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Theoretical study of structural, electronic, and magnetic properties of AyM* clusters (M =Sc, Ti,
V, Cr, Mn, Fe, Au; n<9)
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We investigate the element- and size-dependent electron stability d Aclusters(M=Sc, Ti, V, Cr, Mn,

Fe, Au;n<9) by means of first-principles density functional calculations. The interplay between the cluster
atomic arrangements and their electronic and magnetic structure is studied for the few lowest energy isomeric
states and their dependence on the dopant atom and its environment in the host cluster. Our total energy
calculations provide a clear explanation of the abundance peaks observed recently in photofragmentation
experiments. The magnetic and geometrical configurations are strongly correlated. The local magnetic moment
of the dopant atom shows a pronounced odd-even oscillation with the number of Au atoms, and decreases
when the cluster size increases.
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I. INTRODUCTION The intensity,l,, of Au,M™* clusters resulting from a uni-
The influence of transition metdM) impurities on the molecular fragmentation experiméntan be related to the
electric transport in gold nanocontakis an example, among Helmholtz free energy at temperatufeF(T), by*?
many others, of interesting items in the study of gold clusters _
dopgd with transition megt]al atoms. Recen%/exgeriméﬁtal NQ/lnea) = AoFn(M/kgT, @
and theoretical work’**has demonstrated that the introduc- where A,F, is the second difference in Helmholtz free en-
tion of a dopant atom in a metal cluster can change its strucergy. In the asymptotic limit of zero temperature, the rhs of

ture and electromagnetic properties significantly. Eq. (1) is approximated by the second difference of total
Neukermans and co-worké&rsave investigated the stabil- energy,E,, of the AyM* cluster,

ity of cationic clusters AM™*, with M from Sc to Ni, by

means of photofragmentation experiments. The observed in- AEq=En +Eny - 2E, (2
tensity, |, shows an enhanced abundance for specific cluster
sizes, corresponding to AM™* clusters with favored stability =Eg(n) —Eg(n+ 1), (3)

(magic numbepst? In the rangen<9, these magic numbers . .

n arg 6(S0., 5 (Ti), 5 and 7(V. %r, Mn. Fe, Co, 2 gnd 8(Ni), where Eg,(n)=E,.1+E5,—E, is thg monomer evaporation
and 3 and 9Au). A qualitative explanation of these magic energy ngﬁded for the protc)ess n VV\V/h'Ch”m IIEoseshAu
numbers was givénin terms of a phenomenological shell atoms, wit energ)EAu', one by one. e+§ee in E¢B) that
model, which leads to magic numbers for electronic sheIPhOS't'Ve values OﬁfZE" |Rd|cate thﬁt AgM 'S rlr\]ore stable }0
closing with 2, 8,.., electrons. Thus, in addition to 1 delo- 1€ eV?[ZOIEItIOH ofan Léatomt an AM | eé;atl(\j/e \:ja-
calized & electron for each Au atom, one need to assumé‘elS of 22 nd_corresEonl to experimental abundandgs
two 4s delocalized electrons for all the transition metal ele- = 'n+1> @ccording to Eq(1).

ments from Sc to Co, plus or&q, two (Ti), or zero(V to In_ this paper we inves.tigate the correspondence of the
Co) 3d delocalized electrons. For Ni, with ai®is? atomic magic numbers observed in the abundance spectra of photo-

+ .
configuration, only 1 valence electron is required to explainfragmemed ARM™ clusters, with the enhanced peaks of

the observed magic numbers within the shell model. Thaé2En calcul_ated_from first principles. Details of the calpula-
means that the®electrons are completely delocalized in gclions are given in Seq.. ”'. In Sec. lll we present and d'SC.USS
and Ti, and completely localized in the remaining Bl se- our results. The equilibrium geometries, binding energies,

ries. To justify that Cr and Ni dopants act as divalent andand the spin muiltiplicity of the few lowest energy isomeric

h . .
monovalent metals, respectively, in a Au matrix, a small pro-States of AyM™ clusters are discussed in Sec. Il A. The

motion energy between configuration$*& and 3**s! was trepds of the Iocgl charge_and magnetic moment of the im-
invoked? A more quantitative study of the delocalization purity atom are discussed in Sec. lll B. In Sec. IV we present
trends ofd electrons, based in density functional theory (e conclusions.

