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Optical Spectra of Cu, Ag, and Au Monomers and Dimers at Regular Sites and Oxygen
Vacancies of the MgO(001) Surface. A Systematic Time-Dependent Density Functional
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Polarization-resolved optical spectra of coinage metal monomers and diméM M Cu, Ag, Au;n =1,

2) at ideal G~ sites of MgO(001) as well as at oxygen vacanciggrfd k', of that surface were established

using a computational approach based on linear response time-dependent density functional theory. Calculations
were performed for structures determined by applying a generalized-gradient density functional method to
cluster models embedded in an elastic polarizable environment. This embedding scheme provides an accurate
description of substrate relaxation and long-range electrostatic interaction. We compared the optical properties
of adsorbed atoms and dimers with those of the corresponding gas-phase species and we systematically analyzed
trends among congeners.

1. Introduction gas phasél” However, studies on supported clusters require

the development of new characterization tools to complement
those of traditional surface science, such as UPS-XPS or EELS,
for which major challenges arise due to the low concentrations

Unique optical, thermodynamic, electronic, and spectral
properties of metal nanoparticles have made them useful in

diff_erent applications, TQ'UCh as optical anq electronic_ devices, of adsorbed species (at the border of detection limit) and the
optlcal_ data storage, biosensors, magnetism, catély§|s. dominant background signal of the support material. Only
In th_|s context, metal nanc_)clusters supported on oxide surfacesrecenﬂy was the very sensitive cavity ringdown spectroscopy
and thin films as well as on inner surfaces of zeolite frameworks (CRDS) applied to surface systems, and it seems to emerge as
attract growing interest® as there is an obvious advantage of a method of choice for overcoming’these probléfid,
incorporating very small amounts of clusters with special  theqretical investigations of absorption spectra of supported
ch§m|c_al and_ _phyS|caI_ functions into conventional materials, atals represent a complex task, which can be performed with
which in addition provide structural support for the clusters. ¢ ficient accuracy with the help of the linear response time-
However, the support itself may affect electronic structure and dependent density functional (TDDFT) methdhe potential
chemical properties of supported speciéi particular, surface ot yhis theoretical approach for surface systems has not yet been
defects have been shown to influence in a direct and charac-fu”y exploited; among the few published works we mention
teristic fashion the properties of adsorbed species due to typlcallyVery recent contributions devoted to Cu or Au atoms and small

stronger interaction with these sites than with more chemically aggregates on Mg®12and atomic and dimer Au species on
inert regular position&’ Cluster-support interaction is thus a amorphous Si@?t3.14

crucial issue when rationalizing observations on such systems Recently, our group carried out a series of systematic
and usjng this knoyvledge in the design of new materials with adsorption studié& 23 on coinage metal atoms and small
predefined properties. _ _ aggregates, M(M = Cu, Ag, Au, n = 1—4), deposited at
Although chemical gnd catalytic properties of supported metal regular G~ and oxygen vacancy sites & Fs* of MgO(001).
nanoparticles comprise an area of intensive and fruitful re- |n continuation of these studies, we present here a systematic
searctf,®®experimental or theoretical studies on magrfetiud evaluation and discussion of the optical absorption spectra of
optical propertieS™** of deposited nanoparticles are far less sypported coinage metal atoms and dimers, where we explored
numerous. However, this situation is changing fast due to the three key parameters: elemental composition, particle size, and
growing recognition of the potential for using the practically jnteraction with the support on regular as well as defect sites.
attractive optical properties of metal nanoqlusters (in p_articu_lar In the size range where metal particles consist of only a few
Au, Ag, and nanoalloys thereof) in the design of materials with atoms, the optical properties of free and supported clusters are
desired optical response for applications like tagging and girectly linked to their intrinsic electronic and geometric
anticounterfeiting (or *labeling”) technology, plasmon#s,  properties. We will show that for such small supported species,
optical communications, and optical information proces$ing. jnteraction with a defect can significantly affect their electronic
In addition to practical applications just mentioned, optical energy levels and optical signatures.
transitions of clusters provide characteristic signatures that can
be exploited in experimental characterization techniques. Optical 2. Computational Methods and Models

spectroscopy has long been used to study metal clusters in the The properties of atoms MM = Cu, Au, Ag) and dimers

T - p - - M, adsorbed at & sites of the regular MgO(001) surface as
Part of the special issue “M. C. Lin Festschrift”. . .
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theory with the help of the parallel computer code ParaG#i#8s. The spatial grids for numerical integration of xc contributions
All-electron calculations were carried out with the linear in SCF and response calculations were set up as a superposition
combination of Gaussian-type orbitals fitting-functions density of radial and angular grid®. The radial grids comprised 102
functional (LCGTO-FF-DF) methotf. We used a generalized  shells for Cu, 119 shells for Ag, and 102 shells for Au, 67 shells
gradient approximation (GGA) of the exchange-correlation (xc) for Mg, and 29 shells for O anion. In each shell a Lebedev
potential suggested by Becke and Perdew (BP8@)ocal angular grid accurate up to angular momenturs 23 for the
density approximations (LDA) and GGA of the xc potential coinage metal atoms, aid= 17 for the substrate atoms was
are known to yield rather similar results in TDDFT calculations used®*

of excitation energie¥ Cluster models of the MgO substrate, described quantum

The calculations were performed at the nonrelativistic level mechanically (QM), were embedded in an elastic polarizable
for Cu and with the scalar relativistic variant of the Dougtas ~ environment (EPE), represented by a force fiéldhe EPE
Kroll—Hess approach to the Dira&Kohn—Sham problem for approach to cluster model embedding affords an accurate
Ag and Au?8 Thus, the current study does not account for spin description of the relaxation of the support also for a charged
orbit (SO) interaction. Optical properties of free and adsorbed defect, k. We employed the QM cluster M@s(Mg"?)16 to
atoms and dimers were computed using a linear responsemodel adsorption of atoms at?Osites of the regular MgO-
formalism based on the time-dependent density functional theory (001) surface and the QM cluster M@(Mg")s for atomic
(TDDFET) as implemented in the program ParaG&4€8That adsorption at neutral sFand charged, &, oxygen vacancie:2°
module was recently extend®dor application to spin-polarized ~ Here, Mg* designates pseudopotential centers*Mgithout
systems and full use of spatial symmettyFor numerical electrons® For dimers, we used slightly different cluster models,
stability, the resolution of the identity in the coupled Kehn  Mg1001d(Mg")12 and MgOs(Mg™)12, respectively* In all cases
Sham equatio8 was applied only to the Coulomb part of the studied, the coinage metal atom or dimer adsorbed directly above

response kernel and the xc contribution to the response kernefn O atom or a corresponding oxygen vacancy. The optimized
was treated by an accurate numerical integra’ﬁbn_ geometnes were taken as determined in previous Stﬂl?ﬂé]s

