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The vertical transitions of Cu atoms, dimers, and tetramers deposited on the MgO surface have been
investigated by means ab initio calculations based either on complete active space second-order
perturbation theory or on time-dependent density functional theory. Three adsorption sites have been
considered as representative of the complexity of the MgO surface: regular sites @tOfiat
terraces, extended defects such as monoatomic steps, and point defects such as neutral oxygen
vacancies(F or color centers The optical properties of the supported Cu clusters have been
compared with those of the corresponding gas-phase units. Upon deposition a substantial
modification of the energy levels of the supported cluster is induced by the Pauli repulsion with the
substrate. This causes shifts in the optical transitions going from free to supported clusters. The
changes in cluster geometry induced by the substrate have a much smaller effect on the optical
absorption bands. On F centers the presence of filled impurity levels in the band gap of MgO results
in a strong mixing with the empty levels of the Cu atoms and clusters with consequent deep changes
in the optical properties of the color centers. The results allow to interpret electron energy loss
spectra of Cu atoms deposited on MgO thin films. 2004 American Institute of Physics.
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I. INTRODUCTION MgO, to a supported metal cluster and that this charge trans-
fer can turn an inactive species into an active catélj$tus,
Metal nanoclusters on oxides are attracting an increasingoing from a gas-phase cluster to a deposited one it is pos-
interest for their potential impact in high-technological areassible to induce major modifications of its electronic and geo-
like magnetic recording, optical properties, chemical reactivmetrical properties, in particular when the interaction with
ity on monodispersed catalysts, éfthe chemical properties the substrate involves a point defect. The interaction with
of supported nanoclusters deposited on oxide surfaces ambint defects is completely screened for large metal particles
thin films and their potential use as model catalysts havef a few nanometer size, containing hundreds of atoms,
been studied in detail, while the number of studies dealingvhile is important for truly nanoclusters containing up to
with magnetic and optical properties of deposited nanoparabout ten atoms.
ticles is scarce. Metal clusters on oxides are generally pro- Small metal particles absorb light giving rise to collec-
duced by self-assembling of deposited atoms from a metalve excitations of electrongplasmon excitationdescribed
vapor? It is now quite well accepted that the nucleation andby Mie theory? For a spherical gas-phase patrticle a single
growth of the metal aggregates occurs on point defects whengie resonance is expected, but when the particle is deposited
the diffusion of the atoms is inhibited by the strong interac-on a substrate its shape changes from spherical to an ellip-
tion with the substrate. On these sites the formation okoid and two different resonances are expected, with excita-
dimers and clusters has a much higher probability to occution dipole normal and parallel to the surface, respectively.
than on regular sites. Also when clusters are produced in Fhis has been observed recently for Ag particles of 2—3 nm
molecular beam, mass selected, and deposited by sof¢ize deposited on mica, showing the effect of the substrate
landing techniques on oxide substrates, the clusters diffus@teraction on the plasmon excitation of a clustetowever,
on the surface until they become anchored to a point or awhen the particle size decreases and becofmksim elec-
extended defect® Atoms and clusters diffusion is inhibited trons do not behave any more according to the classical Mie
only at very low temperatures. The interaction with the de-theory and their transitions must be described with the laws
fect can modify significantly the properties of the depositedof quantum mechanics, thus taking explicitly into account
cluster. For instance, it has been shown that a charge transfgife quantized nature of the energy levels. This opens in prin-
occurs from oxygen vacancies on ionic surfaces, such asiple the possibility to manipulate the optical properties as a
function of the cluster size, of the constituting elements, of
dAuthor to whom correspondence should be addressed. Electronic maiF.he substrate where it is deposited, of the point defect where
Gianfranco.pacchioni@unimib.it it is stabilized, etc. The detailed knowledge of the factors
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which affect the optical transitions of a nanocluster is thus§MP2) based on closed-shell HF reference wave functions,
essential to design materials with desired optical respbnseand reduces rigorously to MP2 for CAS containing a single
Very few studies have been reported so far on the opticatlosed-shell Slater determinant. An important part of the
properties of supported nanoclusters. Two of these studiasondynamical electron correlation effects is treated varia-
have been dealing with Cu and Ag atoms and clusters otionally in the CASSCF step, and the remainder, mainly dy-
MgO thin films®° thus motivating a theoretical study on namical electron correlation, is estimated by second-order
this topic. perturbation theory with the CASSCF as zeroth-order wave
In this paper we report results of state-of-the-art elecfunction. This strategy combines the accuracy of a multiref-
tronic structure calculations on the optical properties of Cuerence configuration interaction treatment and the low com-
atoms, dimers, and tetramers deposited on various sites plitational cost of a perturbational approach. The method has
the MgO surface. The determination of the ground-state gebeen successfully applied to study excited states in solid state
ometry of the clusters adsorbed on regular sites, extendesbmpounds$®-2! For Cu monomers the active space used
defects(stepg, and on point defects like a neutral oxygen includes 11 electrons in 12 orbitals, thd,34s, and one of
vacancy (F centers has been done by means of gradientthe 4p orbitals plus an extra set of virtual orbitals mainly of
corrected density functional theoffpFT) calculations. The d character. It has been shown that for cases wheredthe
determination of the transition energies and intensities hashell is more than half occupied the inclusion of this extra set
been done at the time-dependent DAD-DFT) level, and  of virtual orbitals in the active space is necessary to properly
the results have been checked for small systems using a waé@count for nondynamical correlation effects of tlie
function based multireference second-order perturbatioglectronst® Moreover, for Cu interacting wita F center, two
theory method. The results show that the changes in opticaldditional electrons and two additional orbitdtbe s-like
transitions of Cu dimers or tetramers supported on MgO ar@nd p-like orbitals of the oxygen vacangywere also in-
not due to the modest changes in the cluster geometry but {guded in the active space. For the dimers the active space
the interaction with the substrate. This is particularly impor-contains ten electrons in ten orbitals which aredhmmpo_
tant for F centers which deeply modify the ordering and thenents of the @ orbitals, their virtual counterparts and the
nature of the levels involved in the cluster optical transitions.bonding and antibonding orbitals resulting from the combi-
nation of the Cu(4) orbitals. The CASSCF/CASPT2 calcu-
Il. COMPUTATIONAL DETAILS lations have been performed using teLcAs 5 packagé?