(DFT), has been performed receritfpr AusM* (M=Sc, Ti,
Cr, Fe, Au. In this paper we present spin-density functional
calculations for a wider range ofi3lopant atom and cluster
sizes, aimed at explaining the experimental magic numbers, We use the first-principles codgesTA™® to solve fully
bonding properties, and local magnetic moments from a firsself-consistently the standard Kohn-Sham equatibrs
principles approach. density-functional theoryDFT) within the spin-polarized

1. COMPUTATIONAL PROCEDURE
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generalized-gradients functional aproximati@GA) for the
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0,1, 4,5, 4, 3for M=Au, Sc, Ti, V, Cr, Mn, Fe, respec-

exchange-correlation potential as parametrized by Perdewively, with the exceptions AdTi*, AugMn*, AugFe', and

Burke, and Ernzerhdf We use norm conserving scalar rela-
tivistic pseudopotentiat§ in their fully nonlocal form!” gen-
erated from the atomic valence configuration$%s'6p° for
Au, and 423p®3d for theM elementgq=1, 2, 3, 4, 5, 6 for
Sc, Ti, V, Cr, Mn, Fe, respectivelyand core radii which we
have tested and reported in previous woik® We have
included in the valence the semicore orbitdlib Au, and 3

in M elements. Specifically, fors43p, 3d orbitals we use the
core radii, in a.u., 2.57, 1.08, 1.3%c, Ti, V), 2.36, 1.09,
1.09(Cr), 2.47, 1.29, 1.29Mn), and 2.47, 1.00, 1.00Fe).
Flexible linear combinations of numericgbseudd atomic
orbitals are used as the basis set, allowing for multipéend
polarization orbitals. In order to limit the range of the basis
pseudoatomic orbitalAO), they are slightly excited by a
common “energy shift{0.05 eV in this worl, and truncated

AugV*. For the three AgM™* exceptions we find isomers
with a slightly enlarged AuM distance(~0.02 A) and a
slightly smaller binding energy~0.02 eV/aton, which
follow the generalM, sequence. These small differences
mark the limit of our accuracy in the calculated bond dis-
tance and binding energy. For A", we find an isomer with
0.08 eV/atom higher energy which hik,=4 (fulfilling the
generalM, sequenceand the 2D geometry 8-l of Fig. 1.
This planar geometry resembles an(A10) surface with the

M atom substituting for an Au atom, but having a smaller
averageM-Au distance than Au-Au atoms in the(112)
surface. This interplay between spin multiplicity and the geo-
metrical environment in AM* is even more sensitive for
M=Cr, Fe. We will comment below that interplay for Av*
clusters, as well as for AM™* clusters, will lead to general
empirical rules.

at the resulting radial node. In the present calculations we o, multiplicities M,+1 for AusM* coincide with the

used, forM elements, doublé-3p, 4s, 3d-basis and single
4p polarization orbital, with maximum cutoff radii, in Bohr,
9.07(So), 8.66(Ti), 8.49(V), 8.35(Cr), 8.01(Mn), and 7.90
(Fe). For Au we used a doublébd, 6s-basis, with maximum

ones previously reportédor M=Sc, Ti, Cr, and disagree for
Fe (we obtain 5 instead of)3Considering the lowest energy
isomer, the differencéM (n=o0dd—-M,(n=even is 1 for M
=Au, Sc, Ti, Mn, Fe, and -1 foM =V, Cr. The difference in

cutoff radius 7.62 Bohr. The basis functions and the electrogy o¢ccupations for up and down bandshfimpurities in bulk
density are projected onto a uniform real space grid in ordep, calculated recently by Frota-Pes¥bare 2.15(V), 3.61

to calculate the Hartree and exchange-correlation potentia

R:r), 4.00(Mn), and 2.95Fe), which are near to the lower of

and matrix elements. The grid fineness is controlled by the,r calculated, values for the ground state of Ad* clus-
‘energy cutoff’ of the plane waves that can be represented ifgs with oddn (V, Cr), and evem (Mn, Fe.

it without aliasing(100 Ry in this worl. Convergence tests

As a general trend, we obtain planar geometries for the

with respect to size and cutoff radii of basis sets, and withgest energy isomer of clusters with< 6, and three dimen-

respect to LDA or GGAXxc functionals, were presented in
previous workg819

sional (3D) geometries for clusters with=7. The excep-
tions are AyYCr", which is 3D, and AgSc" and AyTi™,

To obtain the equilibrium geometries, an uncostrainedyhich are planar(2D). In fact, we find a 2D isomer of

conjugate-gradient structural relaxation using the DFT

forceg® was performed for several initial cluster structures
(typically more than ten suggested by the isomeric geom-
etries for Ay, Au,,, and Ay, clusters obtained previousk.