All cluster models with adsorbed atoms were calculate@an

The Gaussian-type orbital basis sets of Cu3&@nd Au32b .
yp ~ symmetry, and cluster models for adsorbed dimers were

used in the structure optimizatiéfr,?* had to be augmented .
by diffuse functions for an accurate evaluation of absorption calculated inCs symmgtry. . .
properties by the linear response TDDFT method. The orbital N the molecular orbital (MO) analysis given below, we will
basis set of Cu was augmented by one s exponent (0.0122345€ aS|m_pI|f|ed terminology where we r_efer toa MO accordlng
au), two p exponents (0.046199, 0.021537 au), and one gloits Igadlng (zero-order) character. In important cases, we will
exponent (0.042600 au). The orbital basis set of Ag was e>.(pI|C|tI.y comment on adr_mxtures of pther 9rb|tals. AI§0, we
augmented by two s exponents (0.041877, 0.014877 au), andVill assign electronic transitions by their domujant contribution;
two p exponents (0.032648, 0.012615 au). Similarly, the orbital of course, TDDFT cal_culz_mons commonly yield many, often
basis set for Au atom was augmented by one s exponentnOtab_'y smaller contributions from other symmetry-allowed
(0.004545 au) and three p exponents (0.008695, 0.003780,cOmbinations of states. _ _
0.001644 au). Thus, in the TDDFT calculations, the orbital basis ~ C@lculated polarization-resolved optical spectra will be
sets of the coinage metal atoms were Cu(16s13p7ts5p4d), presented' with a Gaussian broaderllmg%O.OSI eV eq.uwlal.ent
Ag(19s15p9d— 8s6p5d), and Au(22s20p11d7f 9s7p6d4f). toa f_u_II width _of 0.12 eV at half-he|ght)_ applied to |nd|V|d_uaI
For the support, we used the same orbital basis set, Mg_transmons weighted by the corresponding calculated oscillator
(15510p1ld— 6s5p1ld) and O(13s8piebs5pldpe as in earlier  Strengths.
studies!® 23 The generalized atomic contractions were obtained ) .
from BP86 calculations on atoms. For additional flexibility of ~3- Results and Discussion
the wave functions in the cavity of the surface defectsor 3.1. Optical Transitions of M; Adsorbed at Regular and
Fs" centers were represented by a “ghost” basis set of ox§/gen. pefect Sites of MgO(001) Atoms in the Gas Phase and at
The auxiliary basis set used in the LCGTO-FF-DF method Regular G~ Sites. Our own studie¥ 2136 and those by
to represent the electron charge density and for treating theotherd!3”have unambiguously shown that metals preferentially
Hartree part of the electrerelectron interactions was con- adsorb on top of a surface oxygen anion. The nature of
structed in a standard fashiéhThe s and p exponents of the interaction with the regular surface sites is mainly polarization
orbital basis sets were doubled for s- afdype functions of and electrostatic attraction, counteracted by Pauli repulsion;
the auxiliary basis set. In addition, five “polarization” exponents therefore, adsorption energies are moderate, 93, 46, and 96 kJ
of p- and d-type were added on each atom, constructed asmol~?, for Cu, Ag, and Au, respectively?:2° Distances to the
geometric series with a factor 2.5. The exponents of the p setoxygen center forming the adsorption site are 2.11, 2.29, and
started at 0.1 au for Mg and O, 0.133442 au for Cu, and 2.30 A, for Cu, Ag, and Au, respectively. Two TDDFT studies
0.103053 au for Ag as well as Au; the corresponding d-type recently addressed optical properties offCand Au? atoms
series started in each case at twice these values. The resultingind larger aggregates supported at regufar &hd F; sites of
auxiliary basis sets were Cu(16s,3,3p,5d), Ag(19s,15r5p,- MgO(001) terraces. However, neither a theoretical nor an
5d), Au(22s,20%5p,5d), Mg(13s,45p,5d), O(13s,4/5p,5d)19-23 experimental work to date compared systematically the optical
The influence of additional auxiliary functions on the excitation spectra of the coinage metals adsorbed at MgO. The current
spectra under scrutiny, in particular of diffuse p- and d- or higher work attempts such a systematic evaluation. We also wanted
angular momenta f- and g-functions, proved to be rather minor. to compare with the results of earlier TDDFT studies for Cu
A study of metal atoms and dimers in the gas phase and onand Aull12where different types of pseudopotential approaches
selected support sites demonstrated that the use of saturatedere used in contrast to the present all-electron method; in
auxiliary basis sets (at least 13 exponents each of p-, d- andref 12, a plane-wave based technolgyas employed as
f-type) resulted in differences of 0.6D.06 eV for excitation opposed to the present approach which relies on localized MO
energies and 0.069.010 for oscillator strengths. basis sets.
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TABLE 1: Vertical Transition Energies (eV) and Oscillator Strengths (in Square Brackets) for Coinage Metal Atoms in the
Gas Phase (gp) and Supported at & Sites of MgO(001%}

(n—1)d—ns ns— np ns— (n+ 1)s
calc exp calc exp calc exp
Cu ap 1.10 (K) [0.000] 1.49 4.12 (T,) [0.154] 3.81 5.18 (4) [0.000] 5.35
0% site 2.13 (E) [0.001] 2.45 (E) [0.072] 3.41 (10.076]
2.20 (A) [0.000] 2.86 (A) [0.004]

2.36 (B) [0.000]
2.39 (B;) [0.000]

Ag gp 3.27 (H) [0.000] 3.97 4.07 (T) [0.234] 3.74 5.14 (4 [0.000] 5.28
0% site 2.66-5.44 [0.053] 2.62 (E) [0.110] 3.54 (A [0.053]
3.22 (A) [0.133]
Au ap 1.36 (H) [0.000] 1.74 5.23 (1) [0.129] 4.95 6.16 (4) [0.000] 6.76
0% site 2.14-5.15 [0.012] 3.33 (E) [0.041] 4.20 (A [0.046]
3.87 (A) [0.038] 4.26 (A) [0.049]

4.28 (A) [0.042]

a Atoms in the gas phase were calculated,isymmetry, adsorbed atoms @, symmetry. The irreducible representations given in parentheses
characterize the transition dipole momehReference 39. Experimental values for-ds and s— p transitions are averaged over the fine structure.
For transitions between degenerate states, oscillator strengths per partner arégaemum value.

