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Cluster embedding in an elastic polarizable environment: Density
functional study of Pd atoms adsorbed at oxygen vacancies of MgO (001)
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Konstantin M. Neyman, Uwe Birkenheuer,® and Notker Rosch®
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Adsorption complexes of palladium atoms opy F. , F2*, and G~ centers of Mg@001) surface

have been investigated with a gradient-correctBecke—Perdeyv density functional method
applied to embedded cluster models. This study presents the first application of a self-consistent
hybrid qguantum mechanical/molecular mechanical embedding approach where the defect-induced
distortions are treated variationally and the environment is allowed to react on perturbations of a
reference configuration describing the regular surface. The cluster models are embedded in an
elastic polarizable environment which is described at the atomistic level using a shell model
treatment of ionic polarizabilities. The frontier region that separates the quantum mechanical cluster
and the classical environment is represented by pseudopotential centers without basis functions.
Accounting in this way for the relaxation of the electronic structure of the adsorption complex
results in energy corrections of 1.9 and 5.3 eV for electron affinities of the charged de;’reatr.dF

F2*, respectively, as compared to models with a bulk-terminated geometry. The relaxation
increases the stability of the adsorption complex P84F0.4 eV and decreases the stability of the
complex Pd/E+ by 1.0 eV, but it only weakly affects the binding energy of Pd/Fhe calculations
provide no indication that the metal species is oxidized, not even for the most electron deficient
complex Pd/E+ . The binding energy of the complex Pd/Ois calculated at-1.4 eV, that of the
complex Pd/E" at —1.3 eV. The complexes Pd/fand Pd/E exhibit notably higher binding
energies,—2.5 and—4.0 eV, respectively; in these complexes, a covalent polar adsorption bond is
formed, accompanied by donation of electronic density to the £drbital. © 2001 American
Institute of Physics.[DOI: 10.1063/1.1407001

I. INTRODUCTION the cluster border by monovalent pseudoatdrsthe sec-
ond class of materials, the long-range Coulomb interaction

Various kinds of cluster models are successfully used irbetween a cluster and its environment can significantly affect
quantum chemical studies of solid surfaces of metals, semihe properties of the local site under investigation and, there-
conductors and insulators as well as of adsorption complex&gre, has to be represented adequately in the computational
on them? Yet, the accuracy of cluster model techniques inmodel For both classes of systems, the cluster environment
practical applications is limited by uncertainties in thecan be considered to a good approximation as a classical
boundary conditions imposed on the clusters or by details o§ystem with its structural and elastic characteristics repre-
the cluster embedding. The cluster approach is especiallyented by a force field as utilized in atomistic simulations
advantageous for systems where the boundary conditions CRAS) of solids or molecular mechanicdMM) descriptions
be defined in a natural and transparent way. Whereas clustgg complex molecular systenisOne may consider the Cou-
embedding is inherently difficult for metaissolid sub-  |omp field due to the cluster environment to be generated by
stances more amenable to cluster embedding are tibse ap grray of classical point chargé®C) or, more generally, of
with directional covalent and polar covalent boridsy., sili-  hoint multipoles. This reasoning constitutes the logical basis
cates and alumosilicatess well as thosdii) with suffi- ¢4 treating the above-mentioned classes of materials within
ciently strong ionic bondge.g., the metal oxides MgO and 5 ¢ompined “quantum mechanical-molecular mechanical”
Al,O5). These two classes of materials require different teCh(QM/MM) approach710
niques to represent the appropriate cluster boundary condi-" rq fndamentals of a consistent cluster embedding for

tions. In the first case, one may saturate dangling bonds ¥nic solids have been developed a decade'ag¢everthe-

less, for modeling surface sites of highly ionic materials
dAuthors to whom correspondence should be addressed. (sometimes addressed as defeaisly the simplest way of
PPermanent address: Department of Physics, Kemerovo State Universitémster embedding in rigid arrays of PC’s and pseudopoten-
650043 Kemerovo, Russia. . . . . L
tial ions has so far been employed in first-principle

9Present address: Max-Planck Institutr fRhysik Komplexer Systeme, s ’
01187 Dresden, Germany. studie$?~1° with one very recent exception where a shell-
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model embedding procedure has been applied to surface deetween the QM and the classical MM parts of a
fects of MgO?® Because the major effect of the surroundingmodel*?*2Two aspects of this problem are worth recall-
on the QM cluster models is already reproduced by simpléng.
embedding in arrays of point charges, efforts seem to have First, the boundary anions of the QM cluster, that are
been delayed to build a logically complete scheme that allocated in the immediate vicinity of positive PC’'s of the
lows a variational treatment of the entire system, cluster plugnvironment, experience a strong artificial distortion of their
environment. Thus, the present state of cluster models foelectron density?>32%?"Therefore, a cluster embedded in a
ionic solids cannot be considered as fully satisfactory, in parPC array can exhibit an electron charge deficit; subsequently,
ticular in comparison with the competing supercell approachhe electrostatic field created by such a model can be errone-
employing periodic boundary conditioh&!” Furthermore, ous, even to the point that the effect of embedding may be
such a simple embedding approach seems to be insufficieoutweighed by these artifacts. This artificial polarization can
for considering more complex adsorption systems, e.g., adse avoided if cations in the boundary region are represented
sorption at charged defects and polar surfaces, wherey effective core pseudopotentidfs®’~*°These pseudopo-
adsorbate—substrate charge transfer can be significant atehtial centers restore the otherwise missing short-range
coupled with a substantial structural relaxation. This situaPauli repulsion between the QM cluster and the classical
tion provides strong motivation for developing, implement- environment. These modified centers can also be thought to
ing, and applying a hybrid QM/MNAS) approach for mod- provide a localizing potential that was introduced into em-
eling ionic materials and adsorption complexes at theitbedding theory for formal reasors.>*
surfaces. In this approach, a QM cluster is embedded in an Second, substitution of a part of the classical medium by
elastic polarizable environme(EPB.%>°This description of the QM cluster also results in an artificial distortion of the
the environment incorporates features of the shelenvironment at the cluster boundaries. Therefore, a modifi-
modett81° which is widely used for solid state cation of the properties of the environment in the border
problems>%° region is required to restore the balance of forces that existed
The central purpose of a classical treatment in such &r each ion before the QM region was introduced. This
QM/MM scheme is to obtain a reliable structure of a peri-problem can be tackled without modifying pair-potential pa-
odic system, e.g., of a model slab of the surface under studyameters by invoking a special approach for constructing the
This information can also be provided by a “first principles” interface model, which is considered an essential ingredient
treatment of a supercell model with periodic boundary con-of the “elastic polarizable environmen{EPE to be intro-
ditions. In practice, such calculations require a substantiadluced in the following. In this QM/MM approach, the envi-
computational effort for moderately complex systems, andonment is allowed to respond to deviations of the geometric
for truly complex systems this effort can become prohibitive.and electronic structure of the QM cluster from the reference
The MM(AS) approach is able to furnish structural data forones. In Sec. Il, we will introduce this novel method of in-
rather complex systenisEor a geometry determined at the terface coupling, implemented here in the density functional
MM level, the electrostatic interaction of the environment(DF) code RRAGAUSS.®
with the cluster can be approximated using the Madelung In this work, EPE embedding will be applied to study
field of ions or PC’s. Via this interaction, observables of thethe adsorption of single Pd atoms at regular Gites as well
site under investigation depend on the structure of the sums on the oxygen vacancy sites, F-. , and Fﬁ* of the
face as a wholé! MgO(001) surface. This paper extends previous systematic
The effect of the cluster “defect” on the substrate lattice cluster model studies on the deposition of metal species at
can be rather stron@specially for charged surface sitesd  oxide substrate®*! The adsorption of Pd atoms on the
has to be taken into account. A quantum mechanical treategular G~ sites is an example with essentially no
ment is required to properly represent the relaxation in thedsorbate—substrate charge transfer; therefore, only minor
immediate vicinity of the defect. On the other hand, thiseffects of the adsorption-induced lattice relaxation are ex-
relaxation results in a polarization of the environment whichpected. In the case of the charged defectsad E*, the
can be well described classically. If the structural relaxationCoulomb field of the vacancy provides a driving force for
of a cluster model is studied, the cluster and its environmendlistorting the structure of both the cluster and its environ-
have to be considered as one system in equilibrium. Thenent. For charged oxygen vacancies of M@Q@), rather
energy of the system has to be optimized with respect to thhigh electron affinities have been calculateg to 11.2 eV
positions of the nuclei of the clustand of the surrounding for F?) [Ref. 42 when no, or only limited, relaxation due
ions. The resulting polarization of the environment consti-to the formation of the vacancy was taken into accatifit.
tutes an integral part of the embedding potential. It included=rom this finding one would expect that electron density of
ion displacements within the shell-model array that describethe metal interacting with such a charged vacancy will be
the electronic polarizatiotf+?2 donated to the substrate, thus changing the relaxation pattern
Several schemes for a self-consistent cluster embeddingf the environment compared to that of an isolated defect.
of ionic solids have been implement¥dt®?3-2Many of  On the other hand, the relaxation of an isolated defect affects
these investigatiot5?*employ a “first principles” Hartree— the electron affinity and in this way also influences the prop-
Fock treatment of cluster models which is based on the comerties of the substrate. Electrons trapped by arvdeancy
puter codeicECAP.?® When elaborating an embedding tech- may be available for charge transfer in the opposite direction,
nique, one has to pay careful attention to the interface regione., to the adsorbate. This may also induce a significant re-
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equilibrium positions® Furthermore, one assumes that the
energy of the defect is a quadratic function of the Mott—
Littleton displacements in Region If5.In this approxima-
tion the energy can be calculated by explicit summation over
interactions among the ions of Regions | and Ila and between
the ions of these two regions and those of Region Ilb. The
remaining, outer part of the outer region, Region llc, is con-
sidered as a dielectric mediufoonsisting of an infinite lat-
tice of iong, possibly polarized by a monopole located at the
center of the defect; it contributes only to the energy of the
defect, but not to the forces acting on ions of the inner re-
gions.