Ill. RESULTS AND DISCUSSIONS

A. Equilibrium geometries, spin multiplicity,
and binding energy

AugCr" with practically the same binding energy, but a
smaller averagéM-Au bond distance, whereas for 48c'

and AyTi*, we find 3D isomers with binding energy close to
the planar ones, but with a larger averdgeAu bond dis-
tance. In a sense, we can say thaf’ marks the onset of 3D
geometries for AM* clusters. For the second lowest energy
isomer of clusters witm=3 we obtain mostly 3D geom-
etries. The exceptions are fd* clusters withM=V, Cr,

Mn, Fe, which have, however, a 3D ground state. Other ex-

In Fig. 1 are shown the calculated equilibrium geometrieCePtions are AiMn®, AusSc’, and AyTi", whose first and

of the few lowest energy isomers of cationic Mi* clusters
with 2<n<9 andM=Au, Sc, Ti, V, Cr, Mn, Fe. In Table |
are given the averagd-Au bond lengthd,,, and the bind-
ing energy per atom,

nEAu + EM"’ - En

Eb(AunM+) = n+1

4)
The integrated difference of majority and minority spin elec-
tronic charges, denoted hy,, is also given. Assuming that
the cluster ha$/, unpaired electrons, each one with séin
(in units of#), the multiplicity of the state i1=M,+1, and
the z component of magnetic moment due to spiruisM,
(in Bohr magnetonsyg).

The calculatedV, value of the lowest energy isomer of
the Ay,M* cations is given in bold characters in Table I. For
odd (even n, M, follows the sequence 1, 1, 2, 3, 4, 5(C}

second isomers are both planar.

The geometry of ApM* cations in the lowest energy state
is an equilateral triangl€2-11l in Fig. 1), except forM=Sc,
Ti, which prefer an obtuse triangle with thé at the apex
(2-1'in Fig. 1). This tendency is reversed for the second iso-
mer, which adopts the 2-I geometry fdt=V, Mn, Fe, and
the 2-1ll geometry, foiM =Sc, Ti. For the second isomer of
Au,Cr" we find the obtuse triangle 2-Il, with thel atom
coordinated to only one Au. This configuration is less bonded
by far than the lowest energy state 2-1ll, but still has larger
binding energy than the isomer 2-1.

The averageM-Au bond distanced,,, of Au,M™* clusters
is smaller for the obtuse triangle 2-I than for the equilateral
triangle 2-111, except for AyMn™, whered,, is the same for
both configurations. For ACr", d,, in the obtuse triangle
2-1l is slightly larger than in the equilateral triangle 2-11I
geometry. This empirical relation between the averdye
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FIG. 1. Equilibrium geom-
etries of the few lowest energy
isomers of cationic A{M* clus-
ters, with 2<n<9 and M=Au,
Sc, Ti, V, Cr, Mn, Fe (dark
spheres The roman numerals
identify each geometry in Table I.