The vertical transitions of Guclusters =1,2,4) in gas The MgO surface has been represented using an embed-
phase and supported on the NKg_(DO) surface have been ded cluster model approa&M Iarge matrix of point Charges
determined at the TD-DFT levét.To confirm the validity of ~ (+2) placed at the lattice positions around the cluster repro-
the TD-DFT results, some of the transitions have been studduces with sufficient accuracy the long-range Madelung
ied also using the complete active space second-order pertdield.** The positive charges at the cluster borders have been
bation theory?'3(CASPT2 method. This approach has been replaced by effective core potentidBCP) to take into ac-
restricted to free and supported Cu monomers and dimer§ount the finite size of the Mg core and prevent an artifi-
The calculation of the ground-state properties and optima¢ial polarization of oxide anion. Since the Cu-MgO inter-
geometry has been done using a DFT approach based on thetion takes place essentially above oxygen anons the
hybrid B3LYP functionaf* where the Hartree FockHF) adsorption sites have been represented by the cluster models
exchange is mixed in with the DFT exchange using thecentered on oxygen. These argMoECP;g for Cu and Cy
Becke three-parameter approach combined with the nonlocand Q3Mg;3ECP; for Cu, adsorbed on a MgO terrace
expression of the correlation functional proposed by Lee(Osc); O;oMg;0ECP;5 for Cu and Cy and QsMg;sECPy
Yang, and Part® This is also the functional adopted for the for Cu, adsorbed on a MgO step site (OOs);
TD-DFT calculations. OgMgoECPs for Cu and Cyg and Q,Mg;3:ECP;¢ for Cu,

TD-DFT is based on the Kohn-Sham formulation of adsorbed on an oxygen vacancy located at the MgO terrace
DFT and uses the eigenvalues and eigenvectors of the KohFs. centej. In each case we have performed a geometry
Sham equation. The excitation energies are calculated fromptimization by placing the Cu atom, dimer, or tretramer
the poles of the frequency-dependent polarizability and thexear an oxide anion or, for F centers, near the center of the
oscillator strengths from the residues. Recent studies hawecancy, and by starting the optimization from various initial
shown that TD-DFT can be more accurate than the configustructures. For the small cluster models the substrate geom-
ration interaction single methd,and that it can provide etry was kept fixed to the truncated bulk for terrace and step
transition energies with accuracy similar to that of multiref- sites, and to previously optimized structures for F centers.
erence configuration interactiafMRCI) or coupled-cluster For the larger clusters all the atoms in the first layer which
methods” The TD-DFT approach starts to provide inaccu-are not in direct contact with the embedding charges have
rate results for transitions to states close to or in the condudseen relaxed during the geometry optimization. However,
tion band of a solid materidf. For this reason, our investi- details of the surface relaxation are not discussed since this is
gation is restricted to the lowest two excitations allowed bysmall and does not affect significantly the transition energies.
spin selection rules. The Kohn-Sham orbitals have been expanded on a

CASPT2 is a generalization to complete active spacd&saussian-type atomic orbitals basis set. The Cu atoms were
self-consistent fieldCASSCH wave functions of the well- treated by a small core ECP which includes explicitly in the
known second-order Mgller-Plesset perturbation schemealence the 823p®3d'%s! electrons; the basis set is of
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TABLE |. Adsorption energy E.q4J, shortest Cu-O distance(Cu-Q,.), vertical transition energiesl(), and
oscillator strengthsf) for free and MgO supported Cu atoms.

