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Abstract We have analyzed, by means of density func-
tional theory calculations and the embedded cluster model,
the adsorption and spin-state properties of Cr, Ni, Mo, and
Pt deposited on a MgO crystal. We considered deposition at
the Mg2+ site of a defect-free surface and at Li+ and Na+

sites of impurity-containing surfaces. To avoid artificial
polarization effects, clusters of moderate sizes with no
border anions were embedded in simulated Coulomb fields
that closely approximate the Madelung fields of the host
surfaces. The interaction between a transition metal atom
and a surface results from a competition between Hund's
rule for the adsorbed atom and the formation of a chemical
bond at the interface. We found that the adsorption energies
of the metal atoms are significantly enhanced by the cation
impurities, and the adsorption energies of the low-spin
states of spin-quenched complexes are always more
favorable than those of the high-spin states. Spin polariza-
tion effects tend to preserve the spin states of the adsorbed
atoms relative to those of the isolated atoms. The metal–
support interactions stabilize the low-spin states of the
adsorbed metals with respect to the isolated metals, but the
effect is not always enough to quench the spin. Spin
quenching occurs for Cr and Mo complexes at the Mg2+

site of the pure surface and at Li+ and Na+ sites of the
impurity-containing surfaces. Variations of the spin-state
properties of free metals and of the adsorption and spin-
state properties of metal complexes are correlated with the
energies of the frontier orbitals. The electrostatic potential
energy curves provide further understanding of the nature
of the examined properties.
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Introduction

Point defects and impurity atoms on metal oxide surfaces
affect adsorption properties of small molecules and metal
clusters and how they modulate the reactivity of adsorbed
transition metal clusters; these effects are important in
nanocluster catalysts, corrosion, coatings, microelectronics,
and films [1–3]. Impurity atoms in MgO can be either
cations replacing Mg2+ or anions substituting O2– [4, 5]; in
either case, the surface reactivity is significantly modified
by their presence. In the case of cation impurities, the
change depends on the charge. If Mg2+ is replaced by a
doubly charged cation, e.g., Co2+ or Ni2+ [6], the local
electronic structure changes to reflect the size of the ion, the
change in covalent character of the surface–adatom inter-
action, and with the difference in occupancy of d orbitals. If
Mg2+ is replaced by a singly-charged cation, e.g., Li+ or
Na+, the electronic structure changes qualitatively, with the
nearby anion formally changing its charge from −2 to −1.

Sushko et al. [7] calculated the properties of cyanide in
sodium chloride crystal and demonstrated that Mott-
Littleton calculations can predict the relative stability of
different configurations of a family of defects. Rodriguez
and Maiti [8] found that replacing some of the metal centers
of MgO(001) surface with Ni atoms enhances the binding
of the S-containing species through new electronic states
associated with the Ni 3d levels and located above the
occupied O 2p and Mg 3 s bands. They also inferred a
negative correlation between the reactivity of the oxide and
the size of the electronic band gap, with the chemical
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activity of an oxide depending mainly on how well its bands
mix with the orbitals of H2S. Rodriguez et al. [9] examined
the reaction of H2S with MgO (001) and Cu/MgO (001)
surfaces, and they reported that smaller band gaps in the
oxide are associated with greater reactivity towards H2S;
they concluded that this trend reflects band–orbital mixing.
Neyman and Rösch [10] performed density functional
calculations for bonding and vibrations of CO molecules
adsorbed at transition metal impurity sites (Co2+, Ni2+, Cu2+)
on the MgO (001) surface. The calculations qualitatively
reproduced observed trends in the adsorption-induced
frequency shifts for a series of surface aggregates and
corresponding changes of the infrared intensities of the C–O
vibrational mode. Zuo et al. [11] examined the lithium
trapped-hole center in MgO and showed that while the Li+

ion and the O– ion move toward each other, the axial O2- ion
moves away from the Li+ ion. Meng et al. [12] considered
the charge-state (+1, +2, and +3) stability of Ni and Cu
impurities in MgO and reported that the charge states are
intrinsically unstable to disproportionation. These investiga-
tions stimulated our interest to understand how the adsorp-
tion properties of Cr, Ni, Mo, and Pt depend on the nature of
the MgO surface when Mg2+ is replaced by Li+ or Na+.

