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Effect of surface site on the spin state of first-row transition metals adsorbed on MgO:
Embedded cluster model and hybrid density functional theory calculations
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The interaction of first-row transition-metal atoms with low-coordinated oxygen atoms and oxygen vacan-
cies of the MgO surface at low coverage has been studied systematically using an embedded-cluster model
approach and hybrid density functional theory calculations. It was found that the interaction with these defects
is much stronger than with the regular sites but in general insufficient to change the number of unpaired
electrons in the free metal atom. Nevertheless, the larger interaction at these sites reduces the energy required
to switch from high spin to low spin. These findings are in agreement with previous work on the adsorption of
transition-metal atoms on regular anionic sites of the MgO(001) surface. Our results show that the spin state of
adsorbed metal atoms on oxide supports needs to be explicitly taken into account.
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I. INTRODUCTION

Transition metal atoms, clusters and nanoparticles sup-
ported on various oxide surfaces have broad applications in
different industrial processes, especially in catalysis,!~* but
also in other equally important and relevant technologies.’”’
This has stimulated active research on the fundamental un-
derstanding of structural and electronic properties of the
metal—support interface either from experimental or theo-
retical points of view.81° From the experimental side, con-
siderable progress has been achieved with the study of the
electronic and geometric properties of supported metal
particles.!' More recently, sample manipulation at the atomic
scale has enabled the preparation and analysis of individual
atoms, dimers and trimers of Pd supported on MgO(001)'?
and of individual Au atoms on MgO.'>!* Theoretical studies
have also reached a point where the structure of rather large
supported clusters can be determined using first-principles
methods,'3-%° thus extending earlier work based on the use of
pair potentials.”! A number of theoretical studies using either
cluster or periodic models have chosen MgO(001) as repre-
sentative of a nonreducible substrate and focused on the
strength of the metal-oxide interaction, the nature of the
chemical bond between transitions metals and this perfect
oxide surface, on the electronic properties of the adsorbed
atoms?>2° and, more recently on the metal/oxide interface
Cu(MgO(001) and Ni/Mg(001) systems.*® Yudanov et al.”’
have studied the low coverage regime and classified the
transition-metal atoms into two main groups, one containing
atoms that tend to form relatively strong bonds with the sur-
face oxygen anions of MgO (Ni, Pd, Pt, and W), and one
containing atoms that have weak interaction with the MgO
surface (Cr, Mo, Cu, Ag, and Au). A recent comprehensive
article by Cinquini et al.®' includes a discussion of the main
bonding mechanism and how morphology, presence of de-
fects, doping and functionalization, redox properties, and
substrate thickness affect the properties of supported metal
atoms and nanoparticles.

An important consequence of the interaction between
transition-metal atoms or clusters with MgO(001) at very
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low coverage is that it may induce changes in the electronic
states of the supported particle or adsorbed atom.3>33 The
effect of the substrate on the electronic states of the adsor-
bate is easily analyzed in the case of first-row transition met-
als atoms. For the isolated atoms except Cr, the electronic
ground state is a d"s* whereas upon adsorption the electronic
ground state becomes d"*'s!. At the same time, a concomi-
tant change is induced in the total spin (particularly, on the
magnetic moment) of the adsorbed atom. Markovits et al.>*
found that the energy required to change the atomic state
from high to low spin of first-row transition metals (Ti, V, Cr,
Fe, Co, and Ni) supported on the MgO (100) surface is lower
than that for of the isolated atoms, leading in some cases to a
change in the multiplicity of the ground state with respect to
the free atoms such as V, Ni, and Co.

The above discussion refers to the interaction of
transition-metal atoms with regular sites of the perfect
MgO(001) surface. However, it is well known that point de-
fects, in particularly oxygen vacancies, play a key role in
defining the properties of adsorbed metal atoms and clusters.
For instance, vacancies bind large clusters strongly enough
to trap them.® The important role of oxygen vacancies has
been stressed by Pacchioni, who has termed them “invisible
agents” of surface chemistry.’® Nevertheless, little is known
about the influence of these point defects on the relative en-
ergy of the low lying states and, in particular, of the energy
required to switch from low spin to high spin. In the case of
Ni atoms adsorbed on oxygen vacancies at low coverage, the
interaction energy between the metal and the support is much
larger than on regular sites, resulting in a diamagnetic ad-
sorbed species, and the energy required to reach the high-
spin state increases in opposition to the trend found for the
first-row transition-metal atoms on the regular sites of the
perfect MgO(001) surface.’” The fact that the interaction
with different sites induces qualitatively different changes on
the energy required to switch from low spin to high spin may
have technological consequences and merits a more detailed
study. This is the main goal of the present paper.
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FIG. 1. (Color online) Schematic depiction of the quantum-mechanical region of the embedded-cluster models use to represent (a) the
regular terrace site, (b) the step site, (c) the edge site, and (d) the Fg oxygen vacancy site.

