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Theoretical study of adsorption of Cu, Ag, and Au on the NaC(100) surface
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The adsorption of noble metal atorf@u, Ag, and Au on the NaC[100 surface has been studied by means
of an embedded cluster approach. We use different models for the surface in order to study the convergence of
the properties participating in the bonding. The use of a suitable embedding and the lack of participation of the
sodium 3 orbitals allows for reliable results with small clusters. Adsorption energies and metal-surface
distances are calculated by usiag initio Hartree-Fock calculations and including the correlation energy at the
second order of perturbation theory. An effective core potential approximation, which includes relativistic
mass-velocity corrections for silver and gold, is used for the inner electrons of the metal. Corrections for the
basis set superposition error are considered as well. The metal atoms are preferentially adsorbed on the top of
cationic sites. The interaction energy is sm@H0.1 e\) and the distances long>3 A) for all models
considered. Adsorption has no noticeable chemical contributions. This is explained by resorting to the elec-
tronic structure of metal and surface. Most of the binding energy is due to electrostatic and dispersion forces.

l. INTRODUCTION NaCl(100) surface'’ They found that the most stable site for
physisorption corresponds to a gold atom over & Karace
Understanding the nature of bonding between metal atsite. The binding energy0.7 eV\) is in excellent agreement
oms and insulating surfaces is of great importance in fieldsvith the measured desorption energy of Au from this surface.
such as heterogeneous catalysis, microelectronics, the antit®ther electrostatic treatments have been done by Chan
ermic and anticorrosion coating industry, metallic coating foret al® and Bambakidis? Classical kinematical theories in
optical devices, etc. This explains why numerous studiesvhich the atom-surface interactions are described thermody-
have been carried out on this question, either at a macraiamically and/or statistically have also been repoffed’
scopic level(measurement of wetting angles, adhesion ener- A different point of view of this system was given by
gies, shear strengths, etor, more recently, at a microscopic Fuwaet al,?® who included chemical interactions. They re-
level (spectroscopic methods, low-energy ion scatteringported local density approximation calculations of the elec-
electronic tunneling, or force microscopjés tronic structure of a single gold atom situated atop a sodium
An increasing number of studies are being devoted to thsite in a Ng,Cly; cluster. This calculation shows that there is
first stages of deposition of metallic atoms and to the detera negligible interaction of the adsorbate with the underlying
mination of growth modes of clusters, many of them on ox-sodium ion. However, a true chemical bond is supposed to
ide surfaces. The most relevant questions in this respect coferm between the Au 8,2_,2 orbital and 3, orbitals on the
cern(i) characteristics of the chemical bond formed betweerfour nearest-neighbor Clions.
the adsorbed metal atom and the ionic surface @ndlis- No further theoretical studies on this system exist in the
crimination between clustefVolmer-Webey or bidimen- literature. However, recent developments in embedding
sional growth (Stranski-Krastanov or Franck Van der methods for nonempirical quantum-mechanical calculations
Merwe).2 Although the analysis of core level photoemissionof local phenomen& 3! development of computer technol-
peaks, low-energy electron losses, Auger parameters, lowsgy, as well as modern techniques of analysis and sample
energy ion scattering, or electron microscopy have recentlpreparation of well-defined surfaces of insulating ionic
provided information on those systems, there remains corsrystals? encourage the theoretical revision of this system.
siderable controversy in the literatufre: In the present paper, the bonding of single noble metal
Several theoretical works have been done to simulate thatoms(Cu, Ag, and Al to the ideal NaGlLOO surface is
adsorption of single metal atoms on ionic surfate$® For  studied by means of quantum-chemical methods. One of the
oxide surfaces, these studies highlight the formation ofims is the introduction of all the important effects involved
metal—oxygen bonding and antibonding states, the latter ben the interaction between metal atom and ionic surface. The
ing completely filled in the case of noble met&au, Ag); local nature of the possible metal-surface bonds enables the
otherwise only partly filled. Thus the interactions are consid-use of the finite cluster approach. The classical electrostatic
ered to be mainly of a chemical nature. This is a reasonablend quantum contributions from the rest of the system, not
assumption for relatively reactive surfaces such as those aficluded in the cluster, are introduced by means of a nonem-
many metal oxides. However, other ionic surfaces, such apirical embedding model potential appro&di®Another im-
NaCl(100), are known to be highly stable and the nature ofportant factor to consider is the relativistic effects due to the
the metal-NaGIL00) bond is not so clear. Focusing attention high speeds of the inner electrons in the gold at60%6 of
on the Au-NaQl100) system, different theoretical ap- the light speed for theselectrong.3 Although this effect is
proaches have been used. Yanagihara and Yamaguchi consabnsiderably larger for the core electrons, since they are sub-
ered the physisorption of a gold atom over the steppegected to larger nuclear charges, they manifest themselves in
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the valence space significantly enough to introduce substan- The next point is the description of the cluster, that is, the
tial alterations in chemical bonding and physical propertieobtention of a goodb,,. This is done variationally and
of heavy atoms. It is well known that thes@rbital of the including cluster-environment orthogonality constraints. This
gold atom contracts substantially because of a relativistiprocedure leads to an effective cluster Hamiltonian, in which
effect called the mass-velocity correction. This correctionthe cluster-environment interactions are introduced through
will be considered here through an effective core potentiasimple operators, the compact model potentials. For ionic
approach’* environment the total potential is written as single ionic con-
In this paper, besides the inclusion of the important effectdributions, each one being
governing the metal/NaCl00) interaction, the intention is to « -
obtain some information on the nature of bonding. Thus the VEMP= V%ﬁﬁf# alr,
electrostatic/covalent nature of the interaction in analyze
Several relevant properties of the fragmefeigctric field at
the surface and energy levels of the molecular orbitais
analyzed as well.
The main conclusion from our results is that the bondin
of Cu, Ag, and Au to the Na€l100) ideal surface is mainly