The spin-state properties of transition metals on oxide
supports have received special attention. The spin state of
an adsorbed metal atom can be different depending on
whether it interacts with a pure site or an impurity site [13–
19]. To our knowledge, the dependence of the final spin
states of Cr, Ni, Mo, and Pt deposited on the cation
impurities Li+and Na+ replacing the regular Mg2+ site of
MgO(001) surface have neither been investigated theoret-
ically nor experimentally.

Computational models

The present computations are based on the use of density
functional theory and embedded cluster models, as applied
previously to the description of nondefective, pure nonpolar
oxide surfaces [20]. Here we study nondefective surfaces,
except that they may contain an impurity. For the ionic
solids MnO, FeO, CoO, NiO, CuO, and MgO, Illas and
coworkers [21, 22] established that an embedded cluster
model can be used as an alternative to periodic boundary
conditions. The embedded cluster model involves a finite
cluster that is modeled by assuming that the electronic
structure of the rest of the host crystal (which constitutes
the embedding medium) is the same as in the impurity-free
bulk system. This approach can also be used where the
embedded cluster contains an impurity [6, 23–26].

To represent the substrate without artificial flow of
charge, nonstoichiometric clusters with no border anions
have been embedded in arrays of point charges. This was

done by following an embedding procedure reported
previously for alkaline earth oxides [27–33]. First we
constructed a finite ionic crystal of 292 point charges. The
electric fields along the X and Y axes of this crystal are zero
by symmetry, as in the host crystal. The ±2 charges on the
outer shells were then modified, by using a fitting
procedure, to make the Coulomb potential at the four central
sites closely approximate the Madelung potential of the host
crystal and to make the Coulomb potential vanish at the eight
points with coordinates (0,±R,±R) and (±R,0,±R), where R is
half the lattice distance. For MgO, R is 2.105 Å, and the
modified charges are 0.818566 and 1.601818. The Coulomb
potential was calculated to be 1.748 at the four central sites
as compared with 1.746 for a simple cubic ionic crystal. All
charged centers with Cartesian coordinates Z greater than
zero were then eliminated to generate the (001) surface of
MgO with 176 charged centers occupying the three-
dimensional space with Z ≤ 0. The clusters of Fig. 1 were
then embedded within the central region of the crystal
surface, and the electrons of the embedded clusters were
included in the Hamiltonians of the ab initio calculations.
Other crystal sites entered the Hamiltonian either as full or
partial point charges.

Density functional calculations were performed by using
the B3LYP hybrid density functional [34–38]. This has
been used previously for the adsorption of metal atoms on
MgO [6, 22, 39–42], although it is known to result in some
systematic error [43]. The Stevens–Basch–Krauss compact
effective potential CEP basis sets [44–46] were employed.
For Li, O, Na, and Mg, the CEP double zeta basis set is
called CEP-31 G, and the CEP triple zeta basis set is called
CEP-121 G. For the heavier atoms considered here, there is
only one CEP basis set.

The surface ions surrounding the impurity were allowed to
relax to their perturbed equilibrium geometries. The pure
surface exhibits very small relaxations, and therefore surface
atoms are fixed at bulk lattice positions for the pure surface.
The adsorption energies have been calculated as

Eadsorption ¼ Ecomplex � Eadsorbate � Esubstrate: ð1Þ

With this choice, positive adsorption energies correspond
to exothermic adsorption processes. The present computa-
tions were carried out by using the Gaussian 98 computer
program [47], and figures were generated by using the
GaussView software.

Results and discussion

The spin-state properties of a metal atom deposited on a
surface site may be viewed as resulting from a competition
between Hund's rule for the adsorbed atom and the formation
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of a chemical bond at the interface [48]. The first factor
favors the high-spin multiplicity within the d-manifold for a
transition metal, while the second favors the low-spin
multiplicity, although the quantitative strength of the
favoring depends on the strength of orbital mixing [49].