The procedure of EPE embedding of a QM cluster is

FIG. 1. Schematic representation of the space partitioning underlying gonStrUCted in line with the concepts underlylng the Mott—

shell-model calculation on a bulk problem or an EPE embedded clustekittleton method. For the present hybrid QM/MM approach
model treatment of a surface site. I—region of the active site under studypne partitions the whole system into the active region of the
'('Ifﬁgionj IQf ”;Se eRV"CI’”m?“tI- IRG%?_O)” f' ﬁonéislﬁ IOf dil?CfetehdiPO!iS QM clustertogetherwith the pseudopotential frontier centers
shell-model ionsat the classical levelji) of the clustertogether wit . : .

the pseudopotential frontier center@t the quantum mechanical level. In (Reglon ) that allow a reduction of spurious effects d_ue to
Region lla the positions of the polarizable shell-model ions are explicitly the presence of a cluster boundary. Quantum mechanical and
optimized. In Region IIb the polarization of the shell-model ions is taken shell-model descriptions of the lattice polarizability for such
into account in a harmonic approximation only. Region lic is a dielectric highly ionic systems as MgO show acceptable agreeﬁ?em.

medium(consisting of an infinite lattice of iongolarizable by a monopole h
of the Region |. The sphere representing the auxiliary surface charge distr’—\levertheless' one has to ensure that the COUpImg between

bution to describe the Madelung field acting on the QM cluster is indicatedh€ two regiongRegion I—QM, Region II—MM will not
by a dashed line. lead to significant structural distortions. The forces acting on
atoms at the cluster border and on the neighboring EPE ions
. . . will not be balanced once the QM cluster is substituted for
ltixsrt(;c\)/?dggt\a/vglrle% inr;[ dg):jbg:joc?e“dﬂlljtﬂe“:‘loizzgﬁggirisg fﬁ(glejfgidthe inner region of the EPE system. These distortions can be
. . . ‘minimized by using a special parameterization of the pair
erties of metal(M) adsorption complexes such as M/F y 9 P b P

. . otentials for the interactions between the atomic nuclei of
M/F!, and M/IE™ . These adsorption complexes are of in- b

terest as prototypes for supported catalysts representin tﬁhe QM cluster and the ions in the EPE regions as well as
P yp PP y P 9 BW2tween the ions in Region 3%. However, the main reason

initial stage of metal depositiot:** R . . )
. ) for h distortions is the difference in the char nsity;
The paper is organized as follows. In Sec. Il the EPE0 such distortions is the difference in the charge density;

. 4 X . . herefore, the attempt to repair this deficiency by modifica-
embeddlr_lg strateg)_/ is outlined, followed by a d'SCUSS'O.n OtEions of the force field alone is not well justified.
computational details. In Sec. lll the results of calculations

on various sites at Mg@01) and on adsorption complexes The EPE scheme suggested here, is designed such that a
o 9 P P cluster which models a regular surface site leaves its crystal
with single Pd atoms are presented.

environment unperturbed. The difference in the electrostatic
potential of clusters modeling the regular surface and the
Il. THE QWEPE METHOD defect furnishes the main driving force for a lattice distortion
A. Computational strategy close to the defect. The effect of the Coulomb potential of
6{he EPE(defined by the lattice ion positior,;) on the QM
cluster is computed explicitly. In addition to the regular
a1-?1tomic centers of the QM cluster at positioRg , the fron-
tier pseudopotential centers located at positigpgs are also
potentials describe the short-range mechanical interactio ssugned to the cluster. The role of these psegdopotent_lals
pp) is analogous to that of pseudoatoms saturating dangling

between the ions and the shell mddeletermines the long- bonds in th dobond beddi ht lent
range Coulomb interactions including contributions due to onas in the pseudobond embedding approach 1o covalen

7
the polarizability of discrete ions. In this approach, the envi-SyStemél' . I
ronment of a defectRegion II: Fig. 1 is partitioned into The following contributions to the total energy of the

three regionsfi) an inner Region lidwhere the positions of crystal,E,, are distinguished in the EPE cluster embedding

the ions are explicitly optimized(ii) an intermediate Region procedure:

IIb (where only an effective lattice polarization due to the

effective charge of the defect is taken into accouand an Ewot=Ecit Eint+ Ejar - 1)
outer Region llc(see Fig. 1L In Regions lla and llb, the

atomic structure of the polarized latti¢eepresented by an E. comprises the intracluster interactiols,; describes the
array of discrete dipolg¢sand the tensor character of its di- coupling of the QM cluster and the EPE, and, finaly,,
electric properties are taken into account. The effective podesignates the intralattice interactions. The following prepa-
larization in Region llb is described by means of harmonicratory computational Steps 1 and 2 have to be performed
(“Mott—Littleton” ) displacements of the ions from their before one can carry out the final QM/EPE Step 3.

At the classical level, the energy and the structure of
point defect(labeled as Region | in Fig.)lin a periodic
system of ions are conveniently calculated with the help of
method introduced by Mott and Littlet&h?%*° where pair
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Step 1—Pure MM (AS) treatment of thaegular (unper- the polarizability of the ion in an external electrostatic
turbed)surfa_c.e. . . field;'® thus, the model does not employ point dipoles. Step 1
The equilibrium geometry of the unperturbed surface isgenerates the EPE reference geoméand the electrostatic

produced by minimizing the total energsle," of an entire  potentia) of the regular surfacéhence the superscripeg),
slab (repeated periodicaljyin the sh_ell-model approaclﬁ. unperturbed by any surface defect or adsorbate.
That energy depends on the coordinaesf the ions and It is crucial for the following to differentiate between

their effective dipole momenta: three types of ions: those at the regular centBgg, of the
minimization QM cluster, those ions at the pseudopotential centys,

Eot (Ru) = R/,pum9, (2)  and those at lattice positions of the environm@egions 1),

In fact, each shell-model ion is represented by a pair of PC'&iat - INn Steps 2 and 3, the shell-model ions of RegidRig.

of opposite signs(a core and a shellconnected by a 1) will be substituted by real QM ions or pseudopotential
“spring” with properly adjusted force constant to describe ions. Hence Eq(2) is recast as

minimization
MM re re re
Etot (Rel ’Rpp Riat s el 1Mpp ' Miat) = RcIg ’Rppg vRIatg1

reg reg  reg
Ml ™ Mpp s Miat

MM
PR RP L ). @

The optimized coordinates and dipole moments of thehe (total) charge distributions of both regions as well as a
shell-model ions in Region | as well as the electrostaticshort-range termVg, ., Which represents an adapted shell-
potential of the resulting charge distribution, model interactior(for details see the following

SMMRSYRE g ) will be used as a reference in That latter potential energy orginates from the genuine
Step 3. The configuration of the shell-model ions in Regionshort-range interaction contributions to the inter-region cou-

Il will be used in Step 2. pling energyE;,; of the shell model. Optimizing the energy
Step 2—QM referencecalculation of the clusteiRegion  expression given in Eq) with respect to the electronic