dWhere the second term on the right-hand side is the long-
range potential due to the ionic chargend the first term is

a short-range potential which accounts for the finite size of
the ions, exchange interactions, and cluster-ion orthogonal-
gity.

. ‘ ; Summarizing, the approximations done are cluster-
electrostatic and rather weak, without appreciable Covalerﬁnvironment separability and the frozen description of the

Cor}t;'bUtlon' . d foll Fi brief environment. The interactions included are the intracluster
e paper Is arranged as follows. First, a briet summary,.intions  considered in®,, as well as cluster-

of the methods and cemputa‘uon_al details is given in Sec. Hanvironment quantum and classical interactions.
In Sec. Il the properties of the isolated fragments, surface, In this work, Hartree-Fock description of the cluster will

and metal atoms, are reported. Properties taking part in CQ5e adopted. The open shell systems are treated with unre-
valent (symmetry end energy of the molecul_ar orbﬂ_m stricted Hartree-FocKkUHF) wave functions. This method
well as eIectrostaju()eIectnc f|e|_d at the serfaaenteracnqns allows for the treatment of unpaired electrons and introduces
are given. The binding energies and distances for differe pin polarization effects. In order to account for the electron

cluster models are reported in Sec. IV. This will permit us ©correlation effects, the Moller-Plesset second-order perturba-

eheck the adequacy of the medels use_d. Basis set SUPETPORE 4| correction to the UHF enerdyMP2) has been calcu-
tion errors(BSSE and correlation energies are also reported.|ated

The different contributions to the binding energy are ana-

lyzed in Sec. V by means of the constrained orbital variatiorba
(CSOV) method®~" Finally, the main conclusions from ba
these results are summarized in Sec. VI.