In the present study, we have considered two electronic
states for each case. One corresponds to low spin (L), and
the other corresponds to high spin (H). In Table 1, the
electronic configurations of Cr, Ni, Mo, and Pt in the gas
phase are given for the high-spin and low-spin states, and
the high-to-low spin transition energy is also given. The
B3LYP/CEP-121 G calculation yields a high-to-low spin
transition energy of 0.823 eV for Cr, which is close to the
B3LYP theoretical result (0.793 eV) reported by [49] and to
the experimental result (− 0.941 eV) calculated by the same

authors from the NIST atomic spectral data base. On the
other hand, while our theoretical result for Ni (1.668 eV) is
not in agreement with (3.000 eV) reported by Markovits et
al. [49], and by Lopez et al. [48], it is closer to the
experimental result (1.826 eV) reported in [49]. The reason
for this discrepancy may be attributed to the different nature
of the periodic calculations, and of the basis sets employed
in the calculations. In [49] a plane wave basis set with a
cutoff of 396 eV has been used to describe the 3d electrons
of the metals and the valence electrons of MgO. The core
electrons were replaced by ultrasoft pseudopotentials, and
for transition metal atoms they have employed the small
core relativistic pseudopotentials proposed by Hay and
Wadt. They also used different Gaussian type orbitals GTO
basis sets for Mg and O. The basis sets and other

Fig. 1 Mg25O8 cluster showing
the metal adatom (M), and the
impurity cation (I). (a) free
cluster (b) embedded cluster

Table 1 The electronic configuration , orbital diagram, spin multiplicity, spin state, and spin transition energy of Cr, Ni, Mo, and Pt

Electronic configuration Orbital diagram Spin multiplicity Spin state EH�L
atom e:Vð Þ

24Cr [Ar] 3d54s1 3d54s1 ↑ ↑ ↑ ↑ ↑ ↑ 7 H -0.823
3d6 ↑↓ ↑ ↑ ↑ ↑ 5 L

28Ni [Ar] 3d84s2 3d84s2 ↑↓ ↑↓ ↑↓ ↑ ↑ ↑↓ 3 H -1.668
3d10 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ 1 L

42Mo [Kr] 4d55s1 4d55s1 ↑ ↑ ↑ ↑ ↑ ↑ 7 H -1.008
3d6 ↑↓ ↑ ↑ ↑ ↑ 5 L

78Pt [xe]4f145d96s1 5d96s1 ↑↓ ↑↓ ↑↓ ↑ ↑ ↑↓ 3 H -0.38 2
3d10 ↑↓ ↑↓ ↑↓ ↑↓ ↑↓ 1 L
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approaches reported in [50] are almost the same as those
reported in [49].

Consider the adsorption properties and the possible spin
quenching of high spin states of free metal atoms when
adsorbed on the Mg2+ site of the defect free surface, and Li+

and Na+ sites of the defect containing surfaces. The
nondefective MgO (001) surface exhibits very small relax-
ation only and therefore it has been kept fixed when
examining the adsorption of metal atoms. Surface relaxation
effects can be significant if discontinuities, like steps or point
defects, are present [51, 52]. Table 2 summarizes the results
obtained for several structure and energetic properties of Ni,
Pt, Cr, and Mo deposited on the Mg2+ site of the defect free
surface. As shown, the calculated adsorption energies in eV
for the high spin states are : -2.161(Ni), -1.657(Pt), -2.528
(Cr), -2.445(Mo), and for the low spin states : -2.068(Ni), -
1.302(Pt), -3.361(Cr), -3.472(Mo). Except for Pt, the
adsorption energies of the four transition metals in the low
spin states are significantly larger than those in the high spin
states. The metal-support interactions stabilize the spin states
of the adsorbed metals, with respect to those of the isolated
metals, and the effects were strong enough to quench the
spins, i.e, to change the sign of high to low spin transition
energies from negative to positive. As shown in Table 1, the
high to low spin transition energies are negative indicating
that the high spin states are favored. However, upon
interaction with the Mg2+ site of the defect free surface,
Table 2, the high to low spin transition energies of Cr and
Mo turn out to be positive, indicating that spin states are no
longer preserved and the low spin states are energetically
favored. While the adsorption energies of Cr and Mo (group
VIA) in the high spin states are smaller than those in the low
spin states, the adsorption energies of Ni and Pt (group
VIIIA) in the high spin states are greater than those in the
low spin states. Adsorption energies correlate inversely with
the adsorbate-substrate distances. As the strength of
adsorbate-substrate interaction increases, the corresponding
adsorbate-substrate distance decreases.