-Au distanced,, and the geometry of AIM* isomers can be and the smaller the coordination, the larger the multiplicity.
complemented with another observation relatiggand the At a given sizen, the largest binding energy per atom is
multiplicity M,+1 of first and second isomers: the larger is obtained for AySc’, and the lowest is obtained for AQr*
d,,; the larger is the multiplicity. Thus, the multiplicityl,  (except for AyMn* with n=2, 8, 9. The binding energy of
+1 of the second isomer of AM™* clusters increases for AuM®* cations is larger than for the pure Adimer, except
M=Sc, Ti and decreases ft=V. Instead, foM=Cr, Mn,  for M=Cr. The binding energy per atom of A" with M
Fe, whosel,, for the first and second isomers differs by less # Sc andn=2 is always smaller than the one for pure;Au
than 0.06 A, the multiplicity remains unchanged. This em-cations, except for A{i*, AusFe’, and AwTi*. Notice that
pirical relation between geometry] coordination, average there is an isomer of AfTi* with practically the same bind-
M-Au distance, and multiplicity of ABM* clusters, is veri- ing energy(~2.36-2.37 eV/atomand the averagél-Au
fied also for larger clusters. With a few exceptions, such aslistance(~2.81-2.82 A as the pure A} cation, but with
AugV* and AyFe', the larger is the averagd-Au distance different geometry(9-1l instead 9-) and multiplicity (triplet
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TABLE I. Average first-neighboM-Au distanced,, (A), and binding energy per atorf, (eV) of the few lowest energy isomers of
cationic AyM* clusters for =n<9 andM=Au, Sc, Ti, V, Cr, Mn, Fe. The geometry notation is that of Fig. 1, except for the obvious 1-I
dimer. The integrated difference of electronic charge between majority and minority spin densities, dendtgdsisliso given in atomic
units. M, is marked in bold for the ground state.

Au Sc Ti \Y Cr Mn Fe

geo M, dy, E, geo M, d,, E, geo M, d,, E, geo M, d,, E, geo M, d,, E, geo M, d,, E, geo M, d,, E;

1-1 258 1.13 14 1 247 181 11 2 246 128 1 3 247 116 1 4 249 094 11 5 245 115 11 4 243 147

2-l 0 265 202 2- 0 247 214 21 1 244 172 2l 4 270 161 2 5 270 160 2-l 4 254 139 2l 3 255 1.76
2 2 266 188 2 3 265 1.71 2- 2 246 145 211 5 271 129 21 4 254 133 21 3 249 167
2-11 2 256 160 2 3 257 145 2 4 261 143 2- 5 267 124 2 6 254 133 21 5 248 1.60

3-1 1 269 200 3 1 265 216 3-1 2 267 197 3 3 271 186 3- 4 271 172 31 5 267 174 31 4 260 1.97

=

3-ll 1 259 215 3-I 2 258 189 3-l 3 263 168 3l 4 252 155 31 5 263 161 3-I 4 259 1.89
4-1 0 270 215 4- 0 266 231 4 1 264 210 4 4 276 195 4 5 275 184 41 4 267 186 4-l 3 267 204
4-l 0 266 228 4-ll 1 264 204 41 4 277 191 41 5 274 180 41V 4 266 184 4 3 264 199

4-v 2 267 214 411 3 272 198 4-VI 4 270 183 4Vl 5 270 1.80 4-IV 2.63 1.84 4-vI 3 258 192
4-v 0 267 208 4V 3 267 19 4V 4 268 182 4V 5 274 179 4VI 6 271 172 4V 3 263 1.90

5V 1 269 214 5l 1 273 233 51 2 271 221 5 3 271 214 5 4 273 202 51 5 271 208 51 4 266 222
5-1 1 272 232 51 2 273 219 5 3 274 209 51 4 276 198 5I 5 269 201 5 4 269 217
5v. 1 276 230 5l 2 270 207 51 3 270 199 51 4 274 190 5V 5 263 195 5V 4 259 210
5VI 1 264 216 5VI 2 274 204 5Vl 3 273 197 5VI 4 269 188 5VI 5 270 192 5-VI 4 268 2.08

6- 0 272 231 6 0 277 240 6 1 276 225 6l 4 276 214 6-ll 5 288 206 61 4 272 206 6 3 273 221
6-Iv. 0 273 237 6l 3 272 223 6l 4 282 214 61l 5 275 206 6-ll 6 281 204 6l 3 274 219
6-V 0 279 236 6 1 276 221 6 2 272 213 6- 5 273 201 61 4 275 203 61 3 269 219
6-11 2 274 235 6 3 281 219 6 4 278 211 6-ll 4 274 2.03

7-lv. 1 280 231 7 1 281 241 71 2 278 230 7 3 283 223 74 4 283 213 71 5 274 215 71 4 272 228
7-\v 1 282 235 7l 2 277 223 70 3 276 218 7l 4 283 210 7l 5 275 212 71 4 271 225

7-N 2 266 214 7 3 269 211 7l 4 270 2.04
81 0 281 240 8-l 0 280 246 81 1 279 235 8l 2 283 225 8l 5 288 218 8-l 4 282 217 8-l 3 273 228