To understand the nature and trends in optical transitions of explore the extent to which the cluster geometry as well as the
adsorbed coinage metal atoms, it is informative first to look at nature of the adsorption site affects general aspects of spectral
the excitation spectra of the corresponding free species. All threefeatures.
congeners, Cu, Ag, and Au, feature the same electronic ground As seen from Table 1, for free atoms the current TDDFT
state 2S and electronic configuration of the valence shell, approach reproduces experimental trends very well: the order
(n — 1)d™ns! (with n = 4, 5, 6, respectively). The low-lying  and the relative energies of the transitions are adequately
excited states includéD, 2P, and ¢ + 1)s ?S obtained by  predicted. The maximum error in the theoretical transition
promoting a single electron:n(— 1)d — ns, ns — np, andns energies~25%, is obtained for the 3¢> 4s transition of Cu,

— (n+ 1)s, respectively (Table £},of these excitations, only  but the average deviation from experiment, 12%, is quite a bit
ns — np transitions are symmetry allowed in optical spectra. smaller. We note a significantly larger separation of 4d and 5s
Promoting one d electron into the valence p shell results in |evels in the Ag atom;~4 eV, compared to the corresponding

dipole forbidden high-spin statér, *F, and“D, which for Cu valence levels in Cu and Au, 1.5 and 1.7 eV, respectively. The

and Au, extend in part below the ¢+ 1)s2S level. The 5d— similarity between Cu and Au comes as the consequence of a
6p excitations of Au are strongly affected by spiorbit relativistic stabilization of the 6s and simultaneous destabiliza-
interaction; for instance, the three components'®f with a tion of the 5d levels of A42 The same trend also occurs for

weighted average of 5.66 eV, are separated by 1.4 eV due tobulk metals, where the 4d levels of bulk Ag were found to lie
spin—orbit interaction®® Table 1 compares calculated excitation ~2 eV lower than the 3d levels of bulk Cthe 5d levels of
energies for free atoms with experimental data obtained by bulk Au lie ~1 eV below the 3d levels of bulk CH.

averaging term energies over the spbit structure and also As a result of the interaction with the?Oanions of the MgO
with the excitation energies for supported atoms to be discussedsyrface, thas level of the coinage metal atom M shifts to higher
below. The ¢ — 1)d— np group of transitions is not included  energies; this effect is a manifestation of the so-called Pauli
because for atoms supported & Gites of MgO this series  repulsion between the filled shells. Consequenty:~ np and
lies above the presently considered energy range up to 4.5 eVins — (n + 1)s transition energies are reduced by-125eV
That energy range is already at the border of the theoretical (Table 1). In addition, the Mp levels split into p and Ry
band gap of MgO(001), 4.6 eV, as determined with the presently components; the former level also shifts to a somewhat higher
used GGA method, whereas the experimental gap is muchenergy due to electrostatic destabilization by a negatively
larger, 7.8 eV*? Common local density functional and GGA charged oxygen center.
methods are known to underestimate the band gap of wide- Figure 1 shows the calculated polarization-resolved absorption
gap insulatorg! Unfortunately, this causes some artifacts (and spectra for Cu, Ag, and Au monomers adsorbed on top of an O
we will touch on that again in the further discussion), e.g., center of the ideal MgO(001) surface. The three main spectral
unrealistic mixing of unoccupied levels of the metal with the features, labeled by |, II, and 1ll, are the same for all three metals
conduction band of the support. Hence, only the lowest M and have mainly intra-atomic charactes — npxy, ns —
transitions can be reliably and unambiguously described with np, andns— (n + 1)s, respectively. However, the unoccupied
the methodology used here. Our GGA estimate for the band np and (1 + 1)s levels of the coinage metal M lie rather close
gap of the support is close to the value, 4 eV, previously to the upper end of the MgO band gap and mix considerably
estimated with a cluster approach at the LDA Ie\feThere- with unoccupied states of the support. For instance, thiedel
fore, it would not be appropriate if we tried to match blindly of Cu delocalizes particularly strongly via mixing with several
current TDDFT results to experimental data. Instead of expecting unoccupied states. Consequently, it contributes to several
quantitative accuracy, we regard the current computational transitions, of which the lowest most intensive ones are marked
method as a semiquantitative tool, which affords a coherent as Il and Ill. The Mnp, level also mixes strongly with higher
systematic comparison and information about the MOs in- lying states &M s character. Yet for simplicity, in Table 1,
volved in the various transitions. In this way, it may become transitions Il and Il are formally assigned as— np, or ns —
useful for interpreting experimental results. Also, the method (n+ 1)s according to our convention (see section 2). In contrast,
provides valuable means for assessing trends; e.g., it allows ushe ns — npyy transitions are quite unambiguously identified,
to compare systematically the three coinage metals and toas can be seen from polarization-resolved spectra (Figure 1).
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Figure 1. Absorption spectra of coinage metal atoms Cu (A), Ag
(B), and Au (C) adsorbed at an?Osite of a defect-free MgO(001)
surface. Spectra are weighted by calculated oscillator strengths and
broadened by a Gaussian with= 0.05 eV. Polarization-resolved
spectra are indicated by shading: grayolarized transitions; black,
one of two equal polarization componentsxgfpolarized transitions.

See the text for a discussion of the major peaks marked with I, I,
and Il1.

These transitions are of E symmetry within tBg point group
and thus are “visible” ik or y polarized light.

The d— s transitions, which were symmetry forbidden for
atoms, now appear with low intensity due to mixing with the
states of the support, e.g., a feature-@8 eV for Ag (Figure
1B) and at~2.5 eV for Au (Figure 1C). The mixing of the
metal d states with the top of the O 2p valence band is especially
pronounced for silver. This is also consistent with our observa-
tions for the free Ag atom and the bulk metal (see above), where
we noted lower lying 4d levels of Ag compared to the
correspondingr( — 1)d levels of Cu and Au. Figure 2A displays
the calculated density of states (DOS) of Ag adsorbed at an
0?~ site of a defect-free MgO(001) surface, represented by a
MgoeOe(MgPP)16 embedded cluster model; the contributions to
the total DOS from d, s, and p states of the Ag atom are
explicitly given. The other two coinage metals show qualitatively
similar patterns. The singly occupied orbital of each of the
three adsorbed monomers lies well inside the band gap of MgO,
whereas then — 1)d andnp levels appear at the lower and
upper ends of the band gap, respectively. The 6s orbital of an
adsorbed Au atom is shifted byl eV to lower energies
compared to Ag and Cu. Hence, the three major signals of
Figure 1 (all originating from thas level of M) are shifted to
higher energies for AMgO (panel C). The unlabeled features
to the far right of panels A and B can be roughly assigned to
transitions of typexs— (n + 1)p and 6 — 1)d — np. However,
these high-lying transitions can no longer be unambiguously
described in terms of excitations within a metal atom as the
corresponding final states involve notable admixtures of the
support which likely have to be considered as artifacts of the
presently used xc approximation.