I) embeddedh the regular (unperturbeglenvironment repre- charge density., and the positions of the cluster ol

sented by the frozen lattice configurati®l,=R5’,nar  andRy, (by a series of QM calculationprovides therefer-

= uif (Region ). enceconfiguration(hence the notationef) of the quantum
Let us first consider the energy expression mechanical cluster model of the unperturbed clean surface:
M, b
Eggége%u??;bcépcl Rel :Rpp) =E¢+ Eibnatre Eglea:we%uer?;cépcl Rel 1Rpp)
Ea= EQM(PCI Ren) + tr(pclvpp( Rpp)) + VmOd( Rei ,Rpp) minimization
bare tot,QM reg nrr:eg = p‘rﬁf ! R:ﬁf ’RLepf ’pgt'QM(pﬁf ’R‘r??f ’R;Jepf)' (5)
Eini “=Lpci =" (poi Rot Rop) [ prac(Riad izt ] Note that the total charge distribution of the reference
+Venorl Rel -Rpp RIEY), (4)  configurationply“®(ofs" RS R) obtained here is quite dif-

ot o ferent  from the  total charge distribution
wherep, .andpd are the total F:harge distributidne., eIec—. plotMM(Reg °9 w9, w9 associated with Region | by the
tron density plus atomic nucleand the electron only contri-  pre MM(AS) treatment of the clean surface in Step 1—and
bution of Region I;p|; is the total charge density of Region so are the electrostatic potentials experienced by the sur-
I, comprised of the core and shell charges of all those shellrgynding environment.
model ions. Bytr(pV) we denote the interaction energy of Step 3—The final QM/EPE calculation.

an electronic charge distributignin a potentialV; [pap2]  Minimization of the total energy expression

designates the Coulomb interaction energy between the bare bare

charge distributionp, andp,. Besides the genuine quantum  Ewot = EcT Eint t Ejat

mechanical cluster contributidB®M, the cluster energ§. E__EMM R ®)
comprises the interaction of the cluster electronic charge & inra-tat Riat 1)
densityp. with the fieldV,, of the pseudopotential centers would result in arelaxationof Region Il—everwithout any
and a modified nuclear repulsion teMj}°? between the at- defectbecause™™ (R, RS, us? ups?) from Eq. (3) and
oms of the cluster and the pseudopotential centeR,gt  pi ?(p" RS R) from Eq. (5) differ. This energy expres-
This modification is necessary to counter possible deficiension is thus not suitable. To avoid this artifact we modify the
cies of the pseudopotential description when reproducing thateraction expressioEibn"}re by defining an effectivdtotal)

geometry of the QM clusteisee the following The interac- charge densitypf:",t'e“(pc,,Rd,Rpp) to be used in place of

tion energyE"2"® contains the Coulomb interaction between p'3"®™ in Eq. (6) such that, for a defect-free system in its
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reference configuratiopS"*" coincides with the charge den- crystal is close enough to the geometry of the corresponding

sity pi"MM(RS9, °9 w9, of the substrate in iteegular fragment of an infinite lattice, e.g., as described by a quan-
structure: tum mechanical calculation of the unperturbed system.
) Therefore, a necessary condition for the success of the EPE
ot,eff( R R ) — 1OI,QM( R R ) .
Pet (PetsRelsRpp) = P Pei el Rpp procedure is that the structure of the unperturbed substrate as

determined by the MNAS) treatment((i.e., theregular struc-
ture; Step 1is close to the reference, provided by either
+p£0|t’MM(R(r:‘|ag’RLepg,/_L(r:?g,M;)epg), experiment or a full high-level quantum mechanical treat-
ment.
@) The fact that EPE represents a consistent embedding
Analytic representations of¢ ™ (R9,REY ui® i) and  methodology permits one to tune parameters of the pair-
P Mo RS R®Y) generated in Steps 1 and 2, respec-potential functions such that observables fit the values calcu-
tively, are used to construgat‘c‘i"eff in the final QM/EPE cal- lated with a “first principles” approach. Thus, the structural
culations. Similarly, we define an effective short-range po-as well as electrostatic and elastic characteristics of an EPE
tential: surface cluster model can be improved step by $téecent
off experiments on selected oxide materials indicate significant
Vshort Rel:Rpp: Riat) =Vsnort Rel:Rpp Riat) diffperences between the properties of surface agd bulk
~Venor RS RS Ria0) atoms>° this finding may justify specific modifications of
MM (AS) parameters originally developed for describing
+Vsnord RTRyy Ria). (8)  bulk systems.
Again, in the absence of any surface defects

Vggort(RclaRppleat) coincides Withvshort(R(r:?g!RgepgaRlat)-

QM f f f
—pg M R R

'B. Computational details

We now define a modified coupling energy expresﬁﬁ?pin The QM calculations were carried out with the linear
analogy toEPa'e: combination of Gaussian-type orbitals fitting-functions
density-functional methodLCGTO-FF-DP°! implemented
eff _  _tot,eff,
Eine=Lpci(pei Ret,Rop)lpra(Riat  siad) ] in the parallel computer codesRAGAUSS*>?using the gen-
+Vehord Rei :Rop Riat), (9)  eralized gradient approximation of the exchange-correlation

functional as suggested by Becke and Perd®®).>>*
where the first term represents the Coulomb interaction of  Reativistic effects for the species containing a Pd atom
Regions | and II. Note that this modification of the total were accounted for by either applying the Douglas—Kroll
energy has no direct consequences on the QM treatment bgegjar relativistic approach to the Dirac—Kohn—Sham
cause the electronic charge dengity only enters the effec-  prohlen?>*® or via relativistic pseudopotentiaté>® In some
tive charge density"*" via the bare QM cluster charge cases, “Stuttgart” pseudopotentials were used for tife O

density pi;'®"'. Finally, the EPE total energy expression of jong® and M+ center<® The latter were also used for the

the whole system to be minimized reddee Eq(6)]: (MgPP*)2* centers, but without basis functions. Here and
EEPE_E 4oL E below we use the notatiopp* to denote bare pseudopoten-
tot ol T Eint T Ejat : _ . ;
(10) tial centers; .from a formal point _of view, they do not affect
Et (Pei+ReRop:Riat s iar) the electronic structuréor the stoichiometryof the cluster
- model since they neither bear any basis functions nor gener-
m'”"lza“"”REpE REPE REPE EPE EPE ate any new atomic states which would be able to participate
cl Tpp Fat »Pel Miar - in the formation of cluster molecular orbitals and thus with-
The terms in the energy expression, Efj0), can be re- draw electronic density from the genuine cluster. In the all-
grouped to yield: electron calculations, the following Gaussian-type orbital ba-
sis sets were employed: Mg(4B)pld)—[6s5pld],
EPE_ b ff
Eor =Ea+Ein +Eia O(138p1d)—[6s5pld], Pd(1813p9d— 7s6pad). > In
eff _ corr (1)  the LCGTO-FF-DF method the classical Coulomb contribu-
Iat_EIat+Eint . . . . . .
tion to the electron-electron interaction is evaluated with a

Here, ESS”" contains the correction terms &f" which do  representation of the electronic charge density by an auxil-
not depend on the actual electronic and geometric structuri@ry Gaussian basis set which was constructed in a standard
of the cluster p.,R¢,R,p) and thus can formally be reas- fashion by scaling orbital exponents of the orbital basis set;
signed to the intralattice energy expression. on each atomic center, this set was augmented by either 5
The QM/EPE approach with consistent embedding alp-type (Mg, O) or 5 p-and 5d-type (Pd) “polarization” ex-
lows to build a multifunctional model of an isolated site by ponents, each forming a geometric series with a multiplica-
means of unconstrained geometry optimization where nevetive spacing of 2.5, starting at 0.1 and 0.2 au, respectifely.
theless the polarization of the cluster surrounding is fullyThe oxygen basis set was also used to describe the electrons
taken into account. With this strategy, also complex systemdrapped by the oxygen vacancy. The adsorbate—substrate
e.g., those formed by reconstruction of polar surf4€emn  binding energies were corrected for the basis set superposi-
be modeled. A fundamental goal of the EPE approach is thaton errors(BSSB by applying the counterpoise mettfdih
the equilibrium geometry of a cluster simulating a regularsingle-point fashion at the equilibrium geometry of the sur-
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[001] determined in an accurate fashion using standard algorithms
with summations in direct and reciprocal spA¢&In Step 1