Cy Cu; /MgO(Os,) Cu, /MgO(Oy,) Cu; /MgO(Fs,)
Free Terrace Step Oxygen vacancy
Eaqs(eV) 1.06 1.56 1.89
r(Cu-0,0) (A) 2.229 1.928 3.442
1stTe (eV) 1.38, 1.38, 1.38, 2.29, 2.37, 2.37, 1.91 0.53, 0.69, 0.69
1.38,1.38 2.56, 2.57
[1.43P [2.34,2.42,2.42,
2.67,2.69
f 0.000 0.000 0.083 0.000
Character 81%4s!3d%s?  3d'%s'—3d%s? 4s—4p S(Fsc) — P(Fse)
3.89, 3.89, 3.89 1.94
2nd T, (eV) 2.63 2.53
[4.03P [1.22P
f 0.270 0.115 0.105 0.134
Character 4—-4p 4s—4p 4s—4p S(Fse) —4sp(Cu)+
P(Fsc)

@This corresponds to a vertical distance of the Cu atom from the surface plane of 1.730 A.
PCASPT2 result.

double-zeta plus polarization typeThe basis set employed for adsorbed metal clusters that change their structure upon
for Mg and O atoms is 6-31& The use of a larger adsorption is not triviaf® A test calculation for the case of
6-31+G* basis set on all the atoms of the,MMggECP,s  Cu atom adsorbed on a MgO terrace shows that the BSSE is
cluster has been tested for the case of a single Cu atom. We38 eV. Thus, one should keep in mind that all the adsorp-
found that the first five transition energies are shifted tation energies reported in Tables I-lll are overestimated. The
higher values by 0.05-0.07 eV, with a change of 2% withcalculations have been performed with theussiaANngg pack-
respect to the smaller basis. When one oxygen atom is rexge forab initio calculations® For the CASSCF/CASPT2
moved by the surface to form an F center one has to adopt@alculations larger basis sets are generally required. Thus,
sufficiently flexible basis set to describe the electron localfor Cu and for the O atom directly interacting with Cu,
ization in the vacancy: the solution adopted here is to use ththe all electron Atomic Natural Orbital (ANO)
diffuse 6-31+G basis set on the Mg ions surrounding the (21s15p10d6f/7s6p5d3f) and (149p4d/4s3pld) basis
vacancy® The binding energieE 45 of Cu clusters to MgO  set have been employed, respectively, whereas for the rest of
have not been corrected for the basis set superposition errtddg and O atoms the ANO (EBp/4s3p) and (149p/3s2p)
(BSSB** since this is not the main purpose of this paper.sets have been used. For the F center an uncontracted
Furthermore, the definition of the BSSE reference energie€3s,2p,1d) has been placed at the center of the vacahcy.

TABLE Il. Adsorption energy E.q49, dimer binding energyH,), Cu-Cu distancer,(Cu-Cu), binding energy
per atom D./at), vertical transition energieg §), and oscillator strength) for free and MgO supported Cu

dimers.
Cu, Cu, /MgO(Os;) Cu, /MgO(Oy) Cu, /MgO(Fsc)
Free Terrace Step Oxygen vacancy
E.gs (V) 1.44 1.87 2.29
E, (eV) 1.33 1.17 1.35
r(Cu-Cu (A) 2.259 2.291 2.301 2.390
D,/ at (eV) 1.01 1.73 1.94 2.15
1stT. (eV) 2.53, 2.58, 2.58, 2.95 2.83 2.00, 2.19, 2.19
2.78, 2.78
[2.83]2
f 0.000 0.126 0.141 0.000
Character 3d¥% %o} O— oq— o) og— ol S(Fse) + o —
3dga'go'ﬁl P2(Fsc)s Px,y(Fsc)
2nd T, (eV) 2.89 3.16, 3.16, 3.16, 3.55 2.85
[2.49P 3.17,3.17
f 0.177 0.000 0.102 0.395
Character o 3d¥% 5ot 0 o4— 4sp(diffuse) S(Fse) + 0 —
3d% ot p(Fsc) + 4s p(diffuse)

38CASPT2 result.
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TABLE lll. Adsorption energy E.4¢, binding energy per atoni),/at), vertical transition energied §), and
oscillator strengthsf) for free and MgO supported Cu tetramers.

Cu, Cu, /MgO(Os;) Cu, /MgO(Oyc) Cu, /MgO(Fsc)
Free Terrace Step Oxygen vacancy
Eaqs(eV) 2.28 2.32 3.45
D./at (eV) 1.31 1.88 1.89 217
1stT, (eV) 1.19 1.76 1.42 1.92
f 0.000 0.006 0.000 0.000
Character b3y(4sp)—bay(4sp)  bsu(4sp)—bay(4sp) bsu(4sp)— S(Fsc) +bay(4sp)—
b2y(4sp) +3s(Mg)  s(Fsc) —bau(4sp)
2nd T, (eV) 2.78, 2.79, 2.79, 2.61 2.58 251
2.80, 2.86
f 0.102 0.448 0.359 0.131
Character 8—byy(4sp) b3u(4sp)—bay(4sp) bsu(4sp)— S(Fsc) +bay(4sp)—
D2y(4sp) +3s(Mg)  s(Fsc) —bau(4sp)
IIl. RESULTS AND DISCUSSION face, and is also the reason for the relatively weak interaction

with MgO. For the same reason, the gap between thardl

the 4p related states is reduced for adsorbed Cu and the
First, we consider the electronic transitions of a free Cugsl4p—, 45°4p?! excitation has &, of 2.63 eV, Table 1, i.e.,

atom, Table I. Cu has pAr]3d"%4s" electronic configura- - apoyt 1.3 eV lower than in gas phase. Experimentally, the

tion. The lowest excitation is of “S(3d™4s’)  glectron energy loss spectfBELS) of thermally evaporated