Table 3 summarizes the results obtained for structure and
energetic properties of Ni, Cr, Mo, and Pt deposited on the
cation impurity sites, Li+ and Na+, of the defect containing
surface. Upon metal deposition, the two impurity cations,
Li+ and Na+, relax vertically downward. It can be seen that
the magnitude of downward displacements of Li+ is
significantly larger than that of Na+ as a logical conse-
quence of the smaller size of Li+ relative to Na+. Moreover,
while the nearest neighbor surface O anions surrounding
the impurity cation Li+ do not relax outward toward the
nearest neighbor cations, the nearest neighbor surface O
anions surrounding the impurity cation Na+ relax outward,
again as a logical consequence of the larger size of Na+

relative to Li+. Except for Pt, all adsorption energies in the
low spin states are significantly larger than those in the high
spin states, and the adsorbate-substrate equilibrium dis-
tances are linearly correlated. All adsorption energies in the
high and low spin states of metals on Li+ impurity site are
significantly larger than those on the Mg2+ site. However,
on the Na+ site and apart from Pt, while adsorption energies
in the high spin states were larger smaller than those on the
Mg2+ site, adsorption energies in low spin states were
greater than those on the Mg2+ counterpart. Moreover, all
metal atoms get closer to the Li+ and Na+ sites than do to
the Mg2+ site. This goes in line with the strength of
interaction, since adsorption energies in the low spin states
are greater than those in the high spin states, and may be
generally explained on basis of the smaller Pauli repulsion
of the defect containing surface even though there was no
structure reorganization. In general terms, the behavior of a
single metal atom adsorbed on a particular surface is a
result of a competition between Hund's rule for the
adsorbed atom and the formation of a chemical bond at
the interface, where the first mechanism favors the highest
multiplicity within the near degenerate d-manifold, while
the second favors the largest possible coupling between
electrons.

It may be interesting to compare the high-to low-spin
transition energies of the free metals with the corresponding
high-to low-spin transition energies of the adsorbed metals.
This provides information on the change in the transition
energy induced by the surface. The data given in Tables 1,
2, 3 show that in all cases, except (Pt) on the defect free
surface, the energy required to go from the high to low-spin
state changes significantly when the support is present. The
results indicate that the spins of Ni and Pt are preserved
when the support is present regardless of the adsorption
site. This implies that even if the metal-support interaction
tends to stabilize the low spin-state with respect to the
isolated atom, this effect is not always enough to quench
the spin on the defective surface.

A revisit to Table 2 shows that while the adsorption
energies of Cr and Mo in the low spin states are greater

Table 2 Structural and energetic properties of Ni, Cr, Mo, and Pt
deposited on the Mg2+ site of the defect free surface of MgO

EH
ads: e:Vð Þ EL

ads: e:Vð Þ EH�L
complex e:Vð Þ rHe A rLe Að Þ

Ni -2.161 -2.068 -1.761 2.44 2.41

Cr -2.528 -3.361 0.010 2.78 2.75

Mo -2.445 -3.472 0.020 2.81 2.81

Pt -1.657 -1.302 -0.738 2.56 2.53

Eads.: adsorption energy

EH�L
complex e:Vð Þ: spin transition energy

H:high spin

L: low spin

r: adsorbate substrate distance
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than those in the high spin states, the adsorption energies of
Ni and Pt in the high spin states are greater than those in the
low spin states. This may be explained on basis of the extra
stability of Cr and Mo complexes in the low spin states, and
Ni and Pt complexes in the high spin states. The extra

stability allows for stronger interactions with the defect free
surface. When we come to consider the Li+ and Na+ sites of
the defect containing surfaces, the same reasoning may be
applied. In Table 3, apart from deposition of Pt on Na+, the
adsorption energies of Ni, Cr, Mo and Pt in the low spin

