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Abstract: Single d-metal atoms on oxygen defects Fs and Fs* of the MgO(001) surface were studied
theoretically. We employed an accurate density functional method combined with cluster models, embedded
in an elastic polarizable environment, and we applied two gradient-corrected exchange-correlation
functionals. In this way, we quantified how 17 metal atoms from groups 6—211 of the periodic table (Cu, Ag,
Au; Ni, Pd, Pt; Co, Rh, Ir; Fe, Ru, Os; Mn, Re; and Cr, Mo, W) interact with terrace sites of MgO. We found
bonding with Fs and Fs* defects to be in general stronger than that with O?~ sites, except for Mn-, Re-, and
FelFs complexes. In M/Fs systems, electron density is accumulated on the metal center in a notable fashion.
The binding energy on both kinds of O defects increases from 3d- to 4d- to 5d-atoms of a given group, at
variance with the binding energy trend established earlier for the M/O?~ complexes, 4d < 3d < 5d. Regarding
the evolution of the binding energy along a period, group 7 atoms are slightly destabilized compared to
their group 6 congeners in both the Fs and Fs* complexes; for later transition elements, the binding energy
increases gradually up to group 10 and finally decreases again in group 11, most strongly on the F; site.
This trend is governed by the negative charge on the adsorbed atoms. We discuss implications for an
experimental detection of metal atoms on oxide supports based on computed core-level energies.

1. Introduction supports as well as the structure of such surface complexes is

For elucidating the chemical reactivity of supported metal & Prerequisite for describing larger supported moieties which
systems, it is important to characterize at the microscopic level '€Sult from metal nucleation and cluster growth. There is
the technologically relevant interactions of d-metals with oxide €XPerimental evidence that metal nucleation often preferentially
ceramics: Unfortunately, one succeeds only rarely in obtaining ©CCUrs at defeqts rather than at regular sites pf well-ordered
sufficiently detailed and comprehensive information on metal/ te"races of oxide surfacés? among these sites, oxygen

oxide interfaces from experiments alone, because several factor¥/@cancies or color centers are considered to play a specidl role.
which are difficult to control under experimental conditions act Nevertheless, structural and energetic parameters of the interac-

simultaneously. On the other hand, first-principles cluster and ion of single d-metal atoms even with well-known surface point
periodic slab-model calculations allow one to explore these d€fects, such as neutral and charged oxygen vacangésfi(F
factors separately and provide a complementary means forafter removal of O atom andsF formed when O anion is

expanding our understanding of metal species supported onMissing) on the terraces of the ubiquitous oxide support MgO,
oxides2? have been theoretically quantified only for selected sysferis.

Metal atoms on oxides, as elementary building blocks of more ) ajstrup, 1.: Maller, P. JAppl. Surf. Sci198§ 3334, 143.
extended supported metal systems, are of key importance for (5) Meunier, M.; Henry, C. RSurf. Sci.1994 307-309, 514.
l the initial st f interf f ti Th f Haas, G.; Menck, A.; Brune, H.; Barth, J. V.; Venables, J. A.; Kern, K.
unraveling the initial stage of interface formation. Therefore, Phys. Re. B 2000 61 11105,
characterizing the bonding between metal atoms and oxide g;

Pacchioni, GChemPhysCher2003 4, 1041.
Ferrari, A. M.; Pacchioni, GJ. Phys. Chem1996 100, 9032.

(9) Matveev, A. V.; Neyman, K. M.; Yudanov, I. V.;"Boh N.Surf. Sci1999

426, 123.

(10) Bogicevic, A.; Jennison, D. RBurf. Sci.1999 437, L741.
(11) Ferrari, A. M.; Giordano, L.; Rech, N.; Heiz, U.; Abbet, S.; Sanchez, A.;

Pacchioni, GJ. Phys. Chem. B00Q 104, 10612.
(12) Giordano, L.; Goniakowski, J.; Pacchioni,Bhys. Re. B 2001, 64, 75417.

TICREA, Universitat de Barcelona, Parc Cidiatide Barcelona.
* Technische UniversitaMiinchen.
8 Russian Academy of Sciences.
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(2) Chemisorption and Reaetty on Supported Clusters and Thin Films

Lambert, R. M., Pacchioni, G., Eds.; NATO ASI Series E, Vol. 331;
Kluwer: Dordrecht, 1997.
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365.
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Furthermore, most of these data calculated by density functionalMgO(001) terraces and we provide computational details. In
(DF) methods are not entirely consistent with each other or with section 3, we present the calculated structural and energetic
results for regular MgO(001) surface sites for various method- parameters of adsorption complexes on tharfd K sites and
ological reasons. Some were obtained with cluster models, othersve characterize their electron distribution. In section 4, we
with slab models; also, different exchange-correlation (xc) discuss peculiarities of and trends in the bonding of metal atoms
functionals have been employed, hampering a quantitative on the oxygen vacancies compared to the regular sites. We also
comparison. Thus far, DF results for the adsorption of the consider how the structure of adsorption complexes of transition
following d-metal atoms on fsites of MgO(001) have been metal atoms at oxides can be characterized with the help of
communicated: C8&2022 Ag891519.20 Ay 1517 N;j 916 calculated core-level energies. Conclusions are summarized in
Pd89111518.1921pt 10.15R K 15,191 15 Ry 15 and Nb!® Up to now, section 5.

adsorption onchargedFs" centers has been challenging for
periodic slab-model approaches. Thus, for the adsorption on this
defeCt S|te, Only C|USter-m0de| data are aVa”abIe and the ||St Of Spin.po|arized calculations were performed using the linear com-

2. Computational Details and Models

atoms is even shorter: Ci#2Ag,8919Ni, %16 p(89.1314.19.2%nd bination of Gaussian-type orbitals fitting-function density functional
Rh1°® For some of the latter atoms, DF calculations were also (LCGTO-FF-DF) metho# as implemented in the parallel computer
performed on the doubly chargegfFsite (missing @ anion) code ParaGaugs?® Two generalized-gradient approximation (GGA)
of MgO(001)8.14.16 xc functionals, BP88*°and PBEN:! were used self-consistently. For

the second- and third-row metal atoms, scalar-relativistic effects were
taken into account employing a second-order Dougk®ll transfor-
mation to decouple electronic and positronic degrees of freedom of

Recently we developed and implemented tools for embedding
of cluster models in a so-called elastic polarizable environment
14,23 i i _
(_EPE), \_/vhlch allows one to accurat_ely descrlbe the adsorp the Dirac-Kohn—Sham equatiof?*®
tion on oxide surfaces taking relaxation effects into account. . . . . )
We adopted the same flexible orbital basis sets as in our previous