—2D (3d%s?) type. CASPT2 predicts this transition t0 0C- ¢y, atoms on MgO thin films at very low temperat@® K)

cur at 1.43 eV. In TD-DFT we find five degenerate states a%how an intense absorption at 2.7 eV followed by other ab-

1.38 eV above the ground state characterized by the transiy, niiong at 3.9 and 5.1 &These transitions are clearly due

tion of one 3 electron to the partially filled & orbital. to the deposited Cu atoms as no feature in this energy win-

; . LS '§ow is found for the clean MgO films. By comparison with
forbidden by selection rules. Nevertheless, it is known fromtransitions of Cu atoms and Cuons. the band at 2.7 eV has

2:)?:2'5(: zﬁﬁgtr?othatethﬁezring'02\/2‘;;“;5 2; 1tf?e9 esvir\]'\_lglr%:geen assigned to ad3°— 3d%4s! excitation of Cu and the
b 9 9 P and at 3.9 eV to the 9—4p transition of neutral Cu

38,39 \\jithy ) : :
levels. " Within TD-DFT the space and spin symmetry is . 910y, results, on the contrary, provide strong support

not defined and hence excitations are defined by the config% the hypothesis that the transition at 2.7 eV observed ex-

ration change only. We find three alloweds'4p® ) _

—.4s%4p" excitations at 3.89 e\TD-DFT) with f=0.270, Perimentally is due to neutral Cu atoms and has-4p

These values are very close to the experimental value of 3.8&haracter. It should'be noticed, in addition, that the mecha-
aism to create Cl ions on the surface of a nonreducible

eV found for gas-phase Cu atoms, and assigned to the™ 1 )
454p°—4s%4pl  excitation®®3® The  corresponding oxide as MgO is unclear, unless major damage to the surface
CASPT2 value is 4.03 eV. is produced in the phase of Cu atoms deposition. To¥ 3

When atomic copper is supported on MgO it binds pref-_’3dg4Sl excitation of CU' gives rise to two different tran-
itions at 2.81 eV {5—3D) and 3.26 eV {S—!D);%%*

erentially to the oxygen anions of the surface or, if present, t&' > \ _
oxygen vacancie€-2 The results show that the Cu adsorp- both are forbidden either because of spin or because of sym-

tion energy increases in the ordeg & O, <Fs., Table |.  Metry selection rt_JIes so that it is difficult to assign any of
On the regular terrace Cu binds with an energy of 1.06 e\fhem to the very intense peak at 2.7 eV.

and a Cu-O distance of 2.23 A, in agreement with previous On @ monoatomic step of MgO the Cu atom interacts
result€®—%° (notice that our adsorption energy is higher thanWith the Q. site, d(Ou-Cu)=1.93A and d(Os.-Cu)
previous estimates since no BSSE correction has been ap=3-58A. The distance to the step atom is shorter, and the
plied). The interaction with the surface perturbs the Cu elecinteraction is stronger, Table |, than on a terrace site. This
tronic states, and shifts to higher energies thde#el so that ~ causes a significant change in the position of tkeadd 4p

the 3d%%s!—3d%s? excitation occurs now at 2.29 eV ac- levels of Cu, which are considerably mixed. The lowest ex-
cording to TD-DFT resultgat this level, the same transition Citation involves the 4 and 4p states and not thed3ones.
occurs at 1.38 eV in gas-phase, TableThe result for the This means that the d3%4s'—3d%4s? transition occurs at
3d'%s'—3d%s? excitation in the supported Cu atom is energies higher than 2.5 eV and is not included in our calcu-
confirmed by CASPT2 which gives @,=2.34eV, very lations. The first excitation is found at 1.91 eV and has
close to the TD-DFT value, Table I. This validates the use o#s'4p®—4s°4p! character, although the orbitals are
TD-DFT for supported atoms and clusters. This transitionstrongly hybridized resulting in states exhibiting a mixed na-
however has no intensity and cannot be observed in opticdlire. The second excited state has similar character and ap-
absorption measurements. The destabilization of the SCu 4pears at 2.53 eV, Table I. Both transitions at 1.91 and 2.53 eV
level is a consequence of the Pauli repulsion with the surhave finite transition probabilities, Table I. The correspond-

A. Cu monomer
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ing excitation occurs at 3.89 eV in gas phase and at 2.63 e¥enter since here the vacancy levels are pushed towards the
on a MgO terrace. This means that thestates are progres- bottom of the conduction band by the interaction with the
sively destabilized compared to the 4ne going from free Cu4s orbital. However, one must notice that the resulting
Cu, to Cu on a terrace and on a step, reducing @@’  excited state falls within the MgO conduction band and has
—4s%4p? transition and increasing thed®4s'—3d%s?  quite diffuse character, two conditions where both the cluster
one. Thus, two allowed transitions at 1.9 and 2.5 eV arenodel approximation and the TD-DFT approach start to fail.
found for Cu atoms bound at steps. In the original spectrunfror this reason, the prediction of these transitions in the 1.3—
of Schaffneret al,®!° for very low coverages of Cu, 0.06 1.9 eV range must be considered with some care.