Table 3 Structural and energetic properties of Ni, Cr, Mo, and Pt deposited on Li+and Na+sites of the defect containing surface of MgO

Impurity cation Adsorbed metal EH
ads: eVð Þ EL

ads: eVð Þ EH�L
complex eVð Þ rHM Að Þ rLM ðAÞ rHI rLI ΔrHO ΔrLO

Li+ Ni -4.273 -5.131 -0.810 1.83 1.74 -0.59 -0.61 0.01 0.00

Cr -4.890 -6.361 0.648 1.83 1.83 -0.62 -0.63 0.00 0.00

Mo -4.956 -6.617 0.653 1.96 1.96 -0.63 -0.63 0.00 0.00

Pt -3.461 -3.707 -0.136 2.05 1.92 -0.54 -0.59 0.03 0.00

Na+ Ni -1.975 -2.262 -1.381 2.17 2.22 -0.18 -0.23 0.08 0.08

Cr -2.380 -3.491 0.288 2.38 2.27 -0.14 -0.24 0.08 0.10

Mo -2.174 -3.675 0.493 2.36 2.27 -0.08 -0.26 0.08 0.08

Pt -1.483 -1.043 -0.821 2.44 2.50 -0.20 -0.07 0.09 0.05

Eads:: adsorption energy

EH�L
complex: spin transition energy

H:high spin

L: low spin

rM : metal- substrate distance

rI : vertical displacement of the impurity cation, where a negative value a downward displacement

ΔrO: horizontal displacement of surface oxygen ions surrounding the impurity cation, where a positive value denotes displacement outward

Fig. 2 Frontier orbitals of free metals and metal complexes in the high and low spin states. (a) free metals, (b) metal complexes with Mg2+ site,
(c) metal complexes with Li+ site, and (d) metal complexes with Na+ site
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states are greater than those in the high spin states. Again,
this may be explained on basis of the extra stability of metal
complexes in the low spin states where the metal-support
interactions stabilize the low spin states of Ni and Pt and
the effect is not enough to quench the spins.

Following the language of frontier orbital analysis one
can see from Fig. 2 that the energy gaps between the
HOMOs of the high spin states and the LUMOs of the low
spin states of Cr and Mo complexes are always greater
than those of Ni and Pt. Since spin quenching occurs for
Cr and Mo complexes only, we can conclude that there is
an inverse correlation between the process of spin
quenching and the magnitude of the energy gap between
the HOMO of the high spin state and the LUMO of the
low spin state.

The density functional theory data using atomic symme-
try for space and spin, restricted open-shell DFT (RODFT),
or allowing a spin and space broken symmetry solution,
unrestricted DFT (UDFT) are given in Table 4. The
difference between UDFT and RODFT atomic energies is
taken as a measure for spin polarization effects [49]. Spin
polarization is the degree to which the spin, i.e., the
intrinsic angular momentum of elementary particles, is
aligned with a given direction. It may refer to (static) spin
waves, preferential correlation of spin orientation with
ordered lattices (semiconductors or insulators). If the UDFT
and RODFT atomic energies are very close, this will
indicate that spin polarization effects are rather small. The
high to low spin transition energies of the metals adsorbed
on Mg2+ site of the defect free surface and Li+ and Na+ sites