J. Phys. Chem. A, Vol. 111, No. 29, 2005873
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Figure 2. Density of states for Agadsorbed at various sites of MgO-
(001): (A) regular G site; (B) k" site; (C) k site. A Gaussian
broadening witho = 0.05 eV was applied. Contributions from Ag s,
p, and d orbitals are given by black, light gray, and dark gray shading,
respectively. The position of the highest occupied KeBham level
is marked by a vertical dashed line.

reported from a TDLDA calculatiof? there, the first two strong
transitions were also assigned to-66p excitations, split into
pxy and p components. Given the rather different computational
methodologies, the TDLDA excitation energies at 3.38 and 3.61
eV agree very well with the present results, 3.33 and 3.87 eV.
Atoms at Bt Vacancy Sites:Color centers” " or F are
point defects on a surface that correspond to oxygen vacancies
with one or two free electrons, respectively, trapped in a cavity
previously occupied by a missing O atom. The bonding ef M
to an k" centef® can be envisioned as interaction of the singly
occupied vacancy level and thes and np, orbitals of M,
particularly strongly withnp,; as schematically illustrated in
Figure 3, this is a typical example of a three-orbital interactfon.
Thens orbital of M shifts down, whereas the &dnp;, levels
shift up. Note the nonbonding character of the intermediate level,
which we refer to as Hlevel); actually, it carries a strong M
p; contribution. The orbital labeled,has a contribution of the

Some of the present findings can be compared to the resultsoriginal F cavity level. Therefore, our notations reflect the

of other recent TDDFT studié4:12 In the previous study on
Cw/MgO, only the 3d— 4s and one of the 4s- 4p transition
energies are giveH.That prediction at the B3LYP level is very
close to our result: 2.292.57 eV vs 2.13-2.39 eV of this work
for the 3d— 4s transitions and 2.63 eV vs 2.45 eV of this work
for the lowest 4s— 4p transition (we assigned this transition to
4s — 4p,,). An optical spectrum of AIMgO was recently

nature of these MOs only approximately. As a result of such
interaction, thens orbital of an adsorbed metal atom becomes
doubly occupied and thesFavity level is formally empty if
adsorption occurs at a charged defegt, Favorable bonding

of M at an E* center is manifested by metal adsorption energies
that are 2-5 times larger than the binding energies at regular
02 sites of MgO(001}2-20 Compared with binding energies
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Pz Furthermore, a fundamental difference in the spectral pattern
/_\ is most easily recognized if one compares polarization-resolved
N contributions to the spectra (Figures 1, 4).
,/ - \/‘f’= P Atoms at k Vacancy SitesThe interaction of a neutral
/ Fs // vacancy site with an adsorbed coinage metal atom follows the
// /,/—\’\ same scheme as described above for the casg ¢é&e Figure
. -f-é// \\ 3) with the essential difference that the vacancy contributes an
SN N additional electron. Therefore, the HOMO of the ground state
\\\ < :; s is the singly occupied £np,) level.
~ _H_,// Accordingly, the lowest transitions originate from thedvel

(Table 2). Spectral features for Cu, Ag, and Au in the low-
Figure 3. Schematic orbital energy diagram illustrating the interaction energy region are quite similar (Figure 5). The low-intensity
of a metal M with an K" site at the MgO(001) surface. peak | corresponds tasF~ npy,y transitions, whereas peak Il is
assigned to a transition fromsFo a level exhibiting mainly
MgO character. This probably is an artifact of the model as in
reality the bottom of the MgO conduction band should lie much

0.15 | I higher than predicted by our GGA-based TDDFT approach. The
2 ‘ ; 4; most intensive band Il is a transition from #© np;, followed
0.00 { by Fs— (n + 1)p.y (IV) and higher lying transitions involving

higher order p and s levels of M, which contain a sizable
contribution from unoccupied levels of MgO. Thus, beyond that
0.15 { M point application of our GGA-based TDDFT method is not very
meaningful. Overall, a notable difference to optical spectra of

Oscillator strength
0.30 - A

0.30 - Il B

0.00 1 coinage metal atoms adsorbed at regulér §ites and E sites
0.30 - c is that intense peaks appear in our model at much lower energies,
at 1.5 eV or below. Polarization-resolved spectra below 2.5 eV
0.15 1 | o are dominated by transitions polarized in thdirection, i.e.,
diob D A@f\ perpendicular to the surface plane.
30 35 40 45 3.2. Optical Transitions of Coinage Metal Dimers Ad-

sorbed at Regular and Defect Sites of MgO(001Dimers in

. . . the Gas Phase and at Regula? CSites.The dimers Cpl Agy,
Fiure - absorplon specrs of conage meta tome 0o (9,08 and Au i the gas phase are characterzed by a singlet ground
Polarization-resolved spectra are indicated by shading; layout is as inState, =, 47 The order of the valence orbitals as obtained at
Figure 1. See the text for a discussion of the major peaks marked with our BP86 level is similar for Cuand Aw and involves an
I, I, and Ill. antibonding combination of d orbitals,o¢t orbital, as the

HOMO (Figure 6), and the antibonding combination,*s as

of 242 and 229 kJ mol for Cu and Ag, respectively, the Au the LUMO. This is different from thel MO ordering r_endered
monomer features the strongest interaction, 358 kJnathich by HF-based method*®and the hybrid B3LYP functiona,
correlates with the fact that the Au 6s orbitakid eV lower in where the HOMO is predicted to derive from a bonding
energy than Cu 4s or Ag 5s in either free atoms or atoms com_blnat|on of two s orbitals,og. Experimental spectroscopic
adsorbed on regular? sites of MgO(001), as shown by our  Studies on Cuand Ap®°* also assumed the dg)(sou*®)
calculations. Consequently, the stabilization due to electron 1eIeJ(r:tron|c configuration because this is consistent with
transfer from the vacancy site is stronger for Au. 2, (sog—soy*) as the first singlet excited state. Nevertheless,