ML, a relatively broad feature just above 2 eV is seen with ~ To summarize this section, we have shown how various
more pronounced peaks at 2.4 and 2.7 eV. We suggest thatechanisms can significantly affect the optical transitions of
the relatively broad feature in the EELS spectrum in the re-an adsorbed Cu atom on the MgO surface and we have done
gion 2.4—2.7 eV is due to Cu atoms adsorbed on both terrace tentative assignment of the experimentally reported EELS
and step sites. Notice that the low deposition temperature, 3gpectra of Cy/Mg0.%1° In the following we extend this

K, is such to prevent diffusion of the Cu atoms on the sur-analysis to the case of very small Cu aggregates.

face. Under these conditions, it is likely that the atoms re-

main close to the surface site where they have been depos-

ited, thus being stabilized at flat terraces or eventually step$: Cu, dimer

By raising the temperature, it is known that metal atoms  The Cy molecule has égg ground state in gas phase,
diffuse on the surface until they become trapped at poinkeparated by 1.90 eV from the lowest tripld%, " .4 The
defects where the interaction with the substrate is muchgjculated bond length, 2.26 A, dissociation energy per atom,
stronger. D./ at =1.01eV, and singlet-triplet separation, 1.86 eV,
F centers have specific optical properties connected t@f gas-phase Guare very close to the experimental values
the presence of two electrons trapped in the cavity formed byr =222A D,/ at =1.04eV)* Thus, the ground-state
removing the oxygen atofi?. The two electrons occupy an properties of the Cu dimer are properly reproduced by the
slike state ofa; symmetry in the gap of MgO. We denote B3LYP functional. When deposited on the MgO surface the
this state as(Fsc). The lowest excitations on surface F cen- ground state remains singlet, with the triplet being 3.19 eV
ters occur around 3-3.5 eV according @b initio  higher in energy. Thus, all the excitations discussed in the
calculation§' and EELS measurements on oxygen deficientollowing are singlet to singlet transitions, Table I1. The first
MgO thin films** This transition involves states wi{Fs.)  excitation of Cy involves ao,— o} transition whereo,
and p(Fs;) character, respectively. Therefore, F centers andg? are the bonding and antibonding combinations of the
possess typical optical properties and excitations in an encu4s orbitals. Thec—¢* transition in TD-DFT occurs at
ergy window which is not too far from that of the transitions 2,89 eV and has an oscillator strendth 0.177; in CASPT2,
of Cu atoms. The interaction of a Cu atom with an F centerT,=2.49 eV is slightly smaller. Experimentally, the lowest
results in a vertical distance of Cu from the surface planeexcited singlet State‘]',zlj(a'gqa':), lies at 2.70 eV above
zc,=1.73A, shorter than in previous cases as the atom pathe ground stat&> 3d— o* transitions have been observed
tially penetrates into the vacancy. The Guerbital strongly  experimentall§® or predicted theoreticalfy to occur at
interacts with thes(Fs.) state of the F center forming a higher energies than they— o}, one(around 3.1-3.2 e/
bonding and an antibonding combination where three electhis kind of transition, with little intensity, is found also at
trons are accommodated, one from Cu and two from the khe TD-DFT level, but the corresponding energy Ts
center. Since thedllevel is lower in energy, a charge transfer =2.53 eV. The fact that thed3— ¢* transition in TD-DFT
of one electron occurs from the F center to Cu, leaving g2.53 eV is lower than thes—o* one(2.89 e\) could re-
single electron into the(Fs.) state. Above this level there flect a multireference character of the corresponding excited
are thep-type states of the vacancy efanda; symmetry. state which is not properly described by this computational
The lowest excitations are thus from the singly occupiedapproach. In fact, CASPT2 calculations support this view
s(Fsc) level to the emptyp, (Fsc) andp,(Fsc) states of the and properly predict the transition at 2.83 eV, thus at a higher
vacancy. They have no intensity and are rather low in energyT, than thec—¢* transition, in agreement with experiment.
T.=0.53—-0.69eV. However, these low energy excitations The geometry of supported €us similar on a MgO
do not show up in CASPT2 calculations for Cu og.F terrace or step: compared to gas phase, there is an elongation
Considering that the nature of these transitions is not comef the Cu-Cu bond by 0.03—0.04 A only. This reflects the
pletely clarified and that they have no intensity, no particulatmoderate interaction of the Cu dimer with the surface with
meaning should be attributed to these excited states in thginding energies of 1.44 eV on the terrace and 1.87 eV on
following discussion. the step, Table li(both values are overestimated by the
The first allowed transitionf =0.134, occurs at 1.94 eV BSSH. The molecule interacts with a surface oxygen atom
and involves the excitation of the electron occupying theand is oriented normal to the surfafterrace or forms an
s(Fs.) vacancy state to states with mixed Captand va- angle of about 45° with the surface nornfatep, see Figs.
cancy empty states character. The lowest excitation predictetla) and ib). The same configuration of Guon a MgO
by the CASPT2 method has a similar physical character buterrace site has been found by Musolino, Selloni, and Car
it appears at somewhat lower energy, 1.22 eV. Both methodsith a periodic Car-Parrinello approathOn a step, Cyin
predict this excitation at energies lower than for a surface Friplet state interacts with both thesQand Q. sites, a ge-

Downloaded 15 Oct 2004 to 161.116.73.182. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7462 J. Chem. Phys., Vol. 121, No. 15, 15 October 2004 Del Vitto et al.