of the QM/EPE procedure, a rigid ion approximation is ap-
plied when the equilibrium structure of slab models of the
MgO(100) surface are calculated; thus, the ions are not al-
lowed to become polarized under the influence of surface
effects. Then Regions | and lla are relaxed to equilibrium
allowing a polarization of the anions according to the shell
model. After Step 1, the Madelung potential of this reference
system acting on the QM cluster is represented with the help
of an auxiliary surface charge density on a sphere that en-
compassed Region®?.To achieve high accuracy, this auxil-
iary sphere should be used to represent an extended system
from which a neutral part located in symmetric fashion
around the QM cluster has been removed. The contribution
FIG. 2. Sketch of the standard clusfétgsOs]MgfE™ modeling an & site  of that missing section to the Madelung field as well as all

of the MgQ(001 surface. Numberingij,,) of symmetry inequivalentionic oy yas of the field due to modifications of the environment
positionsi , of the cluster in the topj(,=1) or second j,=2) layer of the

cluster; see text for details. The shell-model centeys @2) and (62) are as descriped by the EPE procedure are explicit'ly taken into
given for easy reference, but are not part of the standard cluster; no furth@ccount via the effect of a PC array surrounding the QM

shell-model centers are shown for clarity. For a definition of the baremodel cluster. Recall that, in Region lla, the positions of
pseudopotential centers Mg see Computational Details. “cores” and “shells” representing the ions and their dipole
moments in the shell-model treatment are relocated to their
equilibrium positions during Step 3 of the EPE procedure. In

face complexes. In scalar relativistic calculations, contribuRegion |, the locations of all centers and the electronic
tions due to bare and regular pseudopotential atéfused ~ charge distribution change with each QM geometry cycle. As
were added to the Kohn—Sham Hamiltonian after the relativoverall consequence of this approach, all changes of the
istic transformationg® Madelung field due to changes in Regions lla and (Hd-

A six-layer slab was chosen for modeling the regularévant to the QM and EPE calculatiores well as in Region
O?" site and the oxygen vacancies on i@®1) surface of | (relevant to the EPE calculationare accounted for.
MgO. The five-coordinated © site was represented by the ~ For all cluster models used, the sphere representing the
standard clustef OgMgg]Mghe* of C,, point group sym- auxiliary surface charge distribution has a radiuA and is
metry. The top-mostsurface layer of the cluster centered centered on the regular?O surface site. The neutral section
on the oxygen anion consists of the moietyOf the regular substrate removed from the regular slab con-
O-Mg,—~0O,—Mg§"* , where the three coordination spherestains 34 centers of Region | and 516 ions of Regions lla and
of the central O atom are listed separated by dashes. TH&. The surface charge density is represented by a grid of
second and third layers of the standard cluster ard-10 point charge: the values of these PC's are determined
Mg—-0,—Mg,—MgiP* and MgP* , respectively(see Fig. 2 according to a matrix inversion proced®ieased on the
Other model clusters, mostly subsets of the standard clustegxactly calculated Madelung potential of the regular slab
were used to study the effects of cluster size and the repreystem.
sentation of cations in the boundary region of the QM clus- ~ Substrate ions are assigned to the inner EPE Region lla
ter. if they are located less thaR,,=5 A from any center of

For treating the EPE around the cluster model, a varianRegion |I.  For embedding the standard cluster
of the shell-model MMAS) schemé&® was implemented as a [OgMge]Mghs* , Region lla contains 171 ions. Region llb is
module of RRAGAUSS>®°2 The shell-model parameters of constructed similarly with a defining distance of at most
the MM(AS) energy expressiGareproduce the experimental R;,=18 A from any of the centers in Region I, but exclud-
geometry and the elastic constants of MgO crystals. Théng any centers already assigned to Regions | and lla; for the
charges of cations and anions are set to their formal values standard cluster, Region lla contains 1902 ions. The ion dis-
+2 e. In the present scheme, it is possible to render thesglacements in Region llb are determined according to the
parameters internally consistent with the charge separation ®flott—Littleton prescriptiof using the dielectric constant of
the QM calculation€>3 Such QM-consistent charge param- bulk MgO, £ =9.86°"
eters would minimize the artificial distortion in the frontier We also need to defing™? in Eq. (4) to adapt the
region between the cluster and its environment. However, ishort-range interaction between bare pseudopotential centers
the EPE approach this specific strat&gjoes not have to be and their nearest-neighbor anion centers of Region | for a full
invoked since by constructidisee Sec. Il Asuch distortions geometry optimization. The correction of this term compen-
do not play a major role. sates for the reduced accuracy of the quantum mechanical

For ionic substrates, an accurate representation of théescription provided by these bare pseudopotential centers
Madelung potential of the extended system is crucial. In alland minimizes distortions at the cluster frontier for the model
EPE calculations, in particular during the EPE iterations ofof a regular sitg(Fig. 2). To do so, the short-range interac-
Step 3, the Madelung field of the complete system is alwaysions of the centers (M§*)?* with their nearest-neighbor
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TABLE . Pair potential functions of Buckingham-type with parameters A, ||), At this level of modeling, the rumplin@ouckling of the

B, and C for correcting the interaction of bare pseudopentials”Pk)g* (001 surfacefi.e., the distance between the planes of the top

with normal oxygen centers of the QM clustér, Vi[see EG(3)], and  |aver cations and aniopss below 0.01 A. These values for
the short-range interaction®2), Vgpo, Of the cluster-EPE couplingsee

the regular structure are to be compared with experimental

Fig. 2.

nearest-neighbor distance of bulk MgO, 2.10% As well as

PR P2 P2 measured information of the rumpling of Mg@1), namely

Interaction MGT O MgOn Mg o 0.02+ 0.01A (GIXS)®° or 0.11* 0.05/&d (LEED).® When
Reference atom pair 11)-(21) (12—(22) (12)—(22) only force-field correction terms of,’° (corresponding to
Target atom pair (31)—(41) (32—(42 (52—(62) parameter set Blare applied with the geometry of the EPE
Center displaced o Mg MgPP* region fixed(Step 2, the calculated geometry of the standard
Direction [110] [100] (100] cluster exhibits notable distortions from both experimental
A au 2.265 55.16 55.31 and calculated referencésee Table ). The rumpling of the
B, au 1.022 0.5724 0.5833 top (001) layer is calculated at 0.044 or 0.008 A since the
C,au 110.3 51.61 51.67 T ;

oxygen anions in the center of clustefl® and in the corner
31: parameters of™°Y optimized. positions are 2.156 and 2.120 A above the sed60d) crys-

°P2: parameters of o, Optimized. tallographic plane, respectively; in-plane nearest-neighbor
distances that should be equal by translational symmetry dif-
fer by up to 0.046 A, e.g., distancék2)—(22) and(22)—(52)
anions were parameterized using analytical pair potentials affable Il). Apparently, force-field corrections due gq:‘n‘)d
the Buckingham-typef(r)=Aexp(-Br)+Cr° The pa- alone(parameter set Bido not yield a local structure of a
rameters were determined by minimizing the differefioea MgO cluster model that reflects the translational symmetry
least-squares sensbetween reference and target potentialand the rumpling of the Mg®@01) surface with sufficient
energy curves of displacementq in10] direction of the &~ accuracy.
anion at regular sites of th@®01) surface. For this purpose, Therefore, we decided to introduce further force-field
we selected the anions(@) at the center and 31) at the  correction termsVg;,o; [S€€ EQq.(3)], also of Buckingham
corner of the standard cluster; the positions of all other iongype, for the interaction of the cations Mgand (MgP*)2*
of the standard cluster were kept fixed at values produced iwith “shell-model” oxygen centers Q, of Region lla. As
rigid ion optimization of the slab modésee Fig. 2 and pa- before, we compared potential energy curves for the dis-
rameters set P1 in Table. IOne should keep in mind that placement of these cations[ih00] direction, both inside the
small structural distortions due to the combination of QM QM cluster and at the boundary of the cluster with nearest
and MM treatments are inevitable; their correction is to someneighbors in Region lldsee parameter sets P2 in Table |
extent arbitrary. We intentionally have chosen to minimizeWhen both correction termlﬁr’,nmnOd andVgp,o,t (parameter sets
such distortions, where possible, to achieve an improvememR1+P2) are applied, then we obtain a rather satisfactory
over schemes that employ geometry constraints; we adhesgjuilibrium structure of the QM cluster model of the ideal
to this choice in a consistent fashion during the developmen®? site at the ideal Mg@O01) surface. The resulting struc-
of the EPE method. ture (see Table Il and Fig.)2constitutes the QMeference

In Step 1, the shell mod&lyields in-plane and first in- structure(Step 23 for the calculations of Step &ee Sec.
terplane MgO nearest-neighbor distances for the ions of Rdt A). As major difference of this reference structure from the
gion | at 2.104 and 2.098-2.106 A, respectivé&dge Table regular structure of Step 1, we note that interlayer nearest-

TABLE II. Effect of the force-field correction termez;“n"d andVgpo, for two parameter set$1 and P2 on calculated distances Mgé©A) between atoms
Mg(i4j,) and Of,j,) of the standard cIustéOOSMgg]MgEg* modeling an & site of the MgQ@001) surface. The atom positions,{,) designate symmetry
inequivalent positiong, in the crystallographi¢001) layer j, of the cluster according to Fig. 2. For comparison, results for slab models of MgO obtained with
the shell model and with a DF calculation are also shown.