As seen from Figure 2B, the ordering of frontier orbitals MOSt recent spectroscopic studie$® actually reveal that for
slightly changes upon going from §0?~ to My/Fst. Thens both Cy and Aw the two lowest excited states, A and B, QT 0
— np separation grows somewhat larger, but therbital, with symmetry are strongly spirorbit coupled and derive from
a notable Mnp, contribution, appears below the iy levels. =, (sog—s0*) and 31 (drg—so.*) states corroborating our
Thus, at variance with the optical spectra of Bdsorbed at expectation that valence s and d levels lie rather close and are
02" sites, thens — F¢(np,) transition (I in Figure 4) occurs at  able to mix via either spirorbit interaction or s-d hybridization.
lower energies than thes — np,, transition (Il in Figure 4). In our calculations the energy difference between iheasnd
The next group of transitions, I, can be classified as predomi- doy* (HOMO) orbitals of Cy was determined to be just 0.3
nantly (W — 1)d — npyy. Recall that our model neglects spin eV, i.e., much smaller than the whole span of Cu 3d orbitals,
orbit interaction, which should shift the initial state to somewhat 1.63 eV. Whether or not theog* orbital is the correct HOMO
higher energies. Less intensive-{ 1)d— np, transitions have actually does not affect the qualitative pattern of optical
lower energy and overlap withs — npyy bands. For Auon transitions of dimers in the gas phase as all low-lying-ds
Fs", the energy separation of excitations with initial states of transitions have zero or vanishing intensity in our TDDFT
5d and 6s character is really small (below 1 eV); thus, one approach, where spirorbit coupling is not included (Table 3).
observes in Figure 4 that bands Il and 1lI, quite well separated For the same reason all singidtiplet transitions in our
for Cu and Ag, almost overlap for Au. Transitions of type calculations are spin-forbidden and have zero intensity. Our
— np4Fs) andns— (n + 1)s lie higher than 5 eV and are not calculated values foragg — soy* transitions for Cy and Aw
discussed here. (2.53 and 2.76 eV) are slightly lower than the experimental X

The difference to optical spectra of;Mdsorbed at & sites ~ — B excitation energies, 2.69 eV for ¢4 and 3.18 eV for
is quite pronounced. The first strong transitions in the case of Au,.52 (The B state has mor’tziuJr character than the A state.)
M1/Fst appear at higher energies than in the case ofd¢r. The X— A excitation energies, 2.53 eV for @dand 1.76 eV

Energy (eV)
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TABLE 2: Calculated Vertical Transition Energies (eV) and Oscillator Strengths (in Square Brackets) of the Main Low-Lying
Excitations for Coinage Metal Atoms Supported at ™ and F; Sites of MgO(001}
M at Fs* M at Fs
ns— Fs ns— npy,° (n — 1)d— npyy Fs— npx,” Fs— np, Fs— (n+ 1)p,°

Cu  3.28(A)[0.081] 3.80(E)[0.052] 3.865.59, 4.37 (E)[0.066]  0.72(E)[0.007]  1.35(A[0.081]  1.78 (E)[0.033]
Ag  3.30 (A)[0.161] 3.88 (E)[0.122]  4.226.64,4.41 (A)[0.070F  0.86 (E)[0.009]  1.48 (4[0.096]  1.81 (E)[0.016]
Au  3.68(A)[0.055] 4.21(E)[0.043]  4.246.56,4.36 (A)[0.058F  0.93 (E)[0.002]  1.52 (4[0.056]  1.83 (E)[0.009]

a Adsorbed atoms were calculated@s, symmetry. The irreducible representations given in parentheses characterize the transition dipole moment.
b For transitions of E symmetry, oscillator strengths are given per paftiieansition with maximum intensity.

Oscillator strength '5," — %, (sug—s0u*), just as calculated in the case of Cu
0.15 ] " A and Aw. The experimental value for this excitation energy of
0.10 1 v Ag, is 2.85 eV3® 0.2 eV lower than our result, 3.05 eV.
oos{ ! " According to the present calculations, the first-ds transition
0.00 1 with intensity appears at 5.41 eVdg— so,*). This value is
0.15 1 m 5 very close to the adiabatic transition energy 5.55 eV determined
0.10 | 7 for the corresponding 31, — 212", transition calculated with
oos1 1 ! a MRD-CI methock®
0.00 1 For dimers adsorbed at regular sites of MgO, the MO order
015 1 does not change significantly as the interaction with the MgO
0.10 1 i & surface is mainly of polarization type. From our earlier stedly,
0.05 1 - v the adsorption energies of GuAg,, and Au in the most
0.00 | favorable upright orientation are 132, 80, and 164 kJ ol

0. 1.0 15 2.0 25 respectively. The nature of HOMO and LUMO remains the

Energy (eV) same as for M species in the gas phase. Thus, in dimers

Figure 5. Absorption spectra of coinage metal atoms Cu (A), Ag (B), adsorbed at & sites of ideal MgO(001) the lowest transitions

and Au (C) adsorbed at an $ite of the MgO(001) surface. Polarization- ~ are of the type H.OM.O_' LUMO, i.e., doy* — soy* for Cup
resolved spectra are indicated by shading; layout is as in Figure 1. Seeand Aw (labeled | in Figure 7), andog — soy* for Ag» (labeled

the text for a discussion of the major peaks marked with I, Il, Ill, and |I). Here, we preserved the notations used for MOs of diatomics
V. in the gas phase, although the symmetry in the adsorbed systems
Energy, eV has been lowered tos@nd thus previously forbidden transitions
oy* — oy* have become allowed via interaction with the support.
3 =50 = So Furthermore, note that for Guand especially for Aa s-d
-4 s— S— — sor hybridization becomes even more pronounced than in the
-5 } ¢ corresponding molecules in the gas phase, which permits a
5 ‘ %% S— certain degree of mixing betweewd and s5y MOs. For the
5 ‘_dsg _ dos 9 g gguj three coinage metal diatomics under study, the calculated
dn, & /‘—dn; = | — s Ggg' absorption spectra exhibit quite different spectral shape and types
8 9% \— Z%"g' — i of transitions (Figure 7).
9 g"u [ 33; For Cu, the first two peaks at 2.6 and 3.6 eV correspond to
L the transitions d,* — so* (I) and s73 — soy* (Il). Both

Figure 6. Frontier molecular orbital levels of dimers €Ag,, and transitions blue shift byv.l ev re_latlve to_ those _caI(?ulgted
Auz in the gas phase, obtained with an all-electron BP86 calculation. for free Ci (Table 3). This result is at variance with findings
The LUMO s,* is indicated by an open horizontal bar. of Del Vitto et all* who reported an almost unchanged transition
energy for the s; — so,* excitation upon adsorption, 2.95 eV,
for Aup,*3 are lower than our theoretical values. A TDDFT ys 2.89 eV in the gas phase. The low-intensity feature at
calculatiort* using the hybrid B3LYP approach yielded avalue 4.0 eV in Figure 7 is assigned asys— pory (1) followed by
of 2.89 eV for the 8; — so* transition in Cy. That study dog* — pmy at 4.1 eV. Beyond that point the continuum of
reported only the lowest &~ s excitation energies, beginning  the support sets and thus makes further identification of

at 2.53 ?I:}/' WhLC,h iz.fr;otably higher: than ourf res‘él_tﬁ 1.90 eV. {ransitions within the metal particle difficult. As already pointed
We atiribute this difference to the use of a different xc out, this much too early emergence of the continuum is a