The orbitals corresponding to the cluster are built from a
sis set of Gaussian type orbitals. For'Nend CI" we use

sis sets given by Huzinaga for the ionédditional orbit-

als to describe the Sorbital of sodium andl polarization
orbitals for chloride are also used. The final basis sets are
Il. METHOD AND COMPUTATIONAL DETAILS [10s4p/6s2p] for Na" and [10s5pd/4s2pd] for CI~. The
inner electrons of the metal atoms are described through the

Due to the local nature of the metal—ionic surface inter- . :
ompact effective potentials approach of Stevensal3*

action, a finite cluster approach can be used to model th his allows for the treatment of the metal atoms as 19 elec-
CuAg,AUNACI100 system. This procedure has been o stemg[core] ns® np® nd'® (n+1)s?). Mass-velocit
shown to be reliable in describing adsorption over ionic sur- ystel I NS np ] ) Y
faces if a proper embedding method is U3&d. a_nd Dar_wmg relativistic effects for silver a_lnd gold are con-
In this work, compact model potential€MP) and point sidered in this approach. The valence basis set for metals is a
charges array are used for the embedding. Theoretical detall ple zeta one and includes thevt1)p empty atomic

of the CMPs are given elsewhei®3-3here only a brief orbitals®* The resulting basis sets ares®6d/4s4p3d] for

explanation of the method is given in order to comment on-OPPEr [868pSd/4s4p3d] for silver, and [&7p5d/

the main approximations involved. 4s4p3d] for gold. . . .

The first point to discuss is the cluster choice. Once this i§_| The ions of the environment are descnbed by.restncted
done, the wave function of the systedn is written as a .artree—Fock wave functior®HF). The.atormc orbital ba-
product of clusterd,,, and environmentb,,, subsystem sis sets are the same as those for the ions in the cluster. Fpr
wave functions the .obtentlon of the short-range operator the.use qf a ba5|§

set is also necessary. The uncontracted atomic orbitals basis
d=M Aq)clusq)enw seE i'_s used to obtain the CMPsf representative of the &tad _

R CI™ ions. The charges appearing in the long-range potential
whereM is a normalization constant and is an operator are the respective ionic formal charges. The Nmd CI’
which antisymmetrizes the product with respect to exchang®&HF wave functions and, consequently, the CMPs obtained
of electrons between the cluster and its environment. Thifrom them, are generated in calculations where the ions are
equation is a good approximation when there is no chargembedded within the bulk NaCl crystal or at their perfect
transfer between subsystems. NaCl(100 surface sites. It has been shown that the use of

The second approximation concerns the description of th€MPs obtained for bulk ions to represent surface ions gives
environment. If the cluster contains the nuclei and electronsesults different from the use of CMPs obtained for the de-
responsible for the local phenomenon to be described, thecription of ions at the surfacg.
environment can be viewed as a frozen spectator, thys, The experimental Na-Cl distance is used in all the calcu-
can be fixed. lations. The(100) surface is considered to be ideal and no
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FIG. 3. Cluster MNg,Cls°" used to model adsorption on Na
site. This cluster also allows for the delocalization of ti&3sur-
face orbitals.

FIG. 1. Cluster MNaG§*~ used to model adsorption on Na

site. the rapid convergence of electric properties and molecular

orbital energies with the cluster size.

. . . All the calculations reported here were done with a lo-
rumpling has been taken into account. Preliminary test caléa"y modified version of the Gamess progrih.
culations showed that the inclusion of such rumpling does
not modify the results with respect to adsorption over an
ideal surface. Ill. PROPERTIES OF FREE ATOMS

An array of 13x13X4 environment ions is used for the AND SURFACE MODEL

embedding. Such an array converges with respect to the elec-

tric field and its derivatives at the surface when the ions are e metal atoms. and surface clusters will be described. In
represented by point charg&sErom these 676 ions, the 74 ’ . . -1 IDEL.
neighbors closest to the cluster are introduced as CMPs. Trfﬁ'der to understand the possible electrostatic contribution to

; ; 9+
rest of the ions do not contribute with any short-range potenéoirzgng'nn d%nWh:rgl;j:érgj?nNaf%rr tﬁ[a,izlr‘:‘gcse v(\:/lgsvt/(iellrsf’irgiulzok
tial to the total potential at the adsorption site and, conse:- P 9 9 '