@) () son, theo— o™ transition of free Cy computed at the Cu-Cu
f distance of the molecule adsorbed on a step, 2.30 A, is 2.86
2.301A

2.291A

eV, indicating that the change in the Cu-Cu distance has little
effect on the transition energy. Thus, the prediction is that a
Cu, molecule adsorbed on a terrace or a step site will absorb
near 2.8-2.9 eMthe corresponding oscillator strength is
0.13-0.14, Table )l Things are more complex for the sec-
ond transition. On a terrace, a series of absorptions with no
intensity has been found around 3.16 eV, Table Il. The tran-
sitions, which involve the Cu@ states and the Gw™ level,
are shifted to higher energies with respect to freg.Cthe
2.390 A 0——-’0 reason is that the Pauli repulsion of the occupied states on
t Cu, with those of the MgO surface destabilizes thand the
o* levels with largely Cu4 character, while the localized
3d states are less affected. In this way, the ¢* separation
remains more or less unchanged and the corresponding tran-
sition is similar to the gas-phase one, while ttte-30* one
is shifted to higher energies. This effect is even more pro-
nounced when Guis bound at a step. Here in fact thel 3
F_IG. 1. Structl_Jre of a Czudimer adsorbed on the MgO surfaca) ‘_I'errace — o* transitions are even higher, so that in the calculation
site; (b) step site;(c) F center(singlet ground staje (d) F center(triplet). the second singlet-to-singlet excitation goes fromdHevel
to diffuse Cu4p orbitals, Table I, and has some Rydberg
L . , . character. A comparison with experiment is not simple. In
ometry which is unstable for the singlet configuration. On anfact, an EELS spectrum has been reported only for

F center Cy assumes a normal orientation similar to thatCug/MgO although Cy/MgO should have a similar
found for a terrace, with one Cu atom close to the Vacanc)épectrurﬁ’:loA series of bands at 1.7. 2.4 2.7 3.2. 3.9 and
and the other pointing outside the surface, Fig).1The 5.1 eV has been observed. The pro,blerr,1 is (’:om;,)Iicat’ed by

binding of Cy to an F center is stronger than on a terrace S . i

Table 11, and the Cu-Cu bond is elongated by 0.13 A com-’thpf fact :]hat 'L'S Ilkelydthat thedCu trlrr:}ers L:cndergo fragmen
ared to gas phase. Also in this case a different geometry |Isatlon when they are epc_JS|te on the surface.

b ' On an k. center the interaction of Guakes place by

found for the triplet, Fig. (d): the dimer is now tilted with ¢ i 5 Yionding and an antibonding combination between
) . e doubly occupied(Fs.) state of the vacancy and the
towards an oxygen ion around the cavity. Also on an F cen- : : . .
. L : . state of Cy, Fig. 2b). The consequence of this orbital mix-
ter, however, the triplet state is higher in energy and will not” ™" . o
) ing is a partial charge delocalization of the F center electrons
be considered any further.

We consider now the transition energies for the Sup_towards the Cu dimer, which explains the elongation of the

ported Cu dimer. On a terrace, the calculated o™ transi- C_u-Cu bond, Fig. ). The lowest transitions, with no inter_l-
tion energy is slightly higher than in the gas phéa@5 eV sity, occur around 2.0-2.2 eV from the doubly occupied

1 1 *
versus 2.89 eYindicating that the relative position of the level with mixeds(Fsc) + o character,'to t.h € emp@(Ff’.C)
* . o . states of the vacancy. A strong transition is then predicted to
and o™ levels did not change significantly upon adsorption.

s . . occur at 2.85 eV, Table Il. This second transition involves as

This is true also when we consider the step site where th? | binati ¢ F dth

o—0d* transition occurs at 2.83 eV, Fig(d&). For compari- ina state a com |nat|(_)n of the(Fsc) state and the Guisp

' diffuse levels, but, being close to the bottom of the MgO

conduction band, it should be considered with some care.
In conclusion, while on a terrace or step sites édhed™

Zﬂ;{/{{? transition of Cy is almost unaffected by the interaction with
/{/ﬁé the oxide surface, on an F center the strong interaction and
I’;:(F$;°-_’-;§— — orbital mixing leads to a completely different optical spec-
s(,:s)_u_j trum. The nucleation of a Gunolecule on F centers should
B e AT g g result in a bleaching of the optical transitions typical of this
.’f’—%‘:‘—v mixing of Cu ot center, although the conclusions about this point are not be-
i T ° yond question.
s —— ——s g - - - :
‘:ﬁ:’c Before concluding this section, we briefly comment on
B ﬁ H uc . .
c the energy changes associated to the formation of a MgO
Cu Mggzs";;p Cu 7//////// supported Cu dimer from the combination of two diffusing
- ////3/"'}/4 Cu atoms on the surface. Dimers represent the first step in
(b) nucleation and growth of supported metal clusférk. has