functional, B3LYP!! which affects the MO ordering (see above) - L :
and. in general, increases the HOMOUMO gap. That shortcoming of the xc approximation used in the presentTD
. . " DFT study.
previous studit did not report transitions of the € p type. i ) ) )
For Ag, we find the same HOMO and LUMOgg and s, Transitions of adsorbed Adegin at 3.1 eV with an intense
as inferred from MRD-CI ground and excited states and S0g — Sou* peak followed by another intense transition at 3.8
underlying HF MO and also supported by spectroscopic €V Of S5g = pry type (Ill). The $7q — soy* transition remains
measurement®. This difference to Cuwand A is clearly a at about the same energy as in the gas-phase dimer (3.05 eV),
consequence of a larger separation between the valence s an@onsistent with the essentially unchanged HOMQ@MO gap,
d levels in Ag (Figure 6). ~2 eV in adsorbed Ag We note the difference to Guand
The first transition of Ag with nonzero intensity is the  Auy; in the latter species, the HOME@.UMO gap increased
HOMO-LUMO transition of s— s nature correspondingto X by up to 1 eV upon adsorption, indicative of a favorable
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TABLE 3: Calculated Vertical Transition Energies (eV) and Oscillator Strengths (in Square Brackets) for Coinage Metal
Dimers, in the Gas Phase (gp) and Supported at ©® Sites of MgO(001}

d—¢ s—s d— p and s— p°
system transition character transition character transition character
Cw gp 1.90[0.000] o — o 2.53[0.080] Og— Oy* 3.45-5.43
1.91[0.006] g — oF 3.67[0.016] drg* — 7y
2.07 [0.000] O — o 4.19[0.036] dg— my
2.30[0.000] O0g— Oy* 4.26 [0.063] & * — gy
2.81[0.000] T, — o 5.32[0.007] dry — og
4.79[0.531] 0g— Oy* 5.43[0.038] g — my
_ 4.5410.389] §q— 7Ty
0% site 2.12-6.44 o — o 3.55[0.094] Og— Oy* 3.99[0.003] & * — gy
2.60 [0.045% Og— 0% 4.09[0.032] b — oy
4.26 [0.046] 4.09 [0.003] & — 71y
3.96 [0.033] 59— Ty
3.96 [0.012] g — Ty
Ag: gp 3.71[0.000] o — o 3.05[0.367] 09— Oy* 3.70—7.96
3.83[0.004] gt — o* 6.01 [0.054] drg* —
4.03[0.000] O — o 6.43[0.419] & * — gy
4.23[0.000] O0g— o 6.47 [0.218] dg— my
4.79 [0.000] T, — o 7.30 [0.046] g — my
5.41[0.060] 0g— o 7.37[0.050] dry — g
_ 4.70[0.754] 59— Ty
0% site 3.30-5.86 oot 3.12[0.502] Og— Oy* 4.28[0.004] * — oy
4.54[0.0419 3.81[0.117] 59— Ty
3.87[0.131] §q— Ty
Au, ap 2.27[0.000] o — o 2.76 [0.122] Og— Oy* 5.05-8.13
2.33[0.011] gt — o* 5.23[0.003] drg* — a1y
2.40 [0.000] O — o 5.50 [0.014] & * — gy
2.73[0.000] O0g— 0% 6.07 [0.288] dg— my
3.84[0.000] T, — o 7.71[0.363] dry — 0y
6.35[0.804] Og— 0% 8.13[0.170] by — my
_ 5.62[0.288] §g— Ty
0% site 2.93-5.53 o — o 4.01[0.006] 0g— Oy* 4.91[0.003] b * — oy
3.02[0.0529 4.17 [0.004] d* —
4.18[0.005] & — 1y

2 MO symmetries are given for the point groDp. For M, adsorbed on MgO, the same notations are used to show correspondence between the

MOs of gas-phase and adsorbed molecUl€xr degenerate transitions, oscillator strengths are given per p&r@ely transitions with nonzero
intensity are listed; for adsorbed species, the range up to 4.5 eV is consifiradsition with maximum intensity.

Oscillator strength

0.50 1 A
0.25 | 1l "
0.00 T —— 1 _/T_z
0.50 1 In B

1
0.25
0.00
0.50 - o4
0.25

|
0.00 e e —
20 25 3.0 35 4.0
Energy (eV)

Figure 7. Absorption spectra of coinage metal dimers, Q&), Ag-
(B), and Ay (C) adsorbed at an 2 site of a defect-free MgO(001)

value, 2.26 eV; this upward shift is of similar magnitude as
determined for Cu(Table 3).

Although quite different looking, the three spectra can be
characterized by some common features. In the considered
energy range, the two main transitions are of typg-d— so,*

() and &7y — soy* (1) (Figure 7). The remarkably high intensity
of the latter transition in case of Agan probably be explained
by the relatively pure « character of the HOMO, separated
by 0.8 eV from the underling d-manifold, and the weak
interaction with the support, whereas forGand A, sog and
doy* mixing is quite pronounced. The former transition, ef;t

— soy* type, is less intense because it is parity forbidden for
dimers in the gas phase. Furthermore, the d transitions are
dipole forbidden in the free atoms.

Inclusion of SO interaction is expected to affect the calculated
spectra at least of Aubecause of an upward spread in energy
of the d-manifold and thus a decreased HOMQJMO gap
(by ~0.5 eV as revealed by our test calculations for the gas-

surface. Polarization-resolved spectra are indicated by shading: darkPhase dimer).

gray, x-polarized transitions; blacly-polarized transitions; light gray,

Dimers at B and K Vacancy SitesCoinage metal dimers

z-polarized transitions. See the text for a discussion of the major peaksadsorb at vacancy sites in an almost upright orientation with

marked with I, II, and IlI.

interaction with the MgO support. This is also reflected in 1.6
and 2 times higher adsorption energies of &ud Ay compared
to Agy.