: ; .“at the electrostatic potential, electric field, and first derivative
ggﬁtr;itgl’]ttehfg ,?hr: &stcer:gﬁg %t?:t%r;s of point charges Whlcﬁf the electric field at the surface on the Naite for both

models. Figure 4 shows that, although the electrostatic po-

Two kinds of model cluster are used. The first one con- .. . . . -
sists of the central ion, where the metal atom is adsorbe<§antlal [Fig. 4@)] due to both models being slightly different

plus the surrounding five nearest neighbors. This results i ~0.05 Hartreed") at the dlstances conS|d_ered_ h@elO.S'
MNaCL*~ and MCINa** models for adsorption on cation ohr), the shapes of both funct!on_s are quite similar, Iea_dlng,
and anion, respectively. These clusters h@yg symmetry thus, to ‘?‘ImQSt the_ same eIectncﬂe[G'f_ng. 4(b)] and electnc_
(see Figs.,l and)2The MNa,CI®* cluster has also been f|eld denvatwes[Hgs. 4c) and 4d_)]. Since the elecf[rostafuc
used in order to include the possibility of delocalization oflnteracuon of the metal atom with the surface will mainly

the band formed by superposition of sodiurs &omic or- consist of electric field-induced dipole and electric field

bitals (see Fig. 3 In this case the 13 cations added are rep_derlvatlves—lnduced guadrupole moments, one expects that

resented in a minimal STO-3G basis set, which includgs 1 Lhoeﬂflassflcgl cnﬁgg;blutlons to the bonding are quite similar for
2S, 2P, and 35 atomic orbitals. As will be shown in the next surtace S-

section, the use of larger clusters is not necessary because ofEnergy and symmetry of the molecular orbltgls 9f the
fragments determine the possible covalent contributions to

the M/NaCl100) bonding. Figure 5 shows the energy levels
/»@ of the relevant MOs. The surface MOs, which likely partici-
Nm

In this section the properties of noninteracting fragments,

pate in the bonding, are those representing the filled bands
formed from thep,, p,, px AOs of the CI ions as well as
those corresponding to the empty band & 3character.
The former orbitals are responsible for the donor properties
of the surface. The MOs resulting from the mixturepgfCl~

Ci AOs correspond to th&; symmetry of theC,, point group
of the NaCL*~ and Na,Cl°" clusters; thus this orbital is
able to interact with the emptyp, AO of the metal atoms.

Na In the same wayp, and p, orbitals of CI" of the surface
may interact withnp, andnp, AOs of the atomgE sym-
metry). However, the large energy gap between surfpce

orbitals and empty AOs of the metal, always larger than 11
@ eV (see Table 1A, leads one to think that this interaction is
weak.
FIG. 2. Cluster MCINg*" used to model adsorption on Tsite. As shown in Table IB, the energy gap between the singly
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FIG. 4. (a) Electrostatic potentialjo) electric field, andc), (d) electric field derivatives over Nasite for NaCL*~ and Nq4CI59+ surface
models. Contributions from embeddiiignodel potential$ point charges arrayare included.

occupiedns AO of the metal and th@, CI- AOs, between delocalized nature of the empty surfaseband is not so

3.6 and 5.3 eV depending on the metal and the surfaceleaf® and, in fact, the 8 sodium level lowers by 1.9 eV
model, is not as large as the p—p gap. This suggests a pogthen going from NaGf~ to Na,Cl°". The inclusion of
sible covalent contribution of two orbitals and three elec-more cations in the cluster does not decrease the energy of
trons. The fact that the gap for gold is smaller than for silverthe 3s AOs further; thus the enlargement of the cluster does
is attributed to the stabilization of the valence orbitals due tot reduce the §,nsy, energy gap. Therefore, clusters

the mass-velocity correction. larger than Ng,Cls”" will not be considered.
In regard to the possible charge transfer from the metal
atom to the surface, the relevant interaction is the possible IV. BINDING ENERGIES AND DISTANCES