[}

8-l 0 286 245 8-l 1 282 233 8-l 2 278 224 81l 3 278 215 8l 4 276 214 81 5 270 226
8l 4 278 217 8 5 277 211 8l 4 275 224
9-1 1 281 236 9l 1 286 247 911 0 280 239 9l 3 283 231 91l 4 283 221 9l 3 282 220 91 2 275 230

9-v 1 285 244 9l 2 282 237 9-VII 3 284 229 9-VII 4 286 220 9l 5 283 217 9l 4 276 229
9-vI 1 291 244 9l 2 278 218 9-ll 3 284 218 9-ll 4 285 214 9V 5 275 213 9V 4 273 223
9-vill 1 289 243 ol 4 284 216 9l 6 281 213 9l 7 278 210 9-lll 4 272 221

instead singlet A similar situation is found for the isomer The extra stability observédt certain size$magic num-
AusFe" with 5-11 geometry andM,=4. Thus, substituting an berg of Au,M™* clusters can be related to peaks of the second
Au atom by aM atom is always energetically unfavorable for total energy difference, defined by E®). In the left panels
Au,M* clusters (2<n=<9) except for M=Sc, and for of Fig. 3 we represent the calculatagE, for Au,M* clus-
AusTi*, AusFe', and AwTi™. ters. The experimental abundance peaks=s6 for M=Sc,
Trends in the binding energies are clearly seen in Fig. 2
for clusters with 3=n=<8. We observe that the curves for
n=5 andn=7 depart from the pattern shown by the curves 24} ¢
with other constanh values. As a consequence, the shift v

between curves=5 andn=4 decreases for Sc and increases [ "

for the other impurities, whereas the reverse happens for ths 22| 4
shift between curvesi=5 andn=6. This fact allows our %, L LA .
calculations to explain the enhanced relative abundance olz )
served for AYSc, on one hand, and for AM* with M 2oof &

# Sc, on the other hand. § ol

We see in Fig. 2 that the curve=6 widens(narrows the
shift with the curven=5 (n=7) for Sc whereas the contrary 18-
occurs for the remaining impurities. For Ti the cunve6 is
halfway between th@=5 andn=7 binding energy curves.
This behavior, which is a consequence of the tendency ¢ 16 —L = o 1 = v L
curvesn=5 andn=7 commented on previously, leads to the
special stability of doped AM* cations atn=6 for Sc,n FIG. 2. (Color onling Binding energy per atom for A" clus-
=5 for Ti, andn=5,7 for theotherM impurities, in perfect ters with 3<n<8. The Roman numerals indicate the geometry
agreement with experimental abundances of photofragtabel of Table | and Fig. 1. The data points are connected for a given
mented AYM™ clusters? n only to guide the eye.
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ar Se i S 2 Sc ear at the sama values already commented on fAsE
3= n
O-:\/V\/ \7@& 1-’\/\/\/\, and forEg,(n).
-l I I I | 2+ I O 1 1 11 I T & . . . . . .
o IF Ti N T 2- Ti The results in Figs. 1-3 are obtained from first principles
e = ~ m : : :
O S s Ir calculations and cannot be reinterpreted in terms of the
Fo 0 ) I I I O | Q21 L] > (=S L1 . . .
g 1F v| . v Z2F v spherical shell model of quasi-free electrons. As noted in
%3 ‘; g ) En;— Sec. |, in order to explain the experimental abundahces
?1_* e B B S 5 P within that simple model, one needs to assume that the 3
g0 W § 3W E IW electrons of thevl impurity are completely delocalized in Sc
R S §2? B ] o and Ti, and completely localized in the remaining B! se-
-% | | 1 1| 2 L1 1 111 (2) o A A I I N
- Fe r Fe - Fel
i 3 i . i
(I-_ zm ;W B. Impurity charge and local magnetic moment
Al | I o A I L1 1 1 | L1
23456789 23456789 23456789 We have performed a Mulliken charge population analysis