Metal EH
UDFT (Eh) EH

RODFT (Eh) ΔEH
S:PðDFTÞeV site EH�L

Complex(eV) qH qL

Ni -169.44960 -169.44814 -0.040 Mg2+ -1.761 0.52 0.52

Li+ -0.810 -0.24 -0.32

Na+ 1.381 0.28 0.28

Cr -86.51021 -86.27303 -6.454 Mg2+ 0.010 0.96 0.93

Li+ 0.648 -0.58 -0.62

Na+ 0.288 0.32 0.18

Mo -67.88161 -67.88140 -0.006 Mg2+ 0.020 0.80 0.79

Li+ 0.653 -0.95 -1.00

Na+ 0.493 0.17 0.12

Pt -119.70322 -119.68160 -0.588 Mg2+ -0.738 0.25 0.20

Li+ -0.136 0.09 -0.12

Na+ 0.821 0.15 0.12

Table 4 Atomic spin polariza-
tion data of Ni, Cr, Mo, and Pt
deposited on Mg2+ site of the
defect free surface, and Li+and
Na+sites of the defect contain-
ing surfaces of MgO, high to
low spin transition energy, and
metal Mulliken charges

U : unrestricted

RO : restricted open

sp: spin polarization

EH�L
Complex: high to low spin

transition energy

q: metal Mulliken charge

Table 5 Spin contamination, structural and energetic properties, and population analysis of metal complexes at the Mg2+ site of the defect free
surface (Mg26O9)

Complex 2 S+1 ‹s2› s ( s +1) Spin
contamination

re
(Å)

Mulliken spin
density

Mulliken charge Natural
charge

Natural population
(total)

Ni 1 0.0 0.0 0.0 2.41 0.52 0.66 27.34

3 2.006 2 0.006 2.44 0.92 0.52 -0.15 14.15

Cr 5 7.019 6 1.019 2.75 5.25 0.93 -2.13 14.13

7 12.015 12 0.015 2.78 4.99 0.96 0.78 23.22

Mo 5 7.020 6 1.020 2.81 5.16 0.79 0.75 41.25

7 12.019 12 0.019 2.81 5.03 0.80 -2.07 23.07

Pt 1 0.0 0.0 0.0 2.53 0.19 0.29 77.71

3 2.044 2 0.044 2.56 0.83 0.25 -0.28 39.28

(2 S+1): spin multiplicity

S:
P

i
si total spin or 1/2 the number of unpaired electrons

‹s2 ›: average value of total spin

[‹s2 › - S(S+1)]: spin contamination

re: adsorbate-substrate distance

H : High spin

L : Low spin
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of the defect containing surface are given in Table 4 for
correlation with the atomic spin polarization data. As can
be seen, for the same group of transition metals , Ni and Pt
in group (VIII) and Cr and Mo of group (VIA), spin
polarization effects are inversely correlated with spin
transition energies, i.e, the larger the former the smaller
the latter. This in turn implies that spin polarization effects
tends to reverse the spin states of adsorbed metals with
respect to those of the free metals. Hence spin polarization

tends to quench the spins of the transition metals within the
same group regardless of the adsorption site, Mg2+ of the
defect free surface or Li+ and Na+ sites of the defect
containing surface at the DFT level of theory.

The positive charge distribution on the metals that are
deposited on the surface cations of MgO, Table 4, suggests
that while charge transfer takes place from the metals to the
Mg2+ and Na+ surface sites, it takes place from the Li+

surface sites to the metals. This may be explained on basis

Table 6 Spin contamination, structural and energetic properties, and population analysis of metal complexes at the Li+ site of the cation impurity
surface (Mg26O9)

Complex 2 S+1 ‹s2› s ( s +1) Spin
contamination

re
(Å)

Mulliken spin
density

Mulliken
charge

Natural
charge

Natural population
(total)

Ni 1 0.0 0.0 0.0 1.74 -0.32 0.93 27.07

3 2.0109 2 0.0109 1.83 1.39 -0.24 1.11 26.89

Cr 5 6.0629 6 0.0629 1.83 4.09 -0.62 1.22 22.78

7 12.064 12 0.064 1.83 4.20 -0.58 1.23 22.77

Mo 5 6.0272 6 0.0272 1.96 3.88 -1.00 1.14 40.86

7 12.027 12 0.027 1.96 4.02 -0.95 1.16 40.84

Pt 1 0.0 0.0 0.0 1.92 -0.12 0.76 77.24

3 2.023 2 0.0229 2.05 0.97 0.09 0.73 77.27

(2 S+1): spin multiplicity

S:
P

i
si total spin or ½ the number of unpaired electrons

‹s2 ›: average value of total spin

[‹s2 › - S(S+1)]: spin contamination

re: adsorbate-substrate distance

H : High spin

L : Low spin

Table 7 Spin contamination, structural and energetic properties, and population analysis of metal complexes at the Na+ site of the cation impurity
surface(Mg26O9)