mixing between the singly occupiets metal orbital and the
3s orbitals of Na, both withA; symmetry. However, the The first question concerning the adsorption of metal at-
energy difference between those levels is ldtgeger than 9  oms on the NaQL00 surface is the existence of a preferen-
eV, see Table ICand this interaction is not likely to happen. tial adsorption site. In principle, we have considered adsorp-
It is not worth considering other orbital interactions evention on both cationic and anionic sites. As can be seen in
when there is a small energy difference between orbitals oTable I, adsorption on the anionic site, MCINa cluster, is
the surface and the metal atom. For example, the ntktal rather weak(around 0.05 eY and the metal—chloride dis-
orbitals are close in energy to the surfgt@rbitals but the tances are long. Correcting for the BS8EHF+BSSE col-
resulting bonding and antibonding states are completely fullumn in Table 1) results in the disappearance of bonding.
giving rise to a zero net interaction. However, this last con-Thus the metal atoms are not bonded over anionic positions.
tribution may be important for other metal atoms with  On the contrary, there is adsorption on cationic positions for
levels not completely occupied. the three metals considered here and all the models analyzed.
An interesting point is the difference between energy lev-However, in all cases, the interaction is weak. The adsorption
els for NaCL*~ and Ng,Cl.°" clusters. As can be seen in energies(0.141, 0.121, and 0.252 eV for Cu, Ag, and Au
Fig. 2, thep surface orbitals are almost at the same energyespectively and distance$3.840, 3.998, and 3.729)Xol-
for both models. It has been tested that “unfreezing” morelow the trend Au-Cu>Ag. Binding energies and distances
CI™ ions by including them in the cluster does not modify are in rather good agreement for MNgtland MNa ,CI<°*
this result. In fact, it is known that the states in this kind of  clusters. This means that the larger stabilization of the so-
system are highly localizett.On the contrary, the localized/ dium 3s orbitals obtained for the second cluster does not
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TABLE |. Energy gaps between surface and metal orbit@s.

35Na : p orbitals of Cl to empty metap orbitals.(B) p orbitals of Cl to
— 39Na ! ’ metal singly occupiechs orbital. (C) Metal singly occupiedns
_ SPag orbital to sodium 3 orbital. All the quantities are given in eV.
A1 4PCu Al — 6PAu
Al — E = Al — NaC|547 Na:|_4(:|59Jr
B P IA
Cu 131 11.5
Ag 13.3 13.1
Au 13.3 13.2
5SAg
1B
At Cu 4.9 48
45Cu Ag 5.3 51
" 6Saq Au 3.8 3.6
a4 IC
Cu 11.5 9.5
Ag 1.1 9.2
Au 12.6 10.7
method®® This leads to enlargement of metal—cation dis-
tances(3.873, 4.332, and 4.067 A for Cu, Ag, and Aand
still smaller binding energie®.064, 0.061, and 0.063 eV for
L ra a *a | Cu, Ag, and AU
' 4 H 3dCu T In order to explore contributions of the correlation to the
el K e % % description of adsorption, the MP2 correction to the UHF
% energy (UMP2 column in Table I is given for the
; MNaCl;™ model. The effect of the correlation before cor-
NaQls+ NajgQs> | Cu Ag Au recting the BSSE is the strengthening of the binding. The

M-Na* distances are shortened by almbg for Cu and Ag

and around 0.5 A for gold. The binding energies are larger by
FIG. 5. Energy level and symmetry of orbitals of4the metal g 2 eV than in the UHF result. The removal of the BSSE

atoms (Cu, Ag, and A) and surface modeldNaCk™ and  (yMP2+BSSE column in Table Jlis, again, an important

Nay,Cls™). correction. The distances increase by 0.449 A for Cu, 0.915

A for Ag, and 0.379 A for Au, binding energies decrease

result in stronger adsorption. As will be shown in the nextsubstantially by 0.089, 0.080, and 0.096 eV for Cu, Ag, and

section, this is due to the fact that charge transfer from théu, respectively.

metal to the surface does not occur in an appreciable extent. We have to remark that the clusters used in this work are

Thus it is not necessary to go beyond the MNACKkluster  highly charged and this means that the embedding field is

in order to adequately describe the M/NEKDIO) interaction.  quite important to the stability of the system and the energy
The BSSE has been corrected by using the counterpoisgero of the substrate. To show this effect we have done UHF

TABLE II. Binding energies(eV) and metal-N& distances(A) for different models and calculations.
MNaCls*~ and MNaCls>" clusters are used for the adsorption over thé Nige. MCINa*" cluster models
the adsorption on Cl site. UHF: unrestriced Hartree—Fock calculation without BSSE correction. UHF
+BSSE: UHF calculation plus BSSE correction using the counterpoise method. UMP2: UHF plus second-
order perturbational correction for the correlation energy. UMB3SE: UMP2 calculation plus counter-
poise correction.