Using thls advenced computational technology, we studied the study?* (15s11p6d)~ [6s5p3d] for 3d-atoms, (18s13p9e [7s6pAd]
adsorption of single d-metal atoms on reguldr Gites of MgO- for 4d-atoms, (21s17p12d7f~ [9s8p6d4f] for Sd-atomgfor Au
(001)? extending our earlier wofR by three metal subgroups  (21s17p11d7f- [9s8p6d4f}, (15s10pld)— [6s5p1d] for Mg cations,
(Co, Fe, and Mn). The current study, carried out with exactly and (13s8p1dy-~ [6s5p1d] for O anions. The latter basis set was also
the same high-level computational approach as in ref 24, dealsused to describe electrons trapped by the oxygen vacancies. All
with interactions of 17 different single d-metal atoms with contractions specified in brackets (scalar-relativistic for 4d- and 5d-
surface defectsfqand ™ on MgO(001). atoms) were of generalized, atomie form. Note that for 5d—atems we
Thus, the present work reports a theoretical quantification of “Sj_dga m‘t)re tf_'ex'bie SCh‘;me th"l"” in-our eta”'er r‘;s'_‘:‘iﬁ‘ﬂéﬁm'gh
a major part of conceivable complexes which d-metal atoms M, T 2 CONtractions for ach anguiar momenturn Wirais the numboer
formed on MgO(001) terraces. Together with the results on the of occupied shells of a given atom. In the LCGTO-FF-DF method, an

. . . auxiliary basis set is employed to represent the electron charge density
2— 4
M/O?" systems this study provides a comprehensive database when evaluating the classical Coulomb (Hartree) part of the eleetron

calculated at one and the same level, namely with one of the gjectron interaction. For every atom, the auxiliary basis was constructed
most accurate cluster-model approaches currently available. Thisas follows: the exponents sfandr? fitting functions were generated
database presents a unique opportunity to analyze and rationalizérom all or selected s and p orbital exponents, respectively, using a
adsorption parameters of transition metal atoms on MgO(001) standard scaling procedut&five p and five d “polarization” exponents
across the periodic table, which is one of the main goals of this have been added on each atomic center as geometric series with a factor
study. In particular, we will demonstrate that (i) at variance with 2.5 starting with 0.1 for p and 0.2 for d exponents.

general belief, some d-metal atoms do form more strongly bound The EPE cluster embedding has been described in detail elsetfhere.
adsorption complexes at regular sites than at F-type surface!© be consistent with our model of the regulat-@dsorption sites of
defects; (i) metal atoms in M{Fcomplexes accumulate a "€ MgO(001) surfac¥,**we employed here the clustergh, neutral
considerable amount of electron density provided by the and positively charged, as a quantum mechanical (QM) part of the

d the trend of the ad fi L ystem to mimic the vacancies&hd k', respectively. The coordination
vacancy, an € trend of the adsorplion energies IS governe pheres of O anions at the cluster boundary were saturated by

by this negative charge; an_d (_iii) core-level energies of adsorb_ed pseudopotential Mg centers (M&),143 entirely without electrons:
metal atoms are characteristic and can be of help for detectingye employed 16 such centers in total. We used the same six-layer slab
experimentally M/G~, M/Fs, and M/K* structures on MgO-  model of the MgO(001) surface, optimized previod$h in an
(001). atomistic simulation at the classical molecular mechanical (MM) @vel,
The paper is organized as follows. In section 2, we describe

e + (26) Dunlap, B.; Rech, N.Adv. Quantum Cheml99Q 21, 317.
the cluster models employed to repres ifd k=" defects on (27) Belling, T.; Grauschopf, T.; Kger, S.; Mayer, M.; Ndemann, F.; Staufer,

M.; Zenger, C.; Rech, N. InHigh Performance Scientific and Engineering‘

(17) Yang, Z. X.; Wu, R. Q.; Zhang, Q. M.; Goodman, D. Rhys. Re. B Computing Bungartz, H.-J., Durst, F., Zenger, C., Eds.; Lecture Notes in
2002 65, 155407. Computational Science and Engineering, Vol. 8; Springer: Heidelberg,
(18) Moseler, M.; Hakinen, H.; Landman, UPhys. Re. Lett.2002 89, 176103. 1999; p 439.
(19) Giordano, L.; Del Vitto, A.; Pacchioni, G.; Ferrari, A. Murf. Sci.2003 (28) Rasch, N.; et alParaGaussVersion 3.0; Technische Univer&itdiinchen,
540, 63. 2004.
(20) Zhukovskii, Yu. F.; Kotomin, E. A.; Borstel, G/acuum2004 74, 235. (29) Becke, A. D.Phys. Re. A 1988 38, 3098.
(21) Giordano, L.; Di Valentin, C.; Goniakowski, J.; Pacchioni,Rhys. Re. (30) Perdew, J. PPhys. Re. B 1986 33, 8622;1986 34, 7406.
Lett. 2004 92, 096105. (31) Hammer, B.; Hansen, L. B.; Narskov, J. Rhys. Re. B 1999 59, 7413.
(22) Del Vitto, A.; Sousa, C.; lllas, F.; Pacchioni, &.Chem. Phy2004 121, (32) Rasch, N.; Kriger, S.; Mayer, M.; Nasluzov, V. A. IRecent Deelopments
7457, and Applications of Modern Density Functional ThedBgminario, J. M.,
(23) Nasluzov, V. A,; Ilvanova, E. A.; Shor, A. M.; Vayssilov, G. N; Ed.; Elsevier: Amsterdam, 1996; p 497.
Birkenheuer, U.; Rech, N.J. Phys. Chem. B003 107, 2228. (33) Rtsch, N.; Matveev, A.; Nasluzov, V. A.; Neyman, K. M.; Moskaleva, L.;
(24) Neyman, K. M.; Inntam, C.; Nasluzov, V. A.; Kosarev, R.:sRb, N.Appl. Kriger, S. In Relatwistic Electronic Structure TheoryApplications
Phys. A2004 78, 823. Schwerdtfeger, P., Ed.; Elsevier: Amsterdam, 2004; Vol. 14, p 656.
(25) Yudanov, I.; Pacchioni, G.; Neyman, K.; &, N.J. Phys. Chem. B997, (34) Fuentealba, P.; Szentpaly, L. V.; Preuss, M.; StollJMPhys. B1985 18,
101, 2786. 1287.
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I;allg/e 1. Elgctrg_n C?OnfiEguratipr1s Cf>f Add-Meta! At%ms IVII Useg/I /an We will now discuss these observables in more detail, starting
eterence< 10r binding Energies o sorption Complexes s ; . . . .
and M/Fs* on MgO(001) wnf; grom:p 11 syséems and moving to the left in the periodic
system, to group 6.
Cr iPst Mn d°s? Fe s Co st Ni dot Cu d0st y group . .
Mo dbst Rudst Rhdfst Pdd®  Agdios Group 11: Cu, Ag, Au. The coinage metal atoms exhibit
W dst Reds? Osds?  Ird’e? PtdPst  Audist the simplest valence electron configuratiod%Y among all