For Auw, the first transitions with intensity appear at 3.0 eV
with the weak @&* — soy* band and remain at rather low

some degree of tilting with respect to the surface north@he
bonding involves, as shown above for atoms, considerable shifts
of the valence (frontier) orbitals and a change of the electronic
configuration of the adsorbed metal species. To first approxima-
tion, the MO picture of bonding can be described as interaction
of the singly (or doubly) occupied vacancy levgldnd the &,*

intensity in the considered energy range up to 4.25 eV (Figure LUMO of the dimer. As a result, the bonding combination

7). The &* — so* transition lies 0.7 eV above the gas-phase

so,* +Fsis lowered in energy and the antibonding combination
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Oscillator strength TABLE 4. Calculated Vertical Transition Energies (eV) and
050 A Oscillator Strengths (in Square Brackets) for Coinage Metal
: Dimers Supported at K" and Fs Sites of MgO(0013}
0.25 - ' system  &f —pog SOy — pul so* — Fs
_/\ A n f\/‘ T
000 | A o S Cw, Fssite 261[0.133] 3.91[0.012]  3.36[0.003]
3.92[0.011]
0.50 1 I B Fs site 2.17[0.123]  2.46[0.006]  2.54[0.082]
2.46 [0.009]
0.25 - I it Ag, Fstsite  2.27[0.082] 2.84[0.281] 3.29[0.028]
il 2.84[0.000]
0.00 + Fs site 2.08[0.142] 2.12[0.001]  2.48[0.096]
050 ¢ 2.13[0.001]
iy [ Au, Fstsite  3.17[0.220] 3.15[0.011]  3.97[0.002]
—— 3.17 [0.006]
: W . Fe site 2.72[0.122]  2.78[0.000]  3.09 [0.099]
il 2.78[0.000]
10 15 20 25 30 35 40 aMO symmetries are given for the point grola.,, to show the
Energy (eV) correspondence between MOs of gas-phase and adsorbed molecules.

. . . . b For degenerate transitions, oscillator strengths are given per partner.
Figure 8. Absorption spectra of coinage metal dimers, CA), Ag- ¢ g g perp

(B), and Ay (C) adsorbed at ansF site of the MgO(001) surface.
Layout is as in Figure 7. See the text for a discussion of the major

) ill
peaks marked with 1, 1l, and IIl. Oscillator strength

0.50 7 A

Soy* —Fs shifts upward, close to the (bonding) virtual MOsyp —— oW
and pry of My, while mixing considerably with ¢. For M
simplicity, in the following we will refer to the two MOs with 0.00
a contribution from the cavity agrg* and K instead of &,* +Fs
and #,* —Fs. Note, however, that due to interaction with the
support, there are several unoccupied levels with mixeghB 0.25 A oo
pog character; thus, our simplified labeling of virtual orbitals is
just a convenience. The adsorption interaction just described
stabilizes the electron from the vacancy levgl &t the lowered 0.50 1 C
soy* orbital. However, there is also a destabilizing effect due

0.50 7 U B

to the weakening of the MM bond, yet the former contribution 2% 1 w v

seems to dominate as adsorption energies patfs" (66, 64, 0.00 — A AL Lo,

and 116 (kJ molt)/atom for Cuy, Ag, and Ay, respectively)

are equal or greater than for diatomics adsorbed at regdtar O 0.50 7 R

sites (66, 40, and 82 kJ mdfatom)?! The strongest increase -

in the binding energy, for A4 correlates with the largest ’ | T\

downward shift of &,* (almost 1 eV below the corresponding 0.00 _,_,_.A_Q_Aqaﬁi‘@:

MOs of Cw and Ag). 15 20 25 30 35 40
The bonding picture at neutral vacancy sites is quite similar, Energy (eV)

only that the HOMO s,*+Fs acquires a second electron from  Figure 9. Absorption spectra of coinage metal dimers, C&), Ag.

the vacancy site. The net stabilizing effect is even stronger on (B), Au, in “upright” orientation (C), and Agin “tilted” orientation

Fsthan on B as the vacancy orbital is doubly occupied. The (D), adsorbed at ansfsite of the MgO(001) surface. Layout is as in

adsorption interaction on a neutral $ite is 66-70% stronger Figure 7. See the text for a discussion of the major peaks marked with

for all three dimers than on a charged defect sitedhd 1.6- h

2.7 times larger than at regula”Osites?! However, we will see in the following that the same strong peak
The spectral features of diatomics adsorbed at vacancy sitesappears for Ag(but not for Cy and Aw) at a neutral Edefect

are consistent with the orbital pattern just described. For dimerswhere only a minor tilting was calculated for all three dimers.

adsorbed at £ (Figure 8), the first relatively strong transition  This anomalous behavior of Agnay be due to its weaker

iS soy* — pog (1), which appears at 2.61, 2.27, and 3.18 eV for interaction with the MgO surface. Thus, low-lying transitions

Cuw, Agz, and Au, respectively (Table 4). The highest energy have more pronounced intramolecular character, whereas Cu

of this transition is calculated for Auagain consistent with  and Ay interact stronger with the support, which results in many

the largest downward shift obg* and the strongest bindingto  mixed states and a distribution of oscillator strength over a range

the surface as mentioned above. The low-intensity peaks to theof transitions. Transitions fromog* to Fs carry very low

left of | (Figure 8) are mainly from the higher occupied d orbitals intensity (Table 4). Only for Agis this transition at 3.3 eV

to soy* (and oy — soy* in case of Ag). For Ag, the next calculated to be visible in the spectrum. Other well-separated

well-pronounced high-intensity peak (II) corresponds to the peaks to the right of | (and also to the left of | in case oLbAu

transition &,* — pmg. In fact, the MO to that we refer astp marked as Il in Figure 8, are assigned as>dso,*.

is its A’ component, which bears a sizable contribution fram F Absorption spectra of dimers supported at neutral vacancy

and also mixes strongly withog due to a considerable tilting  sites k of the MgO(001) surface (Figure 9, Table 4) can be

of Ag, with respect to the surface normal,°2d Transitions of interrelated with those for Mat the correspondingsF sites.

this type are found to appear with much lower intensity fop Cu  As stated above, the qualitative frontier orbital picture differs

and Au (Table 4). One reason for that difference could be a only by the doubly occupiedog* HOMO level instead of the

less significant tilting of Cgand Aw moieties, at most 10 singly occupied level of dimers adsorbed gt.An the spectra
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of all three coinage metal dimers, the first peaks of high intensity TABLE 5: Vertical Transition Energies (eV) and Oscillator

() again correspond to thesg® — poy transition. At neutral
vacancy sites, these transitions are calculateg@.2 eV lower

Strengths (in Square Brackets) for Supported Cu Atom at
0%~ Sites of MgO(001) with Three Cluster Models of the

in energy compared to the spectra of dimers at charged defect
sites E'. The $1* — Fstransitions (l1) follow with comparable
intensities at 2.5, 2.4, and 3.1 eV for £LUAg,, and Auw,

respectively. The next higher band (Ill) that appears in all three |
spectra is also ofeg* — pog type, but it involves a higher lying
orbital of partial @y character. In the case of Agtransitions
Il and Il cannot be unambiguously separated because both are

actually mixtures involving large contributions o6& — Fs .