UHF UHF+BSSE UMP2 UMP2+BSSE UHF  UHF+BSSE
MNaCls MNa,Cls  MNaCl,  MNaCl  MNaCl,  MCINa;  MCINas
Cu r, 3840 3.600 3.873 2.984 3.433 3476 -
D 0141 0.168 0.064 0.376 0.089 0.057 0.000
Ag ro  3.998 3.725 4.332 3.092 4.007 3.733 -
D 0121 0.148 0.061 0.348 0.080 0.056 0.000
Au  ry 3729 3.361 4.067 3.224 3.603 3.925

D 0.252 0.220 0.063 0.376 0.096 0.055 0.000
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TABLE lll. CSOV decomposition of the adsorption energy of quantity is small it represents 50% of the total binding en-
Cu, Ag, and Au over Na€100. The metal-Na distance is fixed at  ergy. In step 2 orbitals of the metal atom vary in response to
7.5 Bohr. Cluster MNaGf~ is used. The wave function is of the the presence of the surface. This polarization stabilizes the
ROHF type. All the energies are given in eV. The different contri- system by reducing the Pauli repulsion between the initially
butions to the adsorption energy are given from steps 1 to 7. Thgrgzen electron densities. In our system, this metal atom po-
total interaction energy is given in the last row. See text for detail§grization represents an unimportant effect, favoring the in-

on the meaning of the different contributions. teraction in~=0.004 eV. In the third step, the mixing between
occupied orbitals in the metal and empty orbitals at the sur-

Step Cu Ag Au face is allowed; thus, the possible chemical bonding due to
1. frozen core 0.063 0.062 0.065 charge donation from the metal to the substrate takes place.
2. pol. M 0.004 0.004 0.004 The energetic contribution of this effect is quite small, 0.002
3. CT 0.002 0.004 0.003 eV for CU, 0.004 eV for Ag, and 0.003 eV for Au. This
M —Surf. means that there is no charge transfer to tBg,»and at the

4. Pol. NaC§*~ 0.003 0.003 0.002 surface. The polarization of the Nafl cluster in response

5 CT 0.048 0.045 0.057 to the presence of the metal atom is introduced in step 4.
Surf—M This is, again, an extremely small effect, accounting for
6. Mix. open— 0.006 0.006 0.004 ~0.003 eV of the binding energy. In step 5, charge donation
closed shells from the surface to the metal atom is allowed by the mixing
7. Full SCE 0.000 0.000 0.000 of occupied orbitals in the cluster, mainlypg, orbitals, with
Total binding 0.126 0.124 0.135 the empty orbitals of the metal atom. This contributgs in
energy 0.048, 0.045, and 0.057 eV for Cu, Ag, and Au, respectively.

However, the large Bc—py energy gaglarger than 10 eY

and the large metal-surface distance suggests that this is not
calculations of the interaction of Cu with each end of the@ true physical effect. This contribution is best attributed to
NaCl molecule assuming linear geometries. We find thath® BSSE. In fact, the differences between BSSE corrected
there is no Cu-NaCl attractive interaction. On the contrary, @nd uncorrected binding energies for the.l\@Cbluster,

the binding energy for the NaCICu configuration is 0.212 9ivenin Table Il, are rather similar to step 5 in Table Ill. The
eV, the Cl—Cu distance being 2.641 A. Those results contradPixture between open- and closed-shell orbitals takes place
to the preference of adsorption at the Nsite at the surface " step 6. Thls_ allows for the interaction between the singly
and show that the embedding effects, and consequently tHfRFCupieds orbital of the metal and thefband of the sur-
choice of the cluster must influence largely the adsorptiof@ce. However, thersy—3pc gap (4-5 eV) and the large
energy. This suggests that the preferential adsorption may Héstance prevent this interaction from being an important
due to the use of different clusters for the cationic or anionid®onding mechanism. At the final step, full SCF, the