Atom pairs Mg-O

Mg(i1ja) (12 @D (32 @1 @D (41 (12 (32 (52) (23
O(izi2) 1 (22 @D 1D (31 @1 (22) (22) (22) (22)
Slab, shell modél 2.106 2.098 2.106 2.104 2.104 2.104 2.104 2.104 2.104 2.122
Slab, DF 2.106 2.072 2.106 2.090 2.090 2.090 2.090 2.090 2.090 2.086
EPE, P! 2.156 2.112 2.120 2.101 2.113 2.128 2.132 2.090 2.086 2.116
EPE, P¥PZ 2.174 2.108 2.170 2.110 2.114 2.109 2,117 2.104 2.090 2.124

% or the values of the parameters, see Table I.

PRegular structurésee Step &t shell-model calculation on a slab model of six layers, intralayer nearest-neighbor distance fixed at the shell-model optimized

value of bulk MgO, 2.104 A.

cZlane-wave LDA calculatiofRef. 16 on a slab model of seven layers, intralayer nearest-neighbor distance fixed at the optimized value of bulk MgO, 2.090
; Ref. 71.

dQM/EPE (BP) calculation on the standard cluster with corrections duvm@d applied(for the parameter values, see TableMg,,, as in the shell model.

*Reference structuréStep 2 obtained by a QM/EP@P) calculation on the standard cluster with corrections dL}éﬂtb" andVgyo applied(for the parameter

values, see Table.l
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neighbor distances differ now typically by0.01 A[at most  chemical study of this step has been carried out for Rb, Pd,
+0.03 A for the distancé22)—(52); see Table I]. Thus, the and Ag atoms using the Hartree—Fo@kF) self-consistent
translational (pseudd symmetry of the whole structure is field method?®’®Recently, the adsorption of Cu, Ni, Ag, and
now reflected to a much better degree. Furthermore, witiPd atoms has been investigated with a gradient-corrected DF
both correction terms applied, the rumpling of the top layerapproach® adsorption on both oxygen vacancies and regular
is clearly manifested. With about 0.06 A, it is slightly larger 0>~ centers of the Mg@O01) surface has been considered. In
than the rumpling resulting from a full QM calculation on a this latter work, substrate model clusters embedded in a rigid
seven-layer slab modét, which yields 0.04 A, using the matrix of pseudopotentials and PC’s were used which al-
local density exchange-correlation approximati@A).”>  lowed to calculate a partial structural relaxation of the
This larger rumpling is also reflected by an elongation of thesubstrate® To check the reliability of these simplified em-
top interplane distance as measured by the bond lengthsedded cluster models, one needs a more accurate treatment
(11)—(12) and (31)—(32) which become equal, 2.17 A, with of relaxation effects. In this vein, we have chosen the adsorp-
parameter set PAP2 (see Table Il and Fig.)2 These dis- tion of single Pd atoms on regular?O sites and oxygen
tances are somewhat longer, by 0.06 A, than in the QM slabacancies of the Mg@®01) surface as the first application of
model calculations. In this context it is important to note thatthe EPE embedding approach.
a calculation on bulk MgO using a gradient-corrected
exchange-correlation potentialields an optimized nearest-
neighbor distance of 2.132’Awhich is by 0.03 A longer Oxygen vacancies on the M@@1) surface are well
than in experimefit or in the shell model. As a consequence, known for their ability to hold and donate electrchhe
the embedded QM cluster treated with the BP exchanggformation of F, F., and E' surface defects formally cor-
correlation approximation requires slightly more space tharesponds to the removal of oxygen atoms, mono- and dian-
provided by the localizing potential well due to shell-modelions, respectively, from the top layer of the substrate. An F
environment of the EPE approach. This small artifact seemsite of MgO contains two electrons localized in the vacancy.
acceptable as a consequence of the fact that two very diffeifFhe reactivity of these oxygen vacancy sites can be directly
ent methods are used to describe Regions | and Il in the EPElated to their ionization potentials and electronic affinities.
model. Finally, the fact that—at variance with the QM We will see in the following that these characteristics are
treatment—the shell-model description does not reproducetrongly affected by the structural relaxation of both a cluster
the rumpling of the Mg@01) surface of about 3% of the model and its substrate environment.
nearest-neighbor interion distance should be considered as a In Table Il we present calculated pertinent characteris-
minor drawback of that model. tics of unrelaxed and relaxed cluster models of the oxygen
To calculate the EPE relaxation, the perturbing electrovacancies. In terms of displacements of the atoms closest to
static potential due to the QM cluster was calculated usinghe vacancy, the relaxation is moderate foaRd F centers,
the fitted electron charge density representation of théut notably stronger forF centers. For Fthe relaxation is
LCGTO-FF-DF method?! This is at variance with the ICE- essentially limited to displacements of the nearby Mg ions
CAP method® where a multipole expansion of the electron upward by 0.06 A and outward by 0.04 A. The oxygen atoms
density of the cluster is used. In the present EPE calculaef the top MgO layer which are closest to thgvacancy are
tions, convergence is achieved in a multilayer iteration prohardly shifted at all, by 0.01 A upward only. Fof eenters,
cess. In an “inner” loop, the EPE relaxation is iteratively the displacement of Mg ions is somewhat larger, by 0.13 A
determined for a fixed geometry of the QM cluster. For thisoutward and by 0.07 A upwar@able I1l). The oxygen cen-
purpose, after convergence of each Kohn—Sham procedure, a

charge density fit is carried out which is then employed to
relax the EPE. TABLE lll. Characteristicd of unrelaxed(u) and relaxedr) cluster models
of oxygen vacancies f F. , F2* on MgO001) calculated with the EPE

For the resulting electrostatic potential of the EPE, theapproacw_

next Kohn—Sham procedure is performed and so on, unti
self-consistency is achieved as judged by the change of the Fs Fe F2*

total energy. Then, in the next step of an “outer” loop, at

A. Oxygen vacancies on MgO (001)

r u r u r

fixed EPE configuration, the cluster geometry is optimized

using analytical energy gradients, to be followed by the nexEA: €Y 4.41 2563.89 9.86 452
" o ; AE,, eV 0.11(0.11 1.960.69 7.30
inner” loop. This iteration process was stopped once theAr(Mg) A 004 013 0.23
total energy of the whole system changed by less than S,pug) A  0.06 007 0.06
X 10 °eV; the same threshold is used for the “inner” and ar(0), A 0.00 -0.07 —-0.20
the “outer” loops. Az(0), A 0.01 0.07 0.14

8 A—electron affinity (calculated for an adiabatic changeAr, Az—
lIl. RESULTS AND DISCUSSION displacements, in radial direction and normal to the surface, of the ions