atoms under scrutiny: a filledd-shell and a singly occupied
(n+ 1)sorbital. This electron configuration is energetically well
separated from the first excited configuratiofis’d especially
to generate the crystal environment of the resulting QM clusters. The for Ag,®% and thus very stable. At the; Bite of MgO(001),
environment affects the QM cluster both electrostatically, via the these atoms form a rather strong bond, with BP86 adsorption
Madelung field, and mechanically, via short-range forces of the classical energies ranging from 180 to 310 kJ mb{Table 2). Calculated
ions at the cluster boundary. Both the QM cluster and its MM large negative charges;0.8 to —0.9 e on metal atoms, imply
environment, optimized to account for the vacancy formation, were a considerable accumulation of electron density there, in line
allowed to relax in response to changes caused by the adsorbate sqith the very low electronegativity of thesBite on MgO(0015,
that the structu're_ of thg whole system was_determined v_ariationally by which makes the two (almost free) electrons, accommodated
ymmety. adsorption indced eiaxation was stdied ree of narainisDY, e vacancy, easily accessible for binding. Agafthe most

! weakly bound system. Relativistic effects notably facilitatesd

with the BP86 functional. o .
Binding energies were computed with respect to the sum of the spin- mixing for the Au atom of the Au/-complex and render it

polarized ground-state energy of a free metal atom and the energy of MOre strongly bound than Cw/FThe contribution of the
the relaxed MgO(001) model clustrThese energies were counter-  adsorbate-induced relaxation to the adsorption interaction is very

poise corrected for the basis set superposition error in single-point small, both energetically and structurally. This statement holds
fashion at the equilibrium geometry of the surface complexes. Spin also for most of the adsorption complexes of other atoms under
contan]ination was quantified as the difference between the expectationstudy; the few exceptions will be mentioned in due course.
value [F[Jof the total spin of the KohnSham (KS) determinantand M —Fg+ bonds of all three coinage metal atoms are stronger than
the ideal value(S+ 1), whereS= n/2 andn is the number of unpaired the corresponding MFs bonds, uniformly by~50 kJ mot*
electrons. Most of the systems studied showed essentially no spin(cf. Tables 2 and 3). This is due to the coupling of the single
contamination, at most 1% with respects + 1); exceptions will . .

valence s electron of the metal atoms with the single electron

be explicitly mentioned in the following. To characterize charge f the B+ leadi ¢ th t lent
redistribution in the adsorption systems, we computed potential—derived_o € k' vacancy, leading to a rather strong covaien

charges (PDGJ which reproduce the electrostatic field in the area above [Nt€raction. In turn, notably lowered charges on the metal of
the MgO(001) surface plane of the cluster models. the M/Ks" systems imply a reduced contribution of thelar
(electrostatic) bonding interaction.
Group 10: Ni, Pd, Pt. Experimentally, free Ni atoms feature

Table 1 displays the lowest-energy electron configurations almost degenerate low-energy triplet states corresponding to the
of free transition metal atoms calculated with the xc functionals configurations & and dst. The latter configuration is calcu-
BP86 and PBEN. For all atoms but Co and Ni, the KS ground- |ated to be 147 kJ mot lower and is taken as reference in this
state configuration agrees with that detected experimerifaily.  study (see Table 1). For Pd and Pt atoms, the lowest energy
The problem to define the proper reference energy of transition terms of the electron configurationd®hnd dst, respectively,
metal atoms in DF calculations has been thoroughly addressedare clearly favored over the lowest energy states of other electron
elsewheré®4041 Therefore, this issue (pertinent here only to configurations. Despite the open-shell nature of free Ni and Pt
Co and Ni) will not be dealt with in the present work. The atoms, the ground states of the adsorption complexes of all three
energies of the configurations from Table 1 (in the highest atoms of this group on Jdefects of MgO(001) are singlets.
possible spin state) will be used in the following to determine This finding is reminiscent of the configuration change from
adsorption energies of metal atoms on MgO, which will be d%! to d'°, which occurs when Ni species interact with carbonyl
corrected for the basis set superposition error with the help of ligands#243The group 10 atoms are considerably more strongly
the counterpoise method. bound to the substrate, 278, 387, and 581 kJ#far Ni, Pd,

The calculated BP86 observables of the adsorption complexesand Pt, respectively (Table 2), than the coinage metal atoms.
M/Fs and M/R* studied are displayed in Tables 2 and 3, |n fact, Pt at the Esite is calculated to be most strongly bound
respectively. For those complexes which exhibit closely lying among all atoms under study, both ataad ™ MgO defects.
states, we show results for more than one electron configuration.This is also reflected by the adsorption heightRlg, of Pt/

(35) Catlow, C. R. A;; Mackrodt, W. C. liI€omputer Simulation of Solifs Fs, which is drastically reduced, ?_:0 P b-y-relaxation from 176
Catlow, C. R. A., Mackrodt, W. C., Eds.; Lecture Notes in Physics, Vol. 10 146 pm. All three M/E species exhibit notably smaller

a All states are of the highest possible spin. The configurations correspond
to the lowest energies calculated at the all-electron BP86 level.

3. Results

166; Springer: Berlin, 1982; p 3. negative metal charges (by absolute value) than their coinage

(36) Boys, S. F.; Bernardi, MMol. Phys.197Q 19, 553. L

(37) Besler, B. H.; Merz, K. M.; Koliman, P. Al. Comput. Chenil99Q 11, metal analogues, but these charges nevertheless indicate a
431, ianifi i

(38) Moore, C. EAtomic Energy Leels U.S. Natl. Bur. Stand. Circ. No. 467: S|gn.|f|cant electron' densny transfer from the substrate.. The
Government Printing Office: Washington, DC, 1952. particularly strong interaction MFs at the neutral defect site

(39) Sansonetti, J. E; Martin, W. C.; Young, S.Handbook of Basic Atomic — ¢an he traced back to the most favorable electron configuration
Spectroscopic DataNational Institute of Standards and Technology:

Gaithersburg, MD, 2004; online version 1.1 (http://physics.nistgov/ (a1)%(a*)° of these surface specigsyhere the bonding orbital
Handbook).
(40) Markovits, A.; Skalli, M. K.; Minot, C.; Pacchioni, G.;lpez, N.; lllas, F.