4_ . . . .
bonding sites. We have investigated this idea by calculatind!NaCls™ cluster wave function is allowed to optimize
the binding energy of Cu to the anionic position of the Without restrictions. This does not introduce any contribution

NaCL*" embedded cluster. An UHF calculation with Cu—cl t0 the adsorption energy, which means that all the important
distance fixed at 3.5 A gives a binding energy of 0.029 eveffects are included up to step 6. o -

This value is quite similar to the 0.057 eV obtained with the ~AS @n example of adsorption on the anionic position, we
CINa** cluster. Moreover, correcting for the BSSE resultshave decomposed the binding energy of the Cu-¢Na

in zero binding energy. Therefore, the preference for adsorpf0del. In order to compare with the results shown above, the
tion on cationic position at the surface is a real physicalCu—C! distance has been fixed to 7.5 Bohr and the ROHF

effect and not an artifact of the model. wave function has been calculated. The main contribution
given by the CSOV decomposition is the charge transfer
from the surface to metal, 0.038 eV, which is 74% of the

V. DECOMPOSITION OF THE INTERACTION ENERGY total binding energy, 0.051 eV. For the same reasons then for

M-NaCL*", we attribute this charge transfer energy to the

The different contributions to the interaction energy aris- . o
- ; o BSSE. The other steps are quite small contributions to the
ing from electrostatic, polarization, and charge transfer ef- :

9 b g al energy: 0.002-eV frozen core, 0.003-eV Cu polariza-

t
fects have been analyzed by means of the CSO\P.O
procedurd-3for the MNaCL*~ model. In this case we have tion, 0.002-eV charge transfer from Cu to the surface,

_cn ] .
adopted a restricted open shell Hartree-Fock descriptiorf‘OOl'eV polarization of CINA", and 0.005-eV mixture be-

This calculation gives results completely equivalent to thos ween open- and closed-shell orbitals.

- ; The analysis above clearly indicates that there are no sig-
iven by the UHF method for the adsorption. The metal-Na . ) e
gistanc?a/ is fixed to 7.5 Bohr for the thrze metals. nificant chemical contributions to the Cu,Ag,Au/Nati0

In the CSOV method the SCF calculation is carried out ininteraction. S0% of the binding energy is explained by physi-

several steps, each one associated to a given physical effegﬁl interactions, in which no charge transfer between atom
The starting point is the construction of an initial wave func- and surface happens.

tion by superposition of the two interacting units, the

NaCL*" embe_dded cluster plu_s the frge-metal atom. At this V1. SUMMARY AND CONCLUSIONS

stage(step 1 in Table I} the interaction energy contains

purely electrostatic and Pauli repulsion contributions. This This work deals with the theoretical approach to the in-
accounts for 0.06 eV of the adsorption energy. Although thigeraction of noble metal atomu, Ag, and Al with the
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ideal NaC(100 surface by means of aab initio embedded the metal film to wet an oxide substrate correlates directly
cluster method. Compact model potentials and point chargesith the reactivity of the metal towards oxygen. In our
array are used for the embedding. The former accounts facheme, the interaction of the surface band of chlopde
shape and finite size of the environment ions as well as quargharacter with the valenagshell of the metal determines the
tum effects(exchange and orthogonalityThe latter intro- ~ strength of the adsorption. This agrees with the experimental
duces the Madelung potential at the surface. Two differenPbservation on the metal—oxygen bond, which plays the role
cluster models have been used. In the simplest one, the idf the metal-Cl bond in our system. It is likely that a net
over which the adsorption occurs and its five nearest neigh20nding interaction betweep band andd atomic orbitals
bors are included. A larger cluster, including up to 14 cationd€@ds, concomitantly, to a more active participation of the

surrounding the adsorption site is also used. Both clusterg‘etals valence orbital in the interaction because of a shorter
j metal—surface distance.

