large magnetic moment in
levels will add up to six itinerant electrons, being a magchu5x+, although it is reducedexcept for titanium The
number for planar shaped structufén the case of AySc” reduction is considerable for iron and scandium dopants, and
there is an extra delocalized level withdg, shape. All  smaller for doping with chromium.
shown molecular orbitals are doubly occupied except for the  previous studies have shown that charge transfer and hy-
energetic highest orbitals for uand AwSc™. This means pridization of valence electrons stemming from host and im-
that the number of itinerant electrons in these clusters is: fivgurity importantly influence the local magnetic moméat.
for AUe, seven for AySc’, six for AusTi", six for |n general, the magnetic moment of the impurity decreases
AusCr*, and six for AgFe". This is the same conclusion with an increasing amount of neighboring atoms. The local
we reached when interpreting the photofragmentation spectigagnetic moment of the scandium doped system is quenched
on the basis of a phenomenological shell model, except fopecause of the strondrd hybridization due to the spatially
AusTi™ where eight itinerant electrons were assigned. Weaytended scandiurd orbitals. For larger dopant€Cr, Fe
will discuss this last point in more detail in Sec. V. d-d hybridization is less important, there is almost chor-
bital overlap because theorbitals of the heavier transition
metals are more contracted. The main influence on occu-

) ) pancy of the impurityd orbitals arises froms-d and p-d
Not only the structural and electronic properties of thejnteractions.

clusters are dopant dependent, also their magnetic behavior
will be different. In this paragraph we examine the influence
of the surrounding gold atoms on the local magnetic moment
of the impurity. Open shell atoms are magnetic in their?
ground state according to Hund’s rules. If atoms bind, some
discrete localized atomic orbitals can delocalize or hybr|d|ze
the atomic levels disperse in energy and can give rise to
energy bands. Magnetism is quenched in many bulk systems

D. Local magnetic moments

TABLE V. Local magnetic momentSn ug) of the dopant atom:
as free atom, free ion, in AG" and in AX*. The last column lists
the averaged magnetic moment on the gold atoms igX&u

Mx Mx+ Mx Mx M Au,avg
Aux* AugX ™ AugX™

because of this delocalization. Extensive studies on the bexu 1 0 0.50 0.30 0.14
havior of 3d ions in different kinds of bulk metals, surfaces, Sc 1 2 1.02 0.36 0.13
and clusters have been perform@d®In all cases, the local Ti 2 1 2.05 1.93 0.01
magnetism was sensitive to the local structure and environgy 6 5 4.19 4.17 —0.03
ment. In small clusters, the coordination of the dopant isse 4 3 3.91 1.85 0.03

limited, 3d electrons remain reasonably localized.
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V. 2D VERSUS 3D STRUCTURES

In this section we focus on the dimensionality of the stud-
ied clusters. Stable planar triangular isomers were found for
the studied AgX™ systems. This is in line with previous
theoretical and experimental work on pure gold clusters,
where evidence was found for planar ground-state structures
up to fairly large sizegsup toN=7 for neutrals and cations,
and up toN= 12 for anion$.'®*"*8The preference for planar
isomers is related to the large mass of the gold atoms. Rela-
tivistic effects lower the energy and shrink the size of the 6s
orbital, allowing a larger degree ofséd hybridization and
therefore stronger and more directional bonds. The overlap
of the 5d orbitals is optimal for a planar configuration. Sys-
tems composed of lighter atoms already become 3D for
smaller sizege.g., Ag (Ref. 3§ and Lis (Ref. 39 are 30).

As shown above, introducing a dopant can drastically
change cluster properties such as electronic structure, disso-
ciation energy, magnetic moment, or size dependent stability. FIG. 6. (Color onling On the left-hand side the optimized 3D
Here we will address the question whether one can construgtructure for AyTi* (C,,,'A;) is presented. Bond lengths are
a three-dimensional cluster just by replacing one atom in fiven in angstrom. On the right-hand side the delocalized molecular
planar cluster. orbitals are plotted. All shown orbitals are doubly occupied; there

In our recent work on Ayzn®*) (N<6) all ground-state ~ are in total eight delocalized electrons in this isomer.
structures were computed to be 2DAs for pure clustef®
strongs-d hybridization was found to have a major influence
on the planarity of the AyZn systems. Additionally, the dop-

ant Zn atom promotes the 2D isomers through exttgond-  glectrons is size dependent (Ali* corresponds with the
ing formed by overlap between vacam 4rbitals of Zn and magic number 1B Or the cluster is 3D and has eight delo-
the atomic valence $and & orbitals of Au. Similar phe-  5jized electrons.

nomena occur in the AX" systems studied in this work,  One can conclude, that there is a strong correlation be-

also favoring the 2D isomers. tween the shape of the cluster, leading to certain magic num-

The photofragmentation experiments for i’ sug-  pers and the number of delocalized electrons.
gested that as well the as thed electrons of titanium are

delocalized over the cluster volume, meaning that the
AusTi* cluster has eight delocalized electrons. On the other
hand, the calculated MO pattern for the planar triangular
AusTi" isomer showed only three filled delocalized orbitals  In this work AuXy clusters K=Sc, Ti, Cr, Fe;N
(six electrong, the other electrons occupied localized mo-=1-40,M=0-3) were studied. Stability patterns obtained
lecular orbitals consisting of atomatorbitals. For the other in photofragmentation experiments revealed a shell structure
AusX™ (X=Au, Sc, Cr, Fg the experimentally determined in the singly transition metal doped gold species. The num-
number of itinerant electrons agreed with the molecular orber of itinerant electrons arising from the dopant depends on
bital pattern. the extension of their atomid orbitals. For higher doped
Eight is a magic number for 3D clusters. Optimization of systems the electronic shell structure is less clear. Probably
3D isomers for AgTi* lead to a trigonal bipyramid arrange- interactions involving the relatively large transition medal
ment (C,,) in which the titanium atom is fivefold coordi- electron orbitals lead to the formation of more localized
nated as shown in Fig. 6. This isomer is only 0.41 eV higheibonds, like in pure transition metal clusters.
in energy than the planar triangular isomer, despite the lim- DFT studies on the AJX* species showed that depend-
ited number of Au-Au bonds. This is in contrast with ing on the dopant the stability of the gold cluster can be
AusZn* for which, notwithstanding the exhaustive search,enhanced or reduced. From the dopant point of view, their
no 3D isomer was fountf The 3D isomer of AgTi* has local magnetic moment is not screened completely by inter-
four doubly occupied delocalized orbitalsinglet statg or  action with the surrounding gold atoms. All studied species
eight itinerant electrons in agreement with the 3D magichad some delocalized molecular orbitals. The number of
number. In case of the 2D triangular isomer the third electrons in these orbitals corresponds with the number of
shaped molecular orbital, having a node in the moleculadelocalized electrons we deduced from the interpretation of
plane, was energetically unfavorable and for that reason urthe experiments, based on a phenomenological shell model.
occupied. For the AuTi* system it was shown that the number of
To link this result with the experimental observation, two delocalized electrons not only depends on the number and
situations are possible. Or ATi* is planar and has six de- kind of the constituent atoms but also on the shape of
localized electrons, meaning that the number of delocalizethe cluster.

VI. CONCLUSIONS
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