in order to study the localization of the positive charge in the

FIG. 3. (Color onling Left panels: Second total energy differ- Au,M™ cations. The results far=1, 5 are collected in Table
ences, Eq(3), versus number of gold atoms for A* clusters. Il, and the results for £n<9 andM=Sc, Ti, are collected
Middle panels: Evaporation energy of a neutral Au atdfitied in Table lll. Contrary to the covalent situation for pure gold
dotg and of a dimer Ay (empty dot. For Sc the dimer evapora- cations, where the less coordinated atoms have the larger
tion energy is 3.90 eV. Rights panels: HOMO-LUMO gap of the positive charge, foM # Au the charge is localized mostly at
ground state. the impurity, with a decreasing value when the cluster size

increases. This is because the coordination with Au atoms

n=5 for M=Ti, and n=5,7 for M # Sc, Ti, coincide also increases. For the smaller cluster sizes, theMubond is
with the pattern seen im\;E,. Notice that the positive- mainly ionic, and the amount of charge transfer to Au atoms
negative alternation of,E, values calculated using E(B),  follows roughly the sequence of electronegativity difference
is in agreement with the alternation of positive-negative valhetween Au and/l atoms. Fon=5 theM coordination to Au
ues of Inl,/l,,,) calculated from observed abundandgs atoms is much more higher and the charge atNheatom
This fact should be expected, according to H4$~(3), as- becomes stabilized around a vals®.5—0.6. Our results in
suming a good total energy calculation. Tables Il and IIl agree qualitatively with the results of Jans-

In the middle panels of Fig. 3 are given the evaporationsens and co-worketsbtained with natural population analy-
energies of a neutral Au atom and of a,Adimer. Except in  sis.
a few cases, barriers for atomic Au evaporati@y,, are The magnetic moment of the impurity as a function of the
lower than for losses of AuE,,(n) shows positive peaks at cluster size, shows pronounced odd-even effects. For ex-
the same number of Au atoms as\,E,. In the right panels ample, for AySc" and Ay, Ti* we obtain the results collected
of Fig. 3 we present the difference between the eigenvalugs Table Ill. This can be correlated to the odd-even trend in
of the lowest unoccupied molecular orbitAUMO) and the  th M, values of the clusters in Table | already commented on
highest occupied molecular orbitdHOMO), known as the in Sec. Il A. For Ay,Sc' clusters with odch, the magnetic
HOMO-LUMO gap. It is currently believed that the higher is moment of the impurity decrease drastically whenin-
this gap the higher is the cluster stability relative to thecreases from 1 to 9, whereas for evewralues, the magnetic
neighbors’ sizes. Thus, peaks in the HOMO-LUMO gap ap-moment of Sc is zero, in correspondence with kigvalues

TABLE Il. Positive chargeq (in a.u), and local magnetic momen, (in ug), on theM atom of Ay,M* clusters withn=1,5 obtained
from the Mulliken population analysis. The last four rows list calculatedalues of theM impurity adsorbed on different Au surface®efs.
22 and 23 and embedded in Au bulkRef. 21). These values are extracted from figures in several publicatefs. 23, 22, and 21

M Au Sc Ti \Y Cr Mn Fe
q(AuM™) 0.50 0.97 0.88 0.83 0.80 0.81 0.76
q(AusM*) 0.16 0.59 0.52 0.50 0.51 0.55 0.51
w(AUM™) 0.50 1.07 2.16 3.29 4.62 5.12 4.00
u(AugM™) 0.22 0.40 1.87 3.10 4.25 4.95 3.82
u M/(002)2 1.80 3.10 4.20 4.50 3.20
w M/(110P 0.90 2.45 3.60 4.25 3.10
w M/(112)° 0.00 2.50 3.80 4.30 3.30
w M/bulke 2.40 3.60 4.00 3.00

aReference 23
bReference 22
‘Reference 21

155412-5



TORRES, FERNANDEZ, AND BALBAS PHYSICAL REVIEW Br1, 155412(2009

TABLE lIl. Positive chargeq (in a.u), and local magnetic momeng, (in ug), on theM atom of AyM™* clusters with kn<9 and
M=Sc, Ti obtained from Mulliken population analysi§.There exist the isomeric state 9-1 triplet with=0.33, andu=1.24.