FIG. 2. Schematic representation of the orbital energy diagranefdCu, been sh_own recently that Pdéglmers form preferentially at
adsorbed on a step, arit)) Cu, adsorbed b a F center. Only the most defec_t 5|te_5 of the MgO Sl_Jrfa_ In fact, defects are good
relevant levels involved in the lowest transitions are shown. trapping sites where the diffusion of the metal atoms on the
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2.45 A, are longer than in Gu the internal angles are 56°
and 124°. In the triplet excited state the distances are 2.40 A
and the angles 70° and 110°. The binding energy per Cu
atom is of 1.31 eV, Table Ill. The ground-state electronic
structure is characterized by a series af-like states fol-
lowed by two doubly occupiedy andbs, levels with bond-

ing and nonbonding character, respectively, formed from
combinations of 4 and 4p Cu orbitals. The lowest unoccu-
pied molecular orbital, LUMO, is a mixture ofsdand 4p
orbitals of b,, symmetry. The HOMG-LUMO (bg,
—b,,) transition energy computed at the TD-DFT level is
1.19 eV but does not carry intensity. The next low-lying
excited states are almost degenerate and involve a transition
from the localized 8 states to thd,, LUMO of Cu,: they
appear ~2.80 eV and have appreciable intensityf (
=0.102). This kind of excitation has been observed experi-
mentally for matrix-isolated Cu tetramers by Moskovits and
Hulsé’® who assigned the optical absorption measured at
2.92-3.07 eV to a 8—4s transition.

Cu, binds much more strongly to MgO than the mono-
mer or the dimer. On regular or step sites the adhesion en-
ergy is of about 2.3 eV, while on an F center is of 3.45 eV,
Table IIl. In all cases the ground state remains singlet, and
surface ends. An accurate analysis has shown that divacathe structure does not deviate markedly from that of the gas
cies and charged*Fcenters are good sites for Pd dimeriza- phase, remaining pseudorhombic, Figé)3and 3c). One
tion on MgO, while other defects like neutral F centers, oredge of the Cucluster is nearly on top of two oxide anions
steps can act as nucleation sites only at very lowof the surface; this configuration is the same as found by
temperaturd® To evaluate the tendency of Cu atoms toMusolino, Selloni, and C&? from Carr-Parrinello simula-
dimerize on MgO we defin&,,, the dimer binding energy, tions. On a step, this involves both thg Gsite on the step
which measures the stability of the adsorbed Cu dimer witkand the @ anion in the basal plane; on an F center one Cu
respect to two Cu adatoms, one of which is bound on atom occupies the center of the vacancy, while the second
terrace @, anion and the other on a specific defect: binds to an O anion at the border of the vacancy, Fi{g).3

B . The bonding to the substrate causes@1 A elongation of

Ep=~E(Ct,/MgO site) - E(MgO Oxc) the Cu-Cu bond of the cluster edge in direct contact with the
+E(Cu, /MgO _site) + E(Cu;, /MgO _Os,.). (1) MgO surface and much less on the opposite side although
the internal angles remain close to 60°. The fact that even on
the F center there is only a slight elongation of the Cu-Cu
bonds is not in contrast with the possible occurrence of a
partial charge transfer from the vacancy to the cluster as
found for the Cy dimer. In fact, the ground-state structure of
a free Cy cluster anion remains rhombic with Cu-Cu dis-

) ' ; tances nearly identical to those of the neutral form,
eV). This means thata) MgO is on always convenient to r(Cu-Cu)=2.45A. Notice that the structure of supported

form a Cu dimer from two Cu adatoms, afig) dimer for- . . . .
N . : Cu, in a triplet state is generally not very distorted compared
mation is independent of the adsorption site and can occyr . S
: o the singlet one. An exception is that of an F center where
even on the flat terraces. This reflects the fact that the for:

. : - : triplet Cu, assumes a tetrahedral shape with one apex of the
mation of a Cu dimer implies the coupling of twcs £lec- - ;
. X . tetrahedron pointing towards the cavity.
trons with formation of a Cu-Cw bond whose strength is . -
. ) . On a terrace site, the HOMOGLUMO transition of Cy
not very dependent on the MgO site. In fact, the dimer bInOI'occurs at 1.76 eV and has no intensity. The transition ener,
ing energy on the MgO surface, 1.2—-1.3 eV, Table I, is not : Y- oy

too different from the Cudissociation energy in gas phase, Is higher than in gas phas(é.._lg eV bec?‘use the %4p .
114 eV empty states are shifted to higher energies by the Pauli re-

pulsion with the substrate. This is clearly shown by a plot of
the HOMO and LUMO densities for a free gualuster and
for the same cluster supported on the MgO terrace, Fig. 4.
Gas-phase Guhas a rhombic-planar structure, Figa8  The plot shows the polarization of the Lorbitals away
both in itSlAg(bgu)z(bzu)O and:"Blg(bw)1(b2u)l electronic  from the surface as a consequence of the Pauli repulsion. For
states(for the notation we assume a perféz}, symmetry the same reason, also the transition from the localizéd 3
with the long diagonal of the rhombus oriented along xhe levels to the empty g-4p states is shifted to higher energies,
direction. In the singlet ground state the Cu-Cu distancesput of the range of the transitions studied in the present

(@)

FIG. 3. Structure of a Cutetramer adsorbed on the MgO surface in its
singlet ground statda) Gas phase(b) terrace sitec) step site(d) F center.