J. Chem. Phys2001, 115, 8172. (42) Pacchioni, G.; Rech, N.Acc. Chem. Red.995 28, 390.
(41) Markovits, A.; Paniagua, J. C.; pez, N.; Minot, C.; lllas, FPhys. Re. (43) Chung, S.-C.; Kiger, S.; Ruzankin, S. Ph.; Pacchioni, G.sRlo, N.Chem.
B 2003 67, 115417. Phys. Lett.1996 248 109.
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Table 2. Calculated Parameters of Adsorption Complexes Formed by Single d-Metal Atoms M at Surface Oxygen Vacancies Fs of
MgO(001)2

2(M-Mg,),° Ar(Mgy), Az(Mg.), qm), Ae(M ns), AEBE, E,BP%6,

M state? pm pm pm e eV kJ mol~* kJ mol~*
Cu Ay 173 (178) 3 0 —0.93 0.63 3 189
Ag 27 196 (193) 3 1 —-0.81 0.42 3 178
Au 2Aq 182 (184) 2 0 —0.85 0.48 5 311
Ni 1A, 137 (143) 4 2 —0.54 1.59 8 278
Pd 1A, 148 (157) 4 2 —0.60 0.58 14 387
Pt 1A, 146 (176) 4 4 —0.59 1.43 13 581
Co B, 169 (170) 2 1 —0.65 0.98 4 224
Rh B, 155 (160) 4 2 —0.53 1.03 4 342
Ir B, 152 (183) 5 5 —-0.74 1.37 14 465
Fe 5A; 209 (218) 4 3 —0.37 1.01 7 127
SE 177 (193) 5 5 —0.39 1.74 8 123

Ru 5A; 216 (224) 4 2 —0.32 0.42 6 129
3B, 172 (178) 6 6 —0.40 2.32 11 280

Os 5B1 196 (203) 5 3 —0.52 0.74 5 243
B, 163 (166) 5 6 —0.52 2.21 12 356

Mn 5A; 240 (242) 2 1 —0.30 1.04 3 74
4By 191 (218) 5 4 —0.38 2.42 15 57

Re 5B, 201 (204) 7 4 —0.30 1.27 10 85
By 172 (175) 8 6 —0.30 2.24 15 143

Cr Aq 224 (232) 3 0 —0.54 0.21 3 92
5A; 218 (217) 5 3 —0.35 0.14 5 46

Mo Ay 242 (245) 7 5 —0.60 0.59 9 109
5A1 210 (210) 6 4 —0.24 1.04 22 114

W Ay 217 (223) 6 3 —0.32 0.71 17 178
5A; 207 (223) 5 2 —0.74 0.41 14 184

az(M—Mga) is the height of M above the plane of the four nearest Mg ataxnsand Az are the adsorption-induced displacements of the 8gms in
the radial direction and normal to the surface (a positive sign indicates an outward or upward shift, respegtMglig)the potential-derived charge of
atom M; A¢(M ns) is the spin-averaged shift of the core id level with respect to the corresponding level of the adsorption complexX M@ the
lowest-energy state listed in Table £);2P8¢is the M—MgO binding (adsorption) energy; ankEy®F88 is the energy gain due to the substrate relaxation
caused by the presence of the adsorbagessigned state based on the occupation numbers of the (high-spin) configuration from a spin-polarized calculation;
assignments are unique in all cases considered. Systems with spin contamir@idn Co/k, 2B, 66%; Fe/k, °E, 30%; Mn/R, *B1, 19%; Cr/R, %Ay,
14%.°¢ In parentheses, the height computed for the substrate fixed at the structure which was optimized without an adsorbate.

Table 3. Calculated Parameters of Adsorption Complexes Formed by Single d-Metal Atoms M at the Surface Oxygen Vacancy Fs* of
MgO(001) (All Notations as in Table 2)

2(M-Mgy), Ar(Mg.), Az(Mgy), M), Ae(M ns), AET, E,57%,

M state pm pm pm e ev kJ mol~* kJ mol~*
Cu 1A, 160 (155) 1 3 —0.46 —-1.97 6 242
Ag 1A, 186 (183) 2 5 —0.30 —2.25 8 229
Au 1A, 166 (165) 2 4 —0.42 —-2.17 10 358
Ni A, 173 (168) 2 4 —0.21 —2.84 5 223
Pd °Aq 154 (155) 1 2 —0.30 —1.90 4 255
Pt B, 152 (154) 1 3 —0.19 —2.73 6 376
Co B, 183 (182) 2 4 —0.17 —2.18 5 202
Rh 3B, 179 (174) 0 2 -0.17 —2.02 3 238
Ir SE 165 (166) 2 4 —-0.14 —2.55 6 297
Fe 4B 190 (190) 2 4 -0.12 —-1.19 8 166
B, 188 (188) 2 4 —0.13 —1.30 5 88

Ru 4By 197 (198) 3 5 —0.07 —1.84 6 179
B2 180 (177) 1 3 -0.14 —0.43 2 131

Os By 175 (178) 4 6 —0.22 —1.62 6 274
27, 170 (172) 3 5 —0.24 —1.80 7 212

Mn 5BsP 197 (198) 2 4 —0.07 —0.39 5 81
Re 5B, 190 (191) 4 6 —0.01 —1.08 8 98
A, 201 (186) 2 4 —0.01 —1.54 5 44

Cr 6AC 214 (212) 1 3 —0.02 —2.26 3 116
Mo 6Ad 222 (220) 1 3 0.06 —1.83 3 127
W 5A; 207 (208) 3 4 0.01 —1.83 5 192
“Az 193 (193) 4 5 —0.01 —2.17 4 99

a Spin contamination 87%.3A, state calculated to be unbound (negative adsorption enertdy).state calculated to be unbound (negative adsorption
energy).d4A, state calculated to be very weakly bouriBP8 = 16 kJ mot?, 2M—Mgs) = 207 pm.

a (with a significant contribution of the vacancy) is filed Niand 132 kJ moi! for Pd. However, such a reduced covalent
whereas its antibonding counterpast & empty. This simple interaction appears to be not the only mechanism that leads to
model predicts lower binding energies in the M/FBpecies weaker bonding in the M complexes of this group relative
where an electron is removed from the bonding orbitalCar to the M/R; species. In the Pt system, the electron missing
calculations indeed vyield lower binding energies for the compared to the Ptifeomplex is removed from the essentially
complexes on thedF site (Tables 2 and 3), by 55 kJ maéifor nonbonding Pt 5d orbital.bthe HOMO of Pt/E, instead of the
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bonding orbital @ which is relatively stabilized in the case of
Pt. Nevertheless, the PEs"™ bond is significantly weaker, by
205 kJ mot?, than the P+Fs bond. Therefore, similarly to the

smaller charge separation. In all complexes of Fe, Ru, and Os
with the R site, quartet states are definitely favored over the
doublet states, by 5880 kJ mot? (Table 3). The binding

coinage metal complexes, other effects are also important for energies of the systems FefFRu/R*, and Os/E" are slightly
binding, e.g., the electrostatic contribution associated with the smaller than the values of their group 9 counterparts. The
transfer of electron density from the substrate to the adsorbate.negative charge values on the adsorbates remain small.