1 2 3 4 5 6 7 8 9
q(Au,Sc) 0.97 0.87 0.75 0.63 0.59 0.47 0.45 0.39 0.35
q(Au,Ti") 0.86 0.73 0.67 0.53 0.52 0.41 0.41 0.37 0.30
#(Au,Sc) 1.07 0.00 0.62 0.00 0.40 0.00 0.28 0.00 0.13
#(AULTIY) 2.18 1.29 1.92 1.25 1.87 1.25 1.62 1.25 0.00

reported in Table |. For AITi* clusters, theM magnetic  purity on the(001) surface of Au. Nevertheless, the compari-
moment remains practically constant for euer 4 values, son of the magnetic moment calculated for teatom ad-
and decreases regularly for oddralues, droping drastically sorbed on different gold systems, as proposed in Table II,
to zero forn=9. Notice that for the isomeric state 9-11 of should be taken with caution, due to both the different type
AugTi*, with M,=2, the magnetic moment is 1,24, close  of calculation and the different environment of the impurity.
to the value 1.2fg of the neighbor cluster A{Ti*. We have
already observed that isomers of fii* have a similar bind-
ing energy and averagd-Au distance to the pure Ay cat-
ion. It is interesting to note that in a recent DFT calculation  Using first-principles total energy calculations we have
by Fan and Gorf it is obtained that the magnetic moment calculated the atomic and electronic structure of a few lowest
of a Ti atom adsorbed on the Ad11) surface is zero, but it energy isomers of gold cluster cations doped withdahd
is ~0.9ug when Ti is adsorbed on the A110-(1X2) sur-  atom, AyM™*. For the lowest energy isomer of clusters with
face. In another calculatio®,the magnetic moment of Tiis n<6 we obtain planar geometries, which are practically de-
~1.80ug when adsorbed on the A@O01) surface. This re- genarate with a 3D structure in the case ofg¥t and
sult, quoted also in Table I, shows that the magnetic momenAugCr*.
is very sensitive to the geometrical environment. In the case We obtain empirical qualitative relations between geom-
of our two isomers AgTi* with geometry 9-11, the difference etry, M coordination, averag®-Au distance, and multiplic-
in the spin multiplicity and the Ti magnetic moment is due toity of Au,M™* clusters, which are verified also for larger clus-
the different averag®l-Au bond distance. There are other ters. With a few exceptions, the larger is the averkydu
clusters, like AyMn* and AwFe', with isomeric states distance and the smaller the coordination, the larger is the
whose binding energy and averalgeAu distance are close multiplicity. An additional example to the ones already com-
to the ground state ones, but with, values two units larger. mented on in Sec. lll A is A(Cr*, with a 3D isomeric state

In Table Il are also given, for comparison, the calculatedhaving an 0.02 eV/atom larger binding energy, and the same
magnetic moment of thé1 impurity adsorbed on the Au coordination number for Cr than the planar 6-1 lowest energy
surfaceq00)) (Ref. 23, (110-(1x2) (Ref. 22, (111) (Ref.  state, but a 0.09 larget,, distance and 2 units largev,
22), and embedded in Au bufé. In these works the orbital value.
contribution to the magnetic moment is also calculated, but We obtain the observed magic numbers for K
is not taken into account here. For pure transition metal clusclusters without resorting to the empirical shell model of
ters M,, of the magnetic elementdM=Fe, Co, Nj with n  delocalized electrons. Trends versu®f the binding ener-
<10, it was estimated that the orbital magnetism contrib- gies, HOMO-LUMO gap, second differences of total ener-
utes more than 20% to the total cluster magnetization. Howgies, and monomer evaporation energies show these magic
ever, in a recent wof the orbital contribution to the mag- numbers clearly, namelyy=6 for Sc,n=5 for Ti, andn
netic moment of a transition metal atom adsorbed orr5,7 forV, Cr, Mn, Fe.
different gold surfaces was estimated to £6.1ug for the The positive charge of the cationic ™ clusters is lo-
M elements considered in this work. Notice that the environcalized mainly in the impurity and decreases when the size
ment of the transition metal atom in our M* clusters of the cluster increases.
resembles the one of a planar surface, instead of the environ- The magnetic moment of the impurity as a function of the
ment of aM atom in bulk gold. As discussed by Guirado- cluster size shows pronounced odd-even effects, and is very
Lopez and co-worker&, kinetic energy enhancement, which sensitive to the geometrical environment and to the average
favors electron delocalization, acts contrary to Coulomb in-M-Au distance.
teractions, which tend to suppress charge fluctuations and
lead to I—_|und rules,_ with enhance(dbut_ different_energy ACKNOWLEDGMENTS
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