. closest to the vacancy site in the “top layer” of the sl@positive sign
. The _gr,thh of metal clugters_and fll_ms on MgO support indicates an outward or upward shift, respectiyelyfE,—relaxation en-
is often initiated at defect sites, in particular on surface va-ergy. The values in parentheses are for the partially relaxed cluster models
cancies of exposetD01) planes’*’® The adsorption of iSO~ [[0,,Mgs]®*IMgi8" (F.) and{[Oy,Mgs]”*IMgZE" (F.) of Ref. 38.
lated metal atoms on surface vacancies can be considered @pedded cluster modef©gMgs]Mg?e™ (FJ), {[OgMgs]* 1MgPE* (F7),

the very first stage of metal deposition. An early quantum and{[ogvg,]2*}MgPE" (F2*).
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ters closest to the;Fvacancy shift notably inward and up- show that an earlier investigation based on partially relaxed
ward, by 0.07 A each. For¥ centers, the calculated out- cluster modef€ was not completely successful in reproduc-
ward displacement of the Mg cations is substantial, 0.23 Aing the effect of an elastic polarizable environment. This can
(Table I1l); simultaneously, these cations shift by 0.06 A up- be deduced from a comparison of the older results, given in
ward from their position at the ideal?0 site. The closest Table Il in parentheses, with the corresponding EPE values
oxygen anions of the top MgO layer also relax significantly,of the present study.
inward by 0.20 A and upward by 0.14 A. Apparently, the The description of optic_al transitions of*Fc_ent_ers of
outward displacement of the Mg cations increases as thBulk MgO represented the first successful application of the
electron density in the vacancy is reduced, i.e., along thahethod of s_elf-con5|stent_ lattice polgrlz_au’dnThe Hartree—
series E—>Fs+—>|:§+ . thus, it changes as expected with the Fock energies of absqrptlon anq emission 6fdenters, 4.95 .
decreasing screening of the cation—cation repulsion. The and 3.27 eV, respectively, are in verylgooq agreement with
ions behave differently. Because of their significantly largerth® measured values, 4.96 and 3.13 &Vhis model was
size, the short-range repulsion is a more important factor fof!S0 applied to structural relaxation of oxygen vacancies in
them. As the Pauli repulsion between the anionic and vabulk MgO. The formation energies of surface vacancies c;al—
cancy states decreases, the anions move inward with the tefdlated here(Table 11l) are somewhat smaller and are in
dency to occupy the volume spanned by the electron&gasonable agreement Wlt_h results of HF_ calculations on_bulk
trapped in the neutral vacancy. F and F centers usTg self-coqflstent embedding,

The atomic displacements at Bnd F centers calcu- AE(F)=0.35eV andAE (F ):2;76 eV~ In those calcula-
lated here using the EPE embedding scheme agree quaIitTeiQ”S’ the Iattlge relaxation of an"Fdefect was c_haractenzed
tively with those obtained earlier when a constrained geomby outward displacements of the nearest-neighbor Mg cat-
etry relaxation was investigat@8iThere, the positions of the 10ns by~0.06 A and by inward displacements of the nearest-
boundary PP centers and external PC’s were kept fixed at tHi€ighbor O anions of the same amount. For neutral oxygen
experimental bulk-terminated values. For instance, in tha¥@cancies in the bulk which accommodate two electr@ns
previous study the displacements of the Mg cations closest 6€Nter$, both the nearest and next-nearest neighbors were
the K vacancy were calculated to 0.14 and 0.01 A in out-c@lculated to relax inward by-0.04 A.
ward and upward direction, respectively; these values are .
quite close to the present resu(@able Il1). B. Adsorption of Pd atom on MgO  (001)

The relaxation energieSE,; of the vacancy models, cal- We start the analysis of the results on the adsorption
culated as differences between total energies of the equililcomplexes with Pd on top of regulafOsites of MgQ001).
rium structure of the & regular site and the relaxed struc- Adsorption of various transition metal atoms has previously
ture, are 0.11, 1.96, and 7.30 eV fog,FFy, and E*,  been modeled with cluster models embedded in PC
respectively(Table Ill). It is important to note that the relax- arrays®®=® but also with embedding by bare pseudo-
ation significantly decreases the electron affifBA), here  potential$® as well as with slab model€.With embedding
calculated adiabatically, as total energy differences at equin a simple PC array, the atoms of Cu, Ag, Au, Cr, and Mo
librium, EA(F)=E(F;)—E(F) and EA(E")=E(F?")  were found to form relatively weak adsorption bonds, below
—E(F). For E* centers, the EA reduces from 9.86 to 4.520.5 eV, whereas the atoms of Ni, Pd, Pt, and W are bound by
eV. The EA value of an ¥ center without structural relax- about 1 eV or strongéf. In a more accurate approach with
ation would suffice to oxidize a Pd atom which features apseudopotentials at the cluster boundary, larger binding en-
calculated ionization potential of 8.3 elh a BP descrip- ergies were calculated, by about 0.2 eV for the same
tion), 8.34 eV measuretl.However, the electron affinity of a exchange-correlation potent?ﬁl_Thus far, in none of the
properly relaxed £ center renders a cationic state of an computational investigations, was any evidence found for a
adsorbed Pd atom unlikely. Relaxation also decreases thetable charge transfer between the metal adsorbate and the
electron affinity of an E center, namely from 4.41 to 2.56 regular MgQ001) substrate. It was concluded that polariza-
eV (Table Ill). The present EA result of ar/Fcenter is even  tion of the metal species in the electrostatic field of the sur-
lower than that obtained previousiywith a partially relaxed  face and mixing of andd,2 orbitals of the metal atom with
cluster model, 3.86 eVsee Table Ill. Obviously, once the the 2p, orbital of the surface oxygen ion constitute the two
relaxation of the vacancy site is taken into account in armmain contributions to the M—Mg@01) bonding. Evidently,
accurate fashion, e.g., as done by the present model studytf@e extent of the metal polarization and covalent mixing
notable propensity for attracting electron density from ad-changes with the height of the metal atom above the
sorbed metal species exists only f@ Fcenters. surface®

The EA values of oxygen vacancies at the MQQ@L) To assess the sensitivity of the present results on me-
surface obtained with the EPE approach are very close tthodical details, we compare calculated adsorption energies
recent results calculated with clusters embedded in a 16f a Pd atom at the regularOsite of MgQ001) as obtained
X 10X 10 ions cube of polarizable shell-model ions, namelywith different variants of the QM/EPE cluster models. In
2.6 eV for K centers and 4.5 eV 1‘0r§|‘—L centers. Also,  Table IV we present adsorption energies calculated for clus-
structural data determined in that study are very similar tders of different size, with and without inclusion of the BSSE
the present results; there, the outward displacements of theorrections. We also investigated relativistic effects by com-
Mg cations for £ and E* vacancies were calculated at 0.16 paring results of nonrelativistic and relativistic calculations;
and 0.25 A, respectively. Furthermore, the present resultthe latter have been carried out either with the scalar relativ-
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TABLE IV. Binding energiegBE, in eV) of a Pd atom in adsorption complexes obtained with a nonrelativistic
and relativistic DF treatment of various clusfensodeling a regular & site of the Mg@001) surface. The
value BEBSSH indicates the binding energy corrected for the basis set superposition €éPd+Q is Pd—O
distance(in A) at equilibrium.

Nonrelativistic Relativistic

BE BE(BSSB z(Pd-O BE BE(BSSB z(Pd-O

1 Pd[OMgs]®* -0.81  —0.80 221 -121 -1.17 211
2 Pd[OgMga:32" -0.96  —0.94 219 -132  -1.26 2.11
3 pd[OP Mgl" -099  —0.79 218 144 122 2.04
4 pA[OOL"Mgl"]MgPE" 121 097 221 -163 135 2.11
5 Pd[OOBMgg]Mgﬁg* —0.96 —0.93 2.21 —1.35 —-1.31 2.10
6 PPP/[O]> Mge™ —1.47 -1.28 2.04
7 PPP/[ OCEPMgEPIMgEE* -1.68 -1.30 213
8 F’CPF’/[OOSMgg]MgEg* -1.57 -1.27 213

All cluster models treated by EPE embedding; geometry of the substrate fixed according to the regular
structure(see Table Il and Fig.)2
PRelativistic effects taken into account only via tirelativistic) effective core potential of Pd.