Complex 2 S+1 ‹s2› s ( s +1) Spin
contamination

re (Å) Mulliken spin
density

Mulliken charge Natural charge Natural population
(total)

Ni 1 0.0 0.0 0.0 2.22 0.28 0.79 27.21

3 2.0443 2 0.0443 2.17 0.97 0.28 0.71 27.29

Cr 5 6.7193 6 0.7193 2.27 5.00 0.18 0.94 23.06

7 12.0167 12 0.0167 2.38 5.02 0.32 0.80 23.20

Mo 5 6.4767 6 0.4767 2.27 4.77 0.12 0.98 41.02

7 12.0140 12 0.014 2.36 5.21 0.17 0.78 41.22

Pt 1 0.0 0.0 0.0 2.50 0.12 0.45 77.54

3 2.0955 2 0.0955 2.44 0.54 0.15 0.40 77.60

(2 S+1): spin multiplicity

S:
P

i
si total spin or ½ the number of unpaired electrons

‹s2 ›: average value of total spin

[‹s2 › - S(S+1)]: spin contamination

re: adsorbate-substrate distance

H : High spin

L : Low spin
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of the larger effective nuclear charges of Mg2+ and Na+

cations compared with that of Li+ cation.
For systems with a spin multiplicity other than one, it is

not possible to use the restricted Hartree-Fock or density
functional theory method as is. In an unrestricted calcula-
tion, there are two complete sets of orbitals, one for the
alpha electrons and one for the beta electrons. Usually these
two sets of orbitals use the same set of basis functions but
different molecular orbital coefficients. The advantage of

UHF or UDFT calculations is that they can be performed
very efficiently. The disadvantage is that the wave function
is no longer an Eigenfunction of the total spin, <S2>, thus
some error may be introduced into the calculation. This
error is called spin contamination. Spin contamination
results in having wave functions which appear to be the
desired spin state, but have a bit of some other spin state
mixed in. This occasionally results in slightly lowering the
computed total energy due to having more variational
freedom. Since this is not a systematic error, the difference
in energy between states will be adversely affected. A high
spin contamination can affect the geometry and population
analysis and significantly affect the spin density.

As a check for the presence of spin contamination, we
report the expectation value of the total spin, <S2>, Tables 5,
6, 7. If there is no spin contamination this should equal S(S+
1) where S equals half times the number of unpaired
electrons. To examine how spin contamination affects the
results, we report the adsorbate substrate distance re,
Mulliken spin density, Mulliken charge, natural charge, and
natural total population obtained from the method of natural
bond orbital analysis NBO, in addition to the spin transition
energy EH�L

complex of Ni, Cr, Mo, and Pt low and high spin
complexes at the defect free and defect containing surfaces.
Despite that it is less common to find significant spin
contamination in DFT calculations, Tables 5, 6, 7 show that
spin contaminations of Cr and Mo low spin complexes at the
defect free surface of MgO can be significant. In Table 5,
spin contamination of the low spin complexes of Cr and Mo
are significantly greater than those of Ni and Pt. This is
correlated linearly with the adsorbate-substrate distance,
Mulliken spin density, Mulliken charge, and natural charge,
and inversely with the total natural population, spin
transition energies, and adsorption energies, see Table 2 for
the last quantity. Most of the previous trends observed for
metal complexes on the Mg2+ site of the defect free surface
are also observed for Li+ and Na+ sites of the defect
containing surfaces, Tables 6 and 7.