The negative charges on the metal centers insMére smaller
by factors of 2 or more than in M{but still remain noticeable,
—0.2t0—0.3e.

Group 9: Co, Rh, Ir. Our DF atomic reference for Co is
the ground-state quarteidd (Table 1), which at the BP86 level
is 61 kJ mof lower than the experimental quartet ground state

The genealogy of the electron configurations (and states)
characterizing the group 8 systems is rather complex. To
illustrate this complexity, we start with the species ke/Ru/

Fst, and Os/E", the ground states of which all atB; quartets
(Table 3), derived from the same electron configuratiod-(e)
(b2)! (only open shells are shown). Addition of one electron to

d’s2.38:39The averaged experimental energy difference betweenthese complexes, formally transforming them into their M/F

the lowest terms of the configuration&stiand ds? is —40 kJ
mol~1.39 In the adsorbed Co, Rh, and Ir moieties aysfes of
MgO(001), partial spin quenching to doublet states (configura-

tions ky?) is favored over the corresponding quartet states. Note,

however, that théB; state of Co/Eis severely spin contami-

analogues, is accompanied by a distinct rearrangement of the
electronic structure that depends on the metal. In Rarl Os/

Fs, this extra electron and an electron depleted from the formerly
closed shell (32, mainly of metal d character, now both fill
the orbital e, resulting in the triplet electron configuratiop¥a

nated, by 66% (Table 2); thus, a noncontaminated doublet state(b,)*, state®B, (Table 2). In the 3d analogue Fethe enhanced
should be even more favored. The destabilization of the quartetpropensity to form high-spin states is manifested in a decoupling

states of the M/Especies of this group relative to the doublets
is at least in part due to the fact that the antibonding orbital a

is occupied in the quartets but remains empty in the doublets.

of the ()2 shell and a concomitant promotion of the spin-flipped
electron into the vacant orbitaj*a see the discussion of group
10. Finally, for Fe/k one obtains the quintet statd, with

The adsorption energies in these doublet-state complexes withconfiguration ()*(ay)!(b2)(a)?, energetically slightly favored
respect to the corresponding DF atomic ground state are ratherover the lowest triplet stafE with configuration (€)by)* (Table

high: 224, 342, and 465 kJ nmdl for Co, Rh, and Ir,

respectively (Table 2). These values are only slightly smaller
than those in the corresponding complexes of the Ni group.

2).
Group 7: Mn, Re. The two adsorption complexes M/F
under discussion feature different spin states in their ground

Negative charges accumulated in these moieties are everstate (Table 2). Mn/Eslightly prefers a sextet ground state over
somewhat larger than in their group 10 analogues. The markedthe quartet state which, however, is spin contaminated by 19%.

relaxation-induced reduction of the-AMg4 adsorption height

is comparable to that mentioned above for the Ptmplex.

In all three M/E" complexes of group 9, triplet electron
configurations are lowest in energy (Table 3)3){tb,)! (state
3B,) for M = Co, Rh and (é)by)! (state®E) for Ir, where a d
orbital of e character is depleted, at variance with the mixed
s—d orbital a in the Co and Rh analogues. That lavel
becomes significantly more stable in lg/Bimilar to what we
have seen for Pt4 relative to Ni/k and Pd/E This is a
consequence of relativistic stabilization of s orbitals. The §1/F
species exhibit somewhat smaller binding energies, about 200
300 kJ mot?, than the corresponding M{Bystems. Unlike for

On the other hand, for Re/fhe quartet configuration is-60

kJ mol® lower in energy. These systems, Mgif particular,

are among the most weakly bound M@@emplexes studied here.
The quartet and sextet configurations of the adsorption complex
Mn/Fs, although energetically quite comparable, exhibit even
more distinct adsorption heights (by 50 pm!) than the triplet
and quintet configurations of Fe/see above). For both M¢{F
systems, we found the quintet stat®; preferred. The Re
complex at E" is notably less stable than its; Bnalogue,
whereas the Mn/ff species is almost as weakly bound as Mn/
Fs. As a result, also among the MfFcomplexes, the Mn and
Re derivatives exhibit essentially the weakest adsorption bonds.

the latter complexes, the potential-derived charges on M were The electronic structure of the complexes Myi/and Re/E"

calculated to be only slightly negative, at mesd.2 e.

Group 8: Fe, Ru, Os.The high-spin metal atoms of this
group as well as those in groups to their left in the periodic
table often feature closely lying electron configurations; this

[configuration (a)}(e)(by)! and a®B; quintet state] correlates
with that of their group 8 analogues which feature one valence
electron more [configuration {g(e}(b)! and a“B; quartet
state] (Table 3). Whereas the ground-state valence electron

statement also holds for the corresponding surface complexesconfiguration of Re/Fis the same as that of Os/F (ef(b2)*,

Therefore, from now on we will show, when applicable, results
for the lowest states belonging to two multiplicities of each

adsorption complex (Tables 2 and 3). The binding energies of

the species Felkn the triplet and quintet states are very close
in energy, whereas the Félg, heights differ by as much as
~30 pm (Table 2). Note, however, the spin contamination of
the calculated triplet. In the moieties Ru#hd Os/k; the triplet

the configuration of the 3d-species Mg/foy)1(ef (by)'(a)?,
exhibits a higher spin state than FeiF

Group 6: Cr, Mo, W. This set of surface moieties M{in
very high spin states reveals probably the most complicated
picture of structure and bonding. Indeed, only for the €r/F
system is the calculated energetics definite: a septet ground
state is predicted (Table 2; the quintét; features 14% spin

states are clearly preferred, in line with the reduced propensity contamination). We were not able to identify a clear energy
of 4d- and 5d-atoms to form high-spin complexes. The three preference for either the septet or the quintet states of Mo/F

most stable systems M/Bf the group 8 metals exhibit slightly
weaker interactions with the substrate, £3®0 kJ mot?, than

and W/k. However, no matter in which state these surface
complexes of Cr and Mo are formed, their binding energies are

their nd analogues of group 9, and they show a somewhat expected to be the lowest among all the MdBisorption systems
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Table 4. Binding Energies (kJ mol~1) Calculated with the GGA Functionals BP86 (E,BP%6) and PBEN (E,"BEN) for the Most Stable State of
Adsorption Complexes of Single d-Metal Atoms M at Fs and Fs™ Defects of the MgO(001) Surface in Comparison with Complexes at
Regular O%~ Sites