istic variant of the all-electron Douglas—Kroll-Hess ap-sented. Even for cluster models of minimum siteand 3,
proach to the Kohn—Sham probl&tor with relativistic  substitution of the regular Mg cations by bare pseudopoten-
pseudopotentials for the Pd certérin Table IV, we tial centers at the nonrelativistic level does not result in any
also compare data for cluster models of various degreesignificant change of the binding energy once the BSSE cor-
of sophistication: (i) models PdOMgs?" (1) and rection has been applied. The difference in the binding ener-
Pd[OgMg,s*** (2) with all oxygen centers surrounded in gies of modelsl and3 at the relativistic level is calculated at
the first coordination sphere by regular cations, i.e.”Mg 0.05 eV. As a side remark, we note that Mgand Md¢*P*
centers bearing basis functiorig) models Pd/OMg2P* 18+ centers are not fully equivalent since the contribution of
(3) and Pdf OOEPMgEPIMgiE* (4) (corresponding to models MgPP* centers are treated as an external potential, not sub-
1 and?2, respectively where the first coordination sphere of ject to relativistic transformatiortS. The equilibrium height
the boundary oxygen atoms is represented by bare pseudof the adsorbate above the surface oxygen atom changes ap-
potentials (without basis functions For highly ionic sys- preciably between the two cluster moddisand 3; if the
tems, both schemes of the cluster design are expected tenters M§* at the cluster “borders” are replaced by bare
furnish similar results. With deviations from the ideally ionic pseudopotential centers (¥R )", then the pertinent bond
picture, these schemes tend to perform differently. Schemeistance decreases by 0.03 A in the nonrelativistic and by
(i) produces a more uniform distribution of the charge den-0.07 A in the relativistic calculation.
sity around anions at the borders, but the cluster might ac- Cluster-size effects are rather limited for the systems
quire a somewhat electron deficit character because electramder consideration. Ongoing from the minimum all-electron
density can spread from the inner area of the cluster to itsluster Pd/OMgs®* (1) to the extended model
boundary Mg cations. Schem(@) with bare pseudopoten- Pd[OMg,s|*?" (2), the BSSE corrected binding energy
tials (without basis functionsallows to utilize stoichiometric (BE) of the adsorbate changes by less than 0.15 eV, at both
clusters, formally preventing artifacts where electron densitythe nonrelativistic and the relativistic level of calculations.
is withdrawn at the cluster boundaries. However, the electroiNext, we compare the results of mod2|s4, and5 which are
density distribution around the anions may become less unief equal size, but feature different representations of the sub-
form than in schemé). strate centers2—an all-electron descriptiorj—an almost

As just mentioned, the study summarized in Table IV iscomplete pseudopotential descriptiomith bare pseudopo-
devoted to various methodological aspects. In order to béentials for the 16 cations at the cluster bounglaand the
able to compare various cluster models, their geometry hastandard” cluster5. Within each series, nonrelativistic or
not been optimized. Rather, all calculations presented imelativistic, essentially the same value is obtained for the
Table IV have been performed at the geometries of substratedsorption heightTable 1V), with one exception, namely the
cluster that correspond to the equilibrium structure of thenonrelativistic calculations or2 yields a slightly shorter
standard clusteiO;Mge]Mghe* (Fig. 2 and Table ). There-  value, by 0.02 A. Also the binding energy shows little varia-
fore, adsorption height and energy of Pd is derived from dion, 0.04 eV within the nonrelativistic series and 0.09 eV
limited optimization, taking into account only the height of within the relativistic series.
the adsorbate above the top crystal plane. Later on, we shall Relativistic effects considerably increase the adsorption
discuss the consequences of substrate relaxation for the aglrergy of Pd on the ideal?O site of the Mg@001) surface,
sorption propertiessee Table V. by about 0.35 eV. In detail, the BE value increases

Inspection of Table IV reveals that the Pd binding energyby 0.37, 0.43, 0.30, 0.38, and 0.37 eV for the minimum
of the adsorption complexes R@ )MgO depends only cluster models PEDMgs]®™ (1) and PdfOMgEP* 18" (3)
moderately on the way how the cluster boundary is repreand the extended cluster models [RgMg,sI*?" (2)
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TABLE V. Calculated characteristit®f adsorption complexes of Pd atoms at the regular €ite and at oxygen vacancies of the M@O01) surface
calculated with unrelaxetl) and relaxedr) EPE cluster modelSAlso shown are results of an earlier investigatiaith embedding in a finite arragFA)
of bare pseudopotential centers and point charges.

o> Fs Fo F2*
EPE FA EPE FA! EPE FA! EPE

BE, eV u -1.31 -1.35 -3.63 -3.76 —2.58 -2.62 -2.25

r —1.42 —4.02 —3.90 -2.53 —2.59 -1.31
z(Pd—Mgy), A u 217 2.11 1.51 1.53 1.59 1.61 1.60

r 2.172 1.48 1.51 1.54 1.49 1.53
Ar(Mg), A r 0.04 0.04 0.02 —-0.03
Az(Mg), A r 0.05 0.02 0.02 —0.01
Ar(0), A r 0.01 0.04 0.04 0.04
Az(0), A r 0.00 0.00 —-0.02 0.00
auldz, au u 0.02 —-0.02 —-0.51 —0.45 -0.10 —-0.05 0.27

r 0.03 —-0.59 -0.28 0.00

8BE—adsorption energy,(RPd—Mg,)—equilibrium height of the adsorbate above the plane defined by the four nearest-neighbor Mg dentars—
displacements, in radial direction and normal to the surface, of the ions closest to the vacancy site in the “top layer” of(thpagélve sign indicates an
outward or upward shift, respectivelyd u/ 9z—dipole moment derivative with respect to the vertical displacemaitthe adsorbate at equilibrium.

PSubstrate fully relaxeér) modeled by the EPE embedded standard cluster n{@ﬂaMgg]q*}Mgﬁ’g* (q=0,1,2), unrelaxed substrate) as in the regular
structure(Step 2.

‘Unrelaxed substrate structui@® as in bulk-terminated MgO; the partially relaxed struct(rjerefers to a model of théree) vacancy site where the positions
of the four oxygen centers closest to the vacancy were optimized and then kept fixed in the Pd adsorption complex; for details see Ref. 38.
9From Ref. 38.

¢2(Pd—-0=2.10A.

f2(Pd—-0=2.08 A.

Pdf OOEPMgEPIMgPE* (4), and PdJOOsMgoIMghl* (5), re-  plex 5 of Table 1V); in the latter case, only one degree of
spectively. For the standard clustgy the binding energy freedom was optimized, the adsorption height of Pd.
increases by 40% on going from a nonrelativistic to a rela- Relaxation effects of the EPE embedded models increase
tivistic description. Evidently, these data are at variance witHthe absolute values pthe energy of adsorptiofBE) at the

the point of view that for 4 transition metals relativistic Sites G~ by 0.11 eV to BE=—1.42 eV, while the adsorption
effects are always moderate; of course, other examples aR€ightz (above the plane of the four nearest-neighbor Mg
known, t00®° In any case, for the standard clust&rwe
calculate an adsorption height of 2.10 A and a binding en-
ergy of 1.31 eV. This latter value is in good agreement with
the result of our previous, simpler model descriptfomhere

an adsorption height of 2.11 A and an adsorption energy of
1.35 eV had been calculated.

Finally, we turn to a discussion of the relativistic effects
as described by a pseudopotential treatment of the “heavy
element” Pd. This has been probed for three moéelg and
8 which correspond to model8, 4, and 5, respectively
(Table 1V). Over all, adsorption height and binding energy,
calculated for the “pseudopotential” models, compare satis-
factorily with the results of the corresponding model that
features an all-electron description of the Pd center; binding
energy values differ by at most 0.06 €%6r the minimum
models3 and6). For the standard clustefsand8 we note an
extension of the Pd—O bond by 0.02 A and a decrease of the
binding energy by 0.03 eV when Pd is described by a
pseudopotential.