The computed adsorption energiegyin Table |, show that
Cu binds more efficiently to a stgi.56 e\j than on a ter-
race (1.06 eV}, and even more strongly to an oxygen va-
cancy (1.89 e\}. However, the dimer binding energk,,,
Table Il, is virtually the same on a terra¢e33 e\ or on an

F center(1.35 e\) and only slightly smaller on a stef.17

C. Cu, tetramer
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()

(b)

@ s(Fs)—P—

Cu b2u

—#—Cub;,
LUMO —#—Cua,
V.cusaZ
FIG. 4. Plot of theb;, (HOMO) and of theb,, (LUMO) orbitals of free
Cu,—(a@) and(b)—and of Cy supported on the MgO terrac) and (d). WJO"‘;/

Wor_k' The Consequence is that the second Iow-lying SimJlelt:IG. 5. Schematic representation of the orbital energy diagram fqgr Cu

excited state is found at 2.61 eV above the ground state; thgisorbed on an F center. Only the most relevant levels involved in the

excitation goes from the HOMO tos44p empty orbitals lowest transitions are shown.

with antibonding character. The transition has a strong inten-

sity (f=0.448), Table Ill. We have computed the lowast . .

of gas phase Guusing the geometry of the supported cluster,f.rom the vacancy to Q“ S0 that.the analysis of the tran_S|—
. dions on this system is less straightforward than in previous

fully optimized gas-phase cluster, 1.19 eV. This shows un$3S€s: The lowest singlesinglet(HOMO—LUMO) transi-

: P : tion occurs from the bonding combination of the vacancy
ambiguously that the modification of the Laoptical proper- : . .
ties is a direct consequence of the electronic interaction WitIlJevel with the Cy b, LUMO to the corresponding antibond-

the substratéin particular the Pauli repulsignand not of the N9 combina_tion; this_ . Is (&) +bay(4sp) —S(Fsc)
change in geometry. —b,,(4sp), with a transition energy of 1.92 eV but zero

These results are confirmed by the analysis of the tranintensity. Another transition is found with similar character

sitions of Cy bound at a step site. Here the geometry is everPUt the excited state has .bom':?"?) and Cus (Rydb_erg
more distorted than on a terrace site, with two of the Cu-C(f1'2racter. The correspondifig is 2.51 eV-and the oscillator
edges expanded up to 2.71 A Fich,The interaction with strength is 0.131, Table Ill. Also in this case the transition
MgO leads to a destabilization, of the £empty states which energy for the unsupporteq Galuster at the same geometry
are shifted towards the bottom of the MgO conduction bandpbtamﬁd on the Flcigter '\S/ 1.?h1 ev, tmuctf;] close: to thfat of
As a result, these states are mixed in with the Mgates of gas-phase Gy 1. ev. an 1o € vaiue for

the low-coordinated Mg cations which contribute to the bot-Cu4/MgO_(F5°)'_ 1.92 eV, T_able lll. This confirms that the .
tom of the MgO conduction band. The HOMEUMO changes in optical properties depend more on the electronic

transition occurs at 1.42 eV and, as for free,@nd for Cy interaction with the oxide than on the changes in geometry

supported on terrace sites, has no intensity. The next transiPon adsorption.
tion is similar to that of Cwon MgO terraces, as it occurs at
2.58 eV and has a strong intensitfy<0.395). As for Cy,
also in this case we have to mention that the partial mixing  In this work we have considered the optical properties of
with empty Mg states indicates a delocalized character of th€u monomers, dimers, and tetramers deposited on various
transition, so that the computéd values must be taken with sites of the MgO surface. In particular, the study has been
some care. done for metal atoms and clusters adsorbed @h0&) ter-

On the k. center the geometry is not much distortedrace, on an extended defect such as a step, and on a point
compared to gas phase and, as pointed out above, the majefect such as the neutral oxygen vacaffexente). While
change is the elongation to 2.57 A of the Cu-Cu bond at théhis is far from providing a complete mapping of the inter-
interface, Fig. &). The presence of a metal cluster with four action of a Cu cluster with the various defects of the MgO
4sp valence electrons and of two electrons trapped in thesurface® it gives a first basis to rationalize the effects which
vacancy introduces a number of states in the MgO gap, Figdetermine changes in the optical transitions of a metal cluster
5. These states are higher in energy than the Cstates deposited on an oxide support. To this end, also the optical
which are found just above the top of the @ 2alence band. properties of the corresponding free clusters have been con-
The Cuskp empty levels and the doubly occupisdFs.) sidered. The calculations have been performed at the TD-
state are strongly mixed, Fig. 5, with partial charge transfeDFT level using the hybrid B3LYP functional. For the gas-

IV. CONCLUSIONS
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phase clusters and for a few simple cases of supporte@Gomputer time was in part provided by the CESCA,
species the calculations have been done also using the sGEPBA, CIRI, and CINECA supercomputer centers.
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