MIFs M/Fg+ M/O2- 2

M state EbBPSS EbFBEN state EbBPSS EbFBEN state EbBPBG EDPBEN
Cu Ay 189 167 1A, 242 218 2A1 93 72
Ag °A1 178 152 A1 229 203 2A 46 25
Au A1 311 278 1A, 358 326 2A, 96 71
Ni A, 278 237 A1 223 195 1A, 151 124
Pd A1 387 346 2A; 255 218 A1 137 105
Pt A, 581 505 2B, 376 336 1AL 231 202
Co B, 224 194 3B, 202 181 B, 118 87
Rh By 342 298 3B, 238 207 B, 125 93
Ir B, 465 390 SE 297 259 2B 136 112
Fe 5A° 127 110 “B1 166 125 5By 136 112
Ru B, 280 257 By 179 154 58,4 86 60
Os 3B, 356 319 ‘B 274 254 B1 162 152
Mn 6A© 74 57 5By 81 62 A1 96 72
Re By 143 110 5By 98 71 A, 146 125
Cr Ay 92 79 6A; 116 106 A4 61 51
Mo 5A9 114 88 A1 127 111 A" 56 30
W 5A4 184 151 6A; 192 166 5A1 151 121

2 Reference 24° A, E,BP86= 134 kJ mot?, ref 24.¢3E, E,BP86 = 123 kJ mof, Table 2.9 3By, E,BP8¢= 81 kJ mot, ref 24.¢“B;, E,5P86= 57 kJ
mol~1, Table 2.f5A;, E,BP86 = 55 kJ mot?, ref 24.97A,, E,BP86= 109 kJ mot?, Table 2. 7A;, E,BP86= 52 kJ mot, ref 24.1 /A1, EBP86= 178 kJ mot?,
Table 2.

under scrutiny; only Mn/Eis likely even more weakly bound.  center are no longer there. Finally, as outlined above for
Also, a W adatom in either spin state exhibits the second- adsorbed metal atoms of group 10, covalent effects due to
weakest binding to angfsite among all other 5d-atoms under favorable filling of bonding/antibonding orbitals can be much
consideration (undercut only by Re). For the M/Bystems of more pronounced for complexes on oxygen vacancies than on
group 6 atoms, the situation is somewhat simpler, at least asregular sites of MgO(001). In fact, all these mechanisms work
far as the most stable spin configuration is concerned, which is together and in general result in stronger—F, binding
a sextet for all three moieties. These complexes, featuring compared to that in MO?~ complexes. This relative strength-
essentially neutral metal adsorbates, were also calculated to beening of the adsorption bond for the majority of the metal atoms
rather weakly bound. under scrutiny exceeds 100 kJ mband reaches 350 kJ mdl
for the most strongly bound PYBpecies (Table 4, Figure 1a).
Concomitantly, metatsubstrate distances (measured as the
Table 4 and Figure 1 summarize calculated data to highlight M—Mga height, Table 2) are significantly shorter, by-560
and ascertain trends in the binding energy variationdefetal pm, for some metals on the right-hand side of the periodic table
atoms in complexes withs/and K+ defects on the MgO(001)  than the previously computed values for the corresponding
surface. These trends should also be compared with our findingsM/O?~ systemg?
for complexes of the same atoms on regulér €ites of MgO- In each of the examined groups of the periodic table, except
(001)24 for group 11, the 4d-atom is calculated to be adsorbed more
From Figure la (upper panel), one immediately recognizes strongly on the Esite of MgO(001) than the 3d-atom, but more
that most M/ complexes are notably more strongly bound than weakly than the 5d-atom: 3d 4d < 5d. This is different from
their M/O?~ analogues (Figure 1a, bottom panel). This is in the binding energy trend within the group which we previously
line with all previous calculation%:22 However, quite unexpect-  established for M/& complexes (Figure 1a, bottom pan&):
edly, there are some exceptions: Fe, Mn, and Re atoms are4d < 3d < 5d. Regarding the energy variation of the M/F
slightly more weakly bound (by-20 kJ moi! at most) at § species along the period (Figure 1a, upper panel), atoms of group
defect sites than at regular?Osites. While all metal atoms 7 are slightly destabilized with respect to their group 6
exhibit negative charges, these three systems are also amon@nalogues. Moving to the right in each period, the binding
those M/E complexes with the least charge separation (as energy increases gradually up to species of group 10 and finally
measured by potential-derived charges; see Table 2, Figure 1b)it decreases again in group 11. This rather complicated trend
A very substantial adsorption-induced increase of the electron reflects the complex character of the interactions experienced
density on the adsorbates (along with the subsequent increasdy d-metal atoms with defect sites of an oxide support, in
of the electrostatic adsorbatsubstrate attraction) appears to particular with Fk sites of MgO(001). Note that these latter sites
be an important stabilizing factor of Méfnoieties. (Note that  can be described to a good approximation by a very simple
previously the charge separation analysis of selecteds M/F modeP where only two electrons are treated quantum mechani-
complexe® was based on the dynamic dipole moment, which cally, moving in the field of the five immediate Mg neighbors
indicated a considerably smaller substrate-to-adsorbate electrorof the vacancy, represented by bare pseudopotential centers
donation than the present PDC criterion.) M&ystems are  without a basis set, and a set of point charges representing the
furthermore stabilized compared to the corresponding /O  remaining substrate centers. For each metal, the strength of the
analogues as Pauli repulsion with the substrate is reduced whemesulting bond is determined by the delicate balance of the
the Kk vacancy is created because the electronic shells of the Odiverse contributions discussed in the preceding paragraph.

4. Discussion
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Figure 1. Trends in the BP86 binding energies (column a) and potential-derived charges (PDC) on adsorbates (column b) of the most stable adsorption
complexes of single d-metal atoms on oxygen vacanci€¢sgper panels) andsF (middle panels) of MgO(001) surface in comparison with the energies and
PDC values of the metal atoms on the reguldr Gites (bottom panels of columns a and b, respectively; ref 24).