Next we shall discuss the adsorption of Pd at regular
oxygen sites of the Mg®021) surface and at various oxygen
vacancies when the relaxation of the substrate is fully taken
into account(see Fig. 3. Pertinent parameters of Pd adsorp-
tion complexes at the regular?O center and at the oxygen
vacancies F, F., and E* are given in Table V. We com-
pare calculated results at eqwhbnu(n—_relaxed to_ thos?_ FIG. 3. Sketch of the optimized structure of the adsorption complexeg Pd/F
where all substrate centers were kept fixed at their positiong,g pa/g* as obtained from an EPE cluster model calculation. Layout as in
calculated for the regular © site (u—unrelaxed; see com- Fig. 2.
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center$ decreases by 0.05 A as these Mg centers on relaXations the energy is reduced by 0.05 eV; previously, we had
ation are shifted up 0.05 A. The almost negligible values offound a lowering of the binding energy by 0.03 ¥\Com-
dipole moment derivativéu/dz of the system with respect pared to the complex Pd/lat the neutral vacancy, relaxation
to the vertical displacement of Pd atdtaken at the equilib- affects the adsorption height somewhat stronger. The adsorp-
rium position indicate that the adsorption at the regular sitetion height is reduced from 1.59 to 1.54 &able V); this
O? does not ensue any notable charge transfer between arkduction is notably smaller than in the previous work where
sorbate and substrat&®®With grazing incidence x-ray spec- a reduction of the adsorption height, from 1.61 to 1.49 A,
troscopy, the Pd—® distance at the Pd/Mg001Y) interface  had been calculatelf. The formation of the Pd/F adsorp-
was determined to 2.2160.02 A 8! This value is larger than tion complex results in small displacements of the neighbor-
the one calculated with our modélable V), partly because ing atoms; cation and anions move outward by at most 0.04
the distance is coverage dependent; it is expected to b& and the cations undergo an additional upward displace-
shorter in the zero-coverage linfit*® For instance, the ment by 0.02 A. Afully relaxed F center donates electronic
Pd-O distance for RdMgO(001) was calculated at 2.24 A charge density more readily to an adsorbed Pd atom, as in-
in very good agreement with experiméfitRecently, nucle- dicated by the dynamic dipole mome#f/dz= —0.28 au;
ation and growth of Pd on Mg®01) have been studied by this value is notably larggby absolute valuethan that com-
variable-temperature atomic force microsc8pfrom these puted for the adsorption complex without relaxatin,
experiments the adsorption energy of a single Pd atom at0.05 au. From the Arrhenius representation of the Pd island
regular sites of Mg@O01) terraces was estimated to1.2  density measured by variable-temperature atomic force mi-
+0.2eV, in satisfactory agreement with the present calcueroscopy and fitted with a rate equation model, the absolute
lated value,—1.42 eV. value of the interaction energy of a Pd atom with unidentified
By far the strongest adsorbate—substrate interactiopoint defects on the Mg@O01) surface was estimated to at
among the four adsorption complexes investigdfable V) least 2.4 eV, with the best fit obtained at 2.7 ®\These
occurs for the neutral oxygen vacancy. Hhe large adsorp- values are close to the calculated desorption energy for Pd on
tion energy of the unrelaxed complex increases even furtheF, site, 2.53 eV, but considerably lower than the value cal-
by 0.39 eV, to BE=—4.02eV when the relaxation of the culated for E centers, 4.02 eV, which trap Pd atoms most
substrate is taken into account. Energy is gained, 0.12 eV, asrongly.
compared to the case when relaxation is taken into account Finally, we discuss the adsorption complex Pd/FFig.
only partially where only the four oxygen atoms closest to3). Here, the energy effect of the substrate relaxation is dra-
the vacancy were allowed to relax in the free substrate anthatically different. The binding energy decreases by 0.94 eV
relaxation of substrate was not permitted after deposition ofo —1.31 eV, because of a strong relaxation of the initial state
the metal atoni® In the present study the energy gain with (Table V). Concomitantly, the adsorption height shrinks from
respect to Pd adsorption on the $ite frozen at its relaxed 1.60 to 1.53 A. On Pd adsorption the four cations closest to
structure (BE=—3.84¢eV) is 0.18 eV, i.e., half of the overall the vacancy shift inward and downward; on the other hand,
(absolutg binding energy increase due to the complete relaxithe four closest anions exhibit an outward shift as in all other
ation. In both the present and previdlisalculations, relax- Pd adsorption complexes, here by 0.04 A. An adsorption
ation increases the stability of the adsorption complex §d/F complex with a doubly-chargedﬁl‘: center may be consid-
the relaxation energy in the final state with the electron denered as limiting case for estimating the oxidizing power of
sity donated to Pd is larger than that for the initial state of arthe oxide substrate under study. Such a vacancy site belongs
isolated E center. The relaxation of thes[Eenter is accom- to the kind of structural defects reminiscent of low-
panied by a donation of the electron density to Pd atom asoordinated surface cations. Even in this limiting case no
indicated by the negative value of the dipole moment derivatransfer of electron density from Pd to substrate is calculated,
tive, dul/dz=—0.59au. This is a rather large value for a as indicated byu/dz=0.00 au(Table V). As judged by its
metal atom adsorbed at M@@1). Therefore, it is not sur- interaction with a Pd atom, angl': center exhibits certain
prising that the charge redistribution causes a relaxation thaiimilarities to a regular & center. Compared to adsorption
is larger than in the case of a neutrgldenter without the Pd  at the nonpolat001) surface, adsorption on polar surfaces of
adsorbate. While the structural relaxation of the RdB- MgO may be expected to result in a more ionic bonding.
sorption complex is important for an accurate determinatioriFrom the present results for Pd adsorption on éfh drefect,
of the metal binding energy, its direct effect on the height ofa system with a large electron affinity, we anticipate that
Pd above the surface is very small; the adsorption height isolated noble metal atoms also will not be oxidized by in-
changes from 1.51 to 1.48 ATable V). Due to substrate teraction withrelaxed polar surfaces of MgO. Indeed, we
relaxation after Pd adsorption, the four cations closest to theave seen that the relaxation of af'Fdefect leads to a
Pd atom move outward and upward by 0.04 and 0.02 Adramatic reduction of EA; one expects this to be a general
respectively. Also the nearest anions move slightly outwardfeature of ionic oxide materials. This expectation is in line
The resulting substrate structure exhibits a much reducedith recently calculated data for Ag/Md@10®® (periodic
rumpling in the vicinity of the adsorption site. HF calculations witha posteriori DF exchange-correlation
For the adsorption complex P/t the singly charged correctiong and Pdé-Al, 050001 (DF EPE embedded clus-
oxygen vacancy, substrate relaxation slightly affects theer calculation®)) where no indication of ionic bonding with
binding energy, confirming earlier findings with a model d*° metal atoms was found.
based on partial substrate relaxatirin the present calcu- The EPE model consistently accounts for relaxation and
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FIG. 4. Contour plots of MO 29awhich forms the HOMO of Pd/f; the
singly occupied MO(SOMO) of Pd/F, , and the LUMO of Pd/E" . The
orbital is shown in the verticdll10) plane; cf. Fig. 2. The contour values are
0.08, 0.04, 0.02, 0.01, and 0.005 au; solid and dashed lines indicate values
of opposite sign.

it provides significant corrections to various adsorption prop-
erties, in particular to adsorption energies and dynamic di-

pole moments. Yet, there is no qualitative change of the pic- . <

ture of the adsorption interaction as compared to our ¥

previous S_tUdy which took only a pz_;lrtial relaxation of the pig. 5. Electron density difference plots for PE/EAp(Pd/F*)
substrate into accourt.In the adsorption complex Pcfﬁ:, =p(Pd/IE")— p(Pd)—p(F") shown in the vertica{110) plane containing

the bonding orbital 28, formed from the LUMO of the thePd atom._The_co_ntour value_s are 0.02, 0.01, 0.005, 0.0025, and 0.001 25
doubly charged vacancy siter the HOMO of the sites 2. dashed lines indicate negative values.

and F) and the valences orbital of the Pd atom is empty

(Fig. 4. In the corresponding complexes witi Fand F

centers, this orbital is occupied by one and two electronselectron density to be withdrawn from the vacancy; it is ef-
respectively. This results in the energy gain of 1.2—1.5 eVfectively donated into the PdsSorbital. This donation effect
per electron occupying this bonding orbital: the binding en-is proportional to the MO occupation numbers one (BY/F
ergy is calculated te-2.5 eV for the adsorption complexes or two (Pd/E) because the shape of the orbitab29n the
Pd/F, and~4.0 eV for Pd/E (Table V). species Pd# , Pd/F, and Pd/E remains essentially un-

A further trend along the series+ F;HF? reflects a changedFig. 4), notwithstanding the mutual atom displace-
gradual change of the character of the adsorbate—substratgents being particularly notable in P@TF. This interaction
bonding. The calculated adsorbate binding energy follows anechanism is supported by the significant increase of the Pd
perfect linear correlation with the dynamic dipole moment5s Mulliken population which changes from 0.42 to 1.10 to
duldz at equilibrium which provides a measure of the 1.66 au for Pd/E", Pd/F, and Pd/E, respectively,
charge redistribution upon adsorption, BEfeVW 1.29  whereas the Pddipopulation remains almost constant, 9.61,
+4.600u/ 9z/au, with r?=1.000. Even with the values of 9.56, and 9.46 au, respectively. More reliable than a Mul-
the ideal site & included, the correlation remains very liken population analysigespecially for the case of extended
good: BE/e\= —1.41+4.340uldzlau, with r>=0.996. In  basis sets used hgris a visualization of the charge density
line with earlier findings® these new correlations reflect a differences displayed in Fig. 5. These plots demonstrate in-
notable polar covalent contribution to the adsorption bond otreased electron density in closer and closer vicinity of the
Pd at k and F, increasing from Pd# to Pd/F and to  Pd atom for Pd/E", Pd/F , and Pd/E; this charge rear-
Pd/F;,. Indeed, the gradual occupation of MO&9causes rangement is accompanied by increadialgsoluté values of
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