2.20 (A) [0.000]
2.36 (B) [0.000]
2.39 (B;) [0.000]
2.14 (E) [0.001]
2.20 (A) [0.000]

2.86 (A) [0.004]

2.46 (E) [0.063]
2.11 (A) [0.002]

Support?
calc
modef  (n— 1)d— ns® ns— np° ns— (n+ 1)s
2.13(E)[0.001] 2.45(E)[0.072]  3.41 @\[0.076]

3.08 (A[0.043]

and &,* — pog. Other identifiable higher transitions (IV) are

from the top of the d manifold,a* — Fs, found in the spectra

of Cw, and Ay, around 2.9 and 4.0 eV, respectively; for Ag m
they are not observed in the considered energy range as occupied

d orbi_tals I_ie quite_ low ir_1 energy. Instead, @5~ prrg transition 1.85 (&) [0.000]
(V) with sizable intensity is found around 3.7 eV. Unmarked ) ) )
bands involve transitions to higher lying orbitals with consider-  *!* MdsOs(Mg™)s cluster embedded in an elastic polarizable

. environment (EPE). Il: same as |, i.e., with an array of 644 point
able admixtures of MgO levels. Overall, the spectral shapes of charges representing the electrostatic field of the nearby region of the

the three congeners differ notably (Figure 9). Still the transition gnport, but without the surface charge representation of the electrostatic
Soy* — pog can be considered characteristic, ordered in energy embedding potential (SCREEP). Il s model without embedding.
according to Ag < Cw, < Auy; that pattern is similar to what  ° For degenerate transitions, oscillator strengths are given per partner.
was calculated for the coinage metal dimers adsorbed'at F
(Figure 8).

Optical transitions of Aplat K centers of MgO(001) have
previously been studied computationaflysing TDDFT in the
LDA approximation. In that work, two almost isoenergetic
minima were reported, one with the gold dimer standing
“upright” and another one with the dimer tilted by 38om
the surface normal. Surprisingly, calculations yielded completely
different spectral shapes for the two isomers, despite only a
slight difference in geometry. Although we determined only one
minimum (the upright geometry) for this systéhthe remark-
able similarity of our predicted spectrum (Figure 9C) to tha
for a tilted geometry in ref 12 motivated us to calculate also : Ot !
the optical transitions for a tilted gold dimer. We used the same Stréngths, calculated in model II, agree quantitatively with the
tilt angle as reported in ref 12, 33%ut kept the Au-Au distance benchmark values of model |, whereas the-sp and s— s
as previously optimized with our embedded cluster model fransitions are shifted by 0=3.7 eV. However, the average
approach, at 2.63 A. This calculation revealed only a slight shift deviation in transition energies can be considered snvdll
(at most 0.3 eV) of the main bands IV with respect to those eV)_ and the maX|mum_deV|at|on obtained was 0.7 eV. The
of the “upright” structure, although oscillator strengths decreased 2Scillator strengths deviated at most 0.06 and on average by
on the whole and migrated partially from tiéo they spectral 0.01 from those.o'btalned Wlth model I. Model llI unde(estlmates
component (following the dimer axis tilted in tlyedirection), the d— s transition energies by_Oﬂ).? eV and particularly
and several previously forbidden transitions appeared with low strongly the s~ p transition energies, by 1-.0 eV. Although

intensity (Figure 9D). The general agreement with the spectrum the s— s transition energies pred|cteq by model clo.sely
of the tilted isomer in ref 12 may seem worsened due to match those calculated with Model lI, this is probably fortuitous

appearance of several low-intensity transitions; however, the lbeca}us;e Ehg ?ve:ﬁgesgelwatlo?tof tra_rt1_5|t|on energlgs (r/om (rjn:)hdel
positions of the main bands still agree within 8.2 eV. Our r;wcair(;u ?ned vci)rti ﬁw ozwgsvr??]& |orr1$, V\Iltasill ) tret 6;2 ¢ et
test showed a relatively small variation in the spectral shape aximum deviation was 2.6 €V. 1hese results filustrate the fac

upon changing the orientation of Awvith respect to MgO that r_nod_el lll is too crude to _be useful._

surface from an essentially upright to the titled geometry, at This §|mple test substantiates t_he importance of cluster
variance with predictions of ref 12. Thus, the apparently good €MmPedding, which affects the ordering of the MOs and hence
agreement of our spectrum for the “upright” structure (Figure the excitation energies calculated with a TDDFT method.

9C) with the TDLDA spectrum of a tilted dimErseems to be I_nclus_lon of_the SCREEP, howevgr, overall contrlbutes_ o_nly
coincidental. little, in particular when one considers the overall predictive

. . accuracy of the approach used here, but omission may affect
3.3. Effect of Cluster Embedding on Calculated Optical y bp y

- - ; individual transitions too much to prevent correct assignment
Properties. Finally, we address the importance of proper cluster for some s

; . ) - ystems.
embedding for accurate calculations of vertical excitation
energies and oscillator strengths. To this end, we compared three .

. 4. Conclusions

cluster models, using a Cu atom supported at a regifassite
of the ideal MgO(001) surface as benchmark system. Model |  Calculating the energy spectrum of metal particles adsorbed
is our standard EPE model, briefly described in the section at solid surfaces is a challenging task for wave function based
Computational Methodsind in more detail elsewhefe.In qguantum chemistry methods. Metal atoms and dimers chemi-
model Il, the QM cluster environment was kept untouched, but sorbed on the surface of ionic MgO not only are affected by

2.36 (B) [0.000]
2.39 (B;) [0.000]
1.45 (E) [0.010]
1.68 (A;) [0.000]
1.69 (By) [0.000]

0.85 (E) [0.049]
0.92 (A) [0.080]

3.10 (A.[0.036]

the representation of the long-range electrostatic potential was
removed. In other words, the surface charge representation of
the electrostatic embedding potential (SCREEP), which accounts
for the electrostatic field due to the distant part of the infinite
crystal, was eliminated, but a point-charge array of 644 point
charges representing the electrostatic field of the nearby region
of the support (region Il of EPE) was kept. Model Il
comprised only the QM cluster model Cub@ without any
embedding. The TDDFT results of these three models are
t compared in Table 5.

The d— s transition energies and the corresponding oscillator
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the strong electrostatic field and repulsive exchange interactionscomprising Ag and Au atoms. For systems with heavy elements,
with oxygen anions on the surface but also undergo substantialapplication of a more sophisticated TDDFT metPoseems
rearrangements in the electronic structure of the frontier orbitals advantageous to explore the effect of spambit interaction on
when interacting with point-defect sites, such as oxygen vacancyhole states with substantial d-character.

sites. Hybrid quantum mechanical/molecular mechanical cluster

models featuring a suitable representation of the ionic crystalline  Acknowledgment. L.V.M. expresses her deep gratitude to
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