Nevertheless, there is an evident similarity in the general trend central problems of DF applications is the necessity to work
of the evolution of binding energies (Figure 1a, upper panel) with an approximate xc functional, as the exact functional is
and the alteration of PDC values (Figure 1b, upper panel) of not known? Without unambiguous reference data, one is unable
the M/K; complexes along the rows of the periodic table. Both to definitely establish which of the contemporary functionals
the adsorption energies and the negative charges on the metgbrovides the most accurate adsorption energies for elementary
atoms exhibit an overall increase from the middle of each row M/Fs complexes. However, one can very roughly estimate the
to its right-hand side. There are some exceptions, in particular general range of DF energies by comparing results obtained
the complexes of the elements of group 6, which exhibit with several xc functionals. To this end, we compared binding
particularly high spin values, and the complexes of the elementsenergies for the M/Fspecies from BP86 and PBEN calculations
of group 11; below, we will try to rationalize the values of the (Table 4).
latter. This overall similarity implies that the accumulation of Both sets of energies vary in very similar fashion with the
electron density on the adsorbates is a factor that governs theadsorbed metal atoms. PBEN values are uniformly smaller by
adsorption interactions of a series mdf-metal atoms with & 10-20% than BP86 results; for the most strongly bound
vacancy sites on MgO(001) terraces. Interestingly, the trend in systems, this can amount to energy difference of up te8D
the PDC values is in fair agreement with the trend of the kJ mol L Importantly, the trend of the uniformly reduced PBEN
electronegativity values of the metal atoffiddowever, only energies is apparently a systematic one, as it is also manifested
very crude adsorption energy estimates are possible on the basisor M/Fs" and M/G~ complexes (Table 4). The hybrid B3LYP
of the electronegativity values; thus, high-level electronic functionaf®4’ yields binding energies for selected studied
structure calculations will continue to play a crucial role for complexes M/E® that are 16-15% smaller than the corre-

quantifying this key characteristic. _ sponding PBEN values. The GGA functional PW3Llin
In the literature, there are hardly reliable experimental data combination with periodic slab models, provides energies for
on the adsorption energetics of single d-metal atoms; an# M/Fs specie® that are in general close to our cluster-model

Fs" sites of MgO(001). Moreover, precise benchmark calcula- BP86 data. As discussed presvioudgome larger deviations

tions that treat electron correlation effects with sufficient
accuracy in a realistic model do not seem practicable yet for (45) Parr, R. G.; Yang, WDensity Functional Theory for Atoms and Molecyles
; ; Oxford University: Oxford, 1989.
the systems under discussion. On the other hand, one of the(46) Becke, A. D.J. Chem. Phys1993 98, 5648.
(47) Lee, C.; Yang, W,; Parr, R. ®hys. Re. B 1988 37, 785.
(44) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry: Principles (48) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M.
of Structure and Reactlity, 4th ed.; HarperCollins: New York, 1993. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671.
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are probably due to the neglect of spin-polarization eff&tts.
For adsorption on metal surfac8¢’?the PBEN functional yields

and PDC trends when going from group 6 to group 7 complexes
M/Fs, which feature a very high spin, is not seen for M/F

energies in close agreement with experiment, whereas theanalogues.

corresponding BP86 binding energies are somewhat larger in a Finally, we address opportunities for monitoring the interac-
systematic fashion. It remains to be seen whether these findinggion of atomically dispersed metal particles with regular and
can be generalized to the energetics of supported metal particleslefect sites of metal oxide supports by means of X-ray

on oxides.

The above considerations on the performance of various GGA
and hybrid xc functionals are also valid for MfFcomplexes.
Thus, in the following we will discuss only observables
calculated for the latter systems at the BP86 level (Tables 3
and 4, Figure 1).

The R' site of MgO(001), compared to the §ite, exhibits
two significant differences: (i) removal of an electron leaves
one unpaired electron in the vacancy which is readily available
for covalent bonding with an unpaired electron of a metal atom
adsorbate, and (ii) concomitantly, the clear propensity of the F
defects to donate electron density to the metal adsorbates (se
above) is drastically reduced for thg"Fdefects, as indicated,
among others, by a strongly enhanced electron affinity of the
latter? The first factor is of particular importance for the M/F
complexes of Cu, Ag, and Au. These complexes feature the
most favorable electron configuration;#a;*)° and binding
energies which are at least 10% larger that those of theig M/F
analogues with the configuration j&a*)®. In contrast, the
M/Fst complexes formed by metal atoms of groups 9 and 10
are less stable than their M/Eounterparts. Complexes of a
given metal atom M of groups-68 at K and k" defects do
not show a clear trend in their binding energies. Probably, the
energy alterations of M#F complexes of elements of groups
6—10, relative to their M/Econgeners, are mainly determined
by the combined effect of changes in the substrasorbate
charge transfer and the electron configuration (occupation of
bonding/antibonding orbitals, high-/low-spin states). Except for
Mn/Fst and Re/k, all other M/R" complexes studied were
calculated to be more strongly bound than the corre-
sponding complexes MAD at regular sites of MgO(001) (Table
4, Figure 1).

The overall trends in the adsorption energies of single
d-metals on the & sites of MgO(001) over a group of the
periodic table are rather similar to those established above for
the M/Fs systems. Indeed, in each group, the M/Eomplex
of the 5d-metal is most strongly bound, whereas that of the 3d-
atom is least strongly bound, except for the Cu moiety which
is ~10 kJ mot! more stable than the Ag complex. Also, the
evolution of the binding energies along a period shows a
remarkable similarity for the M/F and M/R complexes, which
implies similarities in the electrostatic (polar) contribution to

photoelectron spectroscopy (XPS). Very recently, the shift of
the Au 4f XPS peak from 85.8 eV at temperatures below 200
K to 85.4 eV at 300 K has been detected for atomic Au species
deposited on Tig{110P° and attributed to the migration of some
Au atoms from a variety of regular surface sites to oxygen
vacancies that are a characteristic of the vacuum-annealed TiO
(110) surfacé! Although, to the best of our knowledge,
analogous experimental data are not yet available for metal
atoms on MgO(001), it nevertheless seems worthwhile to study
how core-level energies of metal atoms change with the sites
of deposition on MgO(001) and whether similarities exist
between adsorption complexes at oxygen vacancies 0f-TiO
£110) and MgO(001).