II. SURFACE MODELS AND COMPUTATIONAL DETAILS

The interaction of first-row transition-metal (TM) atoms
with various sites of the MgO surface at low coverage has
been studied by means of an embedded-cluster approach, a
natural choice when focusing on low coverage situations
and/or involving point defects. Regular terrace, step, edge,
and F surface oxygen vacancy (arising from the removal of
one neutral O and leaving two electrons in the cavity) sites
have been considered and modeled by appropriate embedded
clusters containing a quantum mechanical (QM) and a clas-
sical region.?82%3438 Here, it is worth pointing out that F,
vacancies are most numerous at step edges and the model
used here refers to a terrace F center. This is used to explore
the effect of a larger value of the interaction energy on the
energy difference between low- and high-spin state of the

adsorbed TM atom. The QM region is divided into two main
parts, QM1 and QM2. QM1 contains the Mg and O atoms,
which are explicitly treated by an appropriate quantum
chemical method, whereas QM2 contains a set of total ion
model potentials (TIMP) representing all Mg?* cations which
are directly in contact to any of the oxygen atoms in the
QM1 region. The classical region contains an array of point
charges (PC) forming a unit cell of 1.2 nm introduced to
account for the long-range Madelung potential. The TIMPs
and point charges (PC= *2) are located at the lattice posi-
tions, which were taken from the experimentally determined
MgO bulk structure. QM1 regions for terrace, step, edge, and
F, center are MgyO,y, two different Mg;yO;, clusters, and
Mg,30,,, respectively (Figs. 1). The TM atom has been
placed above an anionic site of the MgO(100) surface, the
most favorable adsorption site at regular terraces.?’-2%3
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TABLE 1. Experimental ground state (electronic configuration
and lowest multiplet) and ground state (electronic configuration and
number of unpaired electron) predicted by the B3LYP method.

Calculated B3LYP
ground state

Experimental Electronic Number of unpaired
ground state configuration electrons

Ti ...3d*4s*C’F) ...3d%s? 2

\Y% ...3d%4s2(*F) ..3d%4s? 3

Cr ..3d%4s'(’S) ...3d%4s! 6

Mn ...3d°452(5S) ...3d%4s? 5

Fe ...3d%4s2(°D) ...3d%s? 4

Co ..3d7452(*F) ..3d"4s? 3

Ni ...3d%4s2C’F) .3d¥4s? 2

The QM1 region is described by explicit electronic struc-
ture calculations including all electrons of the atoms in this
region while the QM2 contains just Mg effective core poten-
tial with a total charge of +2. The total energy of the QM
region was calculated using density functional theory with
the hybrid B3LYP exchange-correlation potential.*’ This en-
sures a correct description of the electronic ground state of
first-row transition-metal atoms and a reasonable description
of the energy difference between low lying electronic states
with different spin multiplicity.** In addition, the B3LYP ad-
sorption energies of transition-metal atoms on regular sites of
the MgO(001) are rather independent on the basis set.?3
Standard Gaussian type orbital basis sets have been used to
expand the Kohn-Sham electron density. A 6-31 G(d,p) basis
set was used for selected surface Mg and O atoms close to
the adsorption center whereas the 3-21 G(d,p) basis set was
used for the remaining atoms in the QM1 region. The
LANL2 effective core potential with its corresponding
LANL2DZ basis set was used for the transition-metal atoms.
Geometries of the adsorbed metal atom and MgO atoms in
the QM1 directly interacting with it have been fully opti-
mized while the rest of the atoms in the QM1 and QM2
regions are kept fixed at the bulk value.

All electronic structure calculations have been carried out
within the spin unrestricted implementation of the Kohn-
Sham scheme using GAUSSIAN 03 suite of programs.*!

III. RESULTS AND DISCUSSION

The experimental and calculated ground state of the first-
row transition-metal atoms in the gas phase are shown in
Table I. Note that because of the use of a single Slater deter-
minant as in the standard Kohn-Sham implementation of
density functional theory, it is not possible to assign space
and spin symmetry to an open shell solution.*>* The mul-
tiplet structure can be recovered by making use of the sum
rule as suggested in the currently classical articles of Bennet
and Bagus® or Rauk, Baerend, and Ziegler.*® For the present
purposes, however, it is sufficient to rely on the electronic
ground-state configuration. At this qualitative level the
B3LYP properly describes ground-state electronic configura-
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tion