We aim now to establish relations between atomic or
molecular frontier orbitals at one hand, and the adsorption
and spin state properties at the other hand. The highest
occupied atomic orbitals HOAOs and lowest unoccupied
atomic orbitals LUAOs of the free metals, and the highest
occupied molecular orbitals HOMOs and lowest unoccu-
pied molecular orbitals LUMOs of metal complexes at the
Mg2+ site of the defect free surface, and Li+ and Na+ sites
of the defect containing surfaces of MgO are collected in
Fig. 2. As can be seen, the LUAOs of the free metals either
in their high or low spin states are comparable in energies
in consistence with their spin preservation property, namely,
the high spin states are always energetically preferred than
that of the low spin states. When we come to consider
metals in complexes, the LUMOs of complexes in their

Fig. 3 Collective electrostatic potential energy curves E(a.u) as functions
of the distances perpendicular to the surface site R(Aº) for metal
complexes in the high spin states. (a) Mg2+ site (b) Li+site (c) Na+site
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high and low spin states exhibit linear correlations with
adsorption energies, Tables 2 and 3. The LUMOs of Cr and
Mo complexes are always greater than those of Ni and Pt.
The adsorption energies of Cr and Mo complexes in their
high and low spin states are also greater than those of Ni
and Pt counterparts. On the other hand, spin quenching
occurs for Cr and Mo complexes that are characterized with
high LUMOs relative to those of Ni and Pt counterparts.
Moreover, as evident from Tables 2 and 3, the low spin
complexes of Cr and Mo are more stable than their high
spin counterparts in contrast with Ni and Pt complexes.
This extra stability allows for stronger interaction with the
surface. In other words, the interaction in this case is strong
enough to quench the spin, and spin pairing mechanism
dominates Hund’s rule.

Finally, in order to understand the possible electrostatic
contributions to the defect free and defect containing
surfaces, and to provide further rationalization and charac-
terization of adsorption and spin quenching properties, we
calculated the electrostatic potentials over the Mg2+ site of
the defect free surface, and Li+ and Na+ sites of the defect
containing surface, Fig. 3. The electrostatic potential curves
E(a.u) are given as functions of the distances perpendicular
to the surface R(A0). As shown, the electrostatic potentials
provide unique characterization of surface sites. The
electrostatic potential curves of the spin quenched com-
plexes of Cr and Mo are symmetrically distributed between
those of Ni and Pt complexes, increase as the perpendicular
distances to the surface decrease, and converge at approx-
imately 1.5 A0 above the surface. The high and low spin
electrostatic contributions of each complex split at approxi-
mately 0.5 A0 above the surface. No negative electrostatic
potentials were detected and the strength of electrostatic
contributions of metal complexes follows the order Pt>Mo>
Cr>Ni. The electrostatic potential contributions to the low
spin states of metal complexes are greater than those of the
high spin states at about 0.5 Ao from the surface and
coincide at larger distances. Adsorption and spin quenched
properties of complexes at the defect free and defect
containing surfaces are therefore characterized, and the
observed behavior is basically attributed to the metal surface
interactions. More specifically, the interaction between the
dz2electrons of the metal, and the outer valence electrons of
Mg2+, Li+ and Na+ cations.

Conclusions

An attempt has been made to understand the simultaneous
adsorption –spin state behavior of a set of transition metals
deposited on Mg2+ site of the defect free surface, and the
Li+ and Na+ impurity sites of the defect containing surfaces
of MgO. This behavior results from a competition between

chemical bonding and magnetism, and is important to
understand the role of the support and the considerable
practical and technological consequences. In this case, it
should be possible prepare oxide surfaces where adsorbed
metal atoms exhibit selected nonmagnetic or magnetic
ground state. For example, the reactivity of adsorbed metal
atoms will be different depending on whether the magnetic
moment is quenched or not.

From the set of results presented in this work it appears
that the strength of adsorbate-substrate interactions, and the
possible quenching of magnetic moment of adsorbed metals
on an oxide surface are strongly dependent on the choice of
the metal and the support. Spin polarization and contami-
nation as well as electrostatic potentials can characterize the
adsorption and spin state properties at the defect free and
defect containing (001) surfaces of MgO. Theoretical
calculations should explicitly consider the open shell
character of the adsorbate.
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