As a first approximation, we focus on initial-state effects.
For this purpose, we listed calculated spin-averaged siis,

(M ns), of Kohn—Sham core levels Mis for the complexes
M/Fs (Table 2) and M/E" (Table 3) on MgO(001) relative to
corresponding values of the MfOadsorption complexes. Very
interestingly, the shifAe(Au 5s) = 0.48 eV for Au/k [along
with Ae(Au 4f) = 0.44 eV, not shown in Table 2] is close to
the value of 0.4 eV measured on B{®10)>° The fact that core-
level shifts ofall metal atoms under study on $ites (including

Au, Table 2) are positive, i.e., to lower binding energies, partly
reflects the negative charge on the adsorbates. On the other hand,
the adsorption complex Au{F on MgO(001) features a very
different shiftAe(Au 5s),—2.22 eV (Table 3). This allows one

to exclude the analogue of this species on;{1Q0) from being

a suitable candidate for rationalizing the experimerka(Au

4f) signature, all the more as all calculated valdegM ns)

for M/Fst complexes on MgO(001) amegatie with respect

to their reference M/& (Table 3). The main negative contribu-
tion, —1.7 to—1.8 eV (as estimated by KohtE8ham core-level
shifts of a Mg cation used as internal reference in Au, Ag, and
Cu complexes), is due to the overall elementary positive charge
of the M/R* systems. Thus, core-level shifts of M#nd M/R"
complexes relative to the corresponding energies of W/O
species appear to be characteristic for the type of oxygen
vacancy that forms the adsorption site. In addition, calculated
Ae values are expected to help significantly in the structural
assignment.

On the basis of calculated adsorption energies and core-level
energies (Tables-24) for complexes of various metal atoms,
one can predict results of experiments on MgO(001) terraces,
which are similar to those reported in ref 50 for Au/B{D10).

the bonding, caused by the charge separation between M anq:or instance, comparing the deposition of the coinage atoms

Fst subsystems; cf. the trends of the binding energies and Au, Ag

potential derived charges as depicted in the middle panels of

and Cu, one expects that diffusion of Ag to oxygen
vacancy sites will take place at lower temperatures than for Cu

Figure 1a,b. There are several noticeable differences betweerynq aAu because Ag interacts more weakly ofr Gites than

the trends of M/Eand M/R" complexes: Energy variations
within one period are smaller for M¢Fsystems, and the binding
energy does not decrease at the end of the period, fromy™Ni/F
to Cu/R*. Also, the striking disparity of the binding energy

Cu or Au. Also, the characteristic temperatures at which
diffusion starts for Cu and Au should be rather similar.

Assuming final-state effects (relaxation in the presence of a core-
level hole at M) to be similar for M/&, M/Fst, and M/

(49) Yudanov, I. V.; Sahnoun, R.; Neyman, K. M.;'§abh, N.J. Chem. Phys.
2002 117, 9887.

(50) Lee, S.; Fan, C.; Wu, T.; Anderson, S.3urf. Sci.2005 578 5.
(51) Diebold, U.Surf. Sci. Rep2003 48, 53.
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complexes of the same metal, diffusion resulting in Misecies Metal—substrate bonding in general is notably weaker in
should be accompanied by a moderate positive M core-level M/Fs" complexes than in their MfFanalogues. We attribute
shift of 0.4-0.6 eV. On the other hand, formation of M/F this difference mainly to electrostatic stabilization of the latter
moieties is expected to be manifested by a negative ghift  species as a consequence of significant accumulation of electron
relative to M/G~. Many predictions like these, regarding the density on the adsorbed atoms M, donated by theaEancy.
structure and properties of the complexes F/OM/Fs, and Covalent interactions may counteract this electrostatic stabiliza-
M/Fs, can be derived from the present calculated results, andtion and even alter the trend, making some M/Eomplexes
these predictions will help in structural assignments of pertinent favored over their M/Econgeners, as is the case for the Cu,
spectroscopic experiments that are expected to be carried ouAg, and Au systems.
in the near future. XPS core-level shifts of adsorbed metal atoms on MgO(001),
approximated as differences of Koh8ham eigenvalues,
revealed a characteristic dependence on the adsorption site. In
An accurate (scalar-relativistic) all-electron density functional combination with experimental XPS data, these calculated data
method with a consistent cluster embedding in an elastic open a way to distinguish between the V#Rd M/R™ structures
polarizable environment was used to study systematically metalon (001) terraces of MgO.
atom adsorption ondand k" defects of the relaxed surface  Ajthough single adsorbed metal atoms represbementary
MgO(001) in comparison to the previously addressed adsorption pyilding blocks of more extended metal species supported on
on regular G sites. Seventeen single d-metal adatoms of the oxides, precise calculations on these systems and their rigorous
third, fourth, and fifth rows of the periodic table were analysis are complicated because usually several almost degen-
considered. The embedding method used treats both the centragrate (magnetic) configurations are involved in the interaction
quantum mechanical region of the oxide clusters under study with the substrate. One might invoke the constraint space orbital
and their classical environment variationally, without artificial ~ yariation (CSOV§253 method to separate and quantify various
constraints for geometry optimization. contributions to the adsorption energy. However, this approach
The adsorption energies presented, obtained with the BP86does not appear promising for most of the systems under study
and PBEN exchange-correlation functionals, corroborate the gue to their complex open-shell electronic structure.

general picture of the interactions with oxygen vacancies on  ap ghvious extension of the present work will be a systematic
MgO terraces derived from studies of selected metal atoms. With study of interactions of single metal atoms with neutral and
few exceptions, these interactions with oxygen vacancies arepqgitively charged oxygen vacancies at lower coordinated
significantly stronger than those with the regular sites and they g;rface sites of MgO, e.g. at steps, edges, and corners, where
are accompanied by a notable transfer of electron density frompeir formation is more justified thermodynamicayLikely,

the Fs site to the d-metal adsorbate. In most groups, 4d-atoms thase |ow-coordinated color centers are even stronger traps for
are adsorbed more strongly than 3d-atoms, but more weakly single metal atoms than terrace vacanéfes.

than 5d-atoms, on both kinds of defects studied. This is at

variance with the trend in binding energies within each group, ~ Acknowledgment. This work was supported by Deutsche
4d < 3d < 5d, which we previously established for MO Forschungsgemeinschatft, Volkswagen-Stiftung (follow-up grant
complexes. As for the energy variation along the period, in both 1/73653), and Fonds der Chemischen Industrie.

Fsand BT complexes, atoms of group 7 are slightly destabilized
with respect to their group 6 analogues. Then, within a period,
the binding energy increases gradually up to group 10 species
and finally decreases again for group 11, most prominently on
the R site. These trends appear to be governed by the negativeJA0524371
charge on adsorbed atoms and their concomitant electrostatic
interactions with the vacancy sites of MgO(001) terraces. The 2) Sagus, ». S.; Hermann, K.; Bauschlicher, C. W.JJChem. Phys1984
failure of DF methods to properly describe the ground-state (53) Neyman, K. M.; Ruzankin, S. Ph.:'Bth, N.Chem. Phys. LetL995 246,
electron configuration of Ni and Co atomic references may affect 546.

N (54) Pacchioni, G.; Pescarmona,Jurf. Sci 1998 412/413 657.
calculated values of the adsorption energy of these atoms.  (55) For instance, see ref 19 and references therein.

5. Conclusions
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http://pubs.acs.org.
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