give identical results for the adsorption because of their simi- Besides the nature of the metal. th nsiderations abov
lar electrostatic and covalent properties. The only differenc% _pesides the nature of the metal, the considerations above
ring up questions concerning the nature of the surface.

k,zl(;tvivne?# et?:rgeLS Ctlrlit;erlatlve stabilization of tred@bital of When going from NaClL00) to metal oxide surfaces, such as
We have found that adsorption takes place preferentiall)g/lgo(\%oo)’ thglp sn:rfacel.orpltals nsle '? ;a.neéqﬁr_]creasef of
on Na' sites. No stabilization was found for the metal on <:© &V @ccording to preliminary caicula |c)q IS may ta-
vor the interaction with singly occupied orbitals of the metal

anionic positions. trarily. Pauli Isi hold th tal f
At the cationic sites the adsorption is weak, with bindingor’ contrarily, Faull Tepuision may no © mela-suiiase

energies in the order of 0.1 eV and metal-surface distance@smn.Ce Iarge_ enough S0 as to avoid orbital overlapping. An-
larger that 3 A in allcases. The main contributions to the other Interesting point is the role of ;urf_ace defects, such as
bonding are of electrostatic and dispersive characters. N and kinks. For example_ Pacchienil. found that the
appreciable chemical contribution to the adsorption wa dsorption of CO over MgO is stronger at the cor(@b—
found. This can be attributed to several factors. First, th 83 eV ar_1d edgd0.33-0.49 eYthan at the surfa_c_é).23—
energy gap between surface and metal empty and full orbi .32 e_\/) sites. Moreover, the CSO\./ (_1ecomp_osmon shows_
als is large. The smallest gap, larger than 3 eV, occurs for th at th_|s fsffect is due to electrostatic interactions and Pauli
ns singly occupied metal orbital and thpeorbitals of CI. For repulsion’ L

the rest of the orbital interactions the gaps are of the order o Another gonclusmn IS .th‘f"t the three atoms, (?“' _Ag, and
10 eV. Second, the Pauli repulsion between closed shells (Au, adsorb in a rather similar way. The similarity is even
metal atom and surface ions does not allow for the approac reater between Cu and Au. This is due to the relativistic

of the atom to the surface, resulting in small orbital overlap- mass-ve+loc_|t)/ effects for gold, Wh'(?h result in shorter
ping. metal-Na distance for gold than for silver.

Adsorption of other metal atoms, with valendeorbitals From the values of adsorption energies reported here and

; . the values of the energy of metal-metal bond found in the
not completely full, would likely lead to stronger adsorption literature (approximately 2 eV for Cu 1.6 eV for Ag, 2.3

because of the reduction of the Pauli repulsion and, more-

- ; - - V for Au,, 3.3 eV for Cy, 2.2 eV for Ag, and 3.5 eV for
over, the possibility of bonding contributions by mixing be- € 6. 2
tween surfacg band and metadl orbitals. In our case, the 2“3) an%clagoconcflude t??ﬁ theltgr(l)vxith mode Otffcﬁ’ A%]or
nd® nst configuration of the metal does not allow for this u on NaC[100) surface at the initial stages must follow the

bonding mechanism. This conclusion agrees with Studie%/olmer-Weper model; although, of course, the adsorption at
about the growth of ultrathin metal films on ionic surfaégs. efective sites, probably stronger, must be considered.

In these studies it was found that metals such as @r48')
and Fe (81°4s?) interact strongly with the Tigi110) surface
at the initial stages of deposition, following a layer growth  The author is grateful to Agustin Rodrigez Gonzalez-
model. In contrast, chemical interaction between Cu and th&lipe for helpful comments and suggestions. The author is
ionic surface has not been found and the metal grows in thalso indebted to the Centro de Proceso de Datos of the Uni-
Volmer-Weber(3-D island model. Moreover, the ability of versidad de Huelva for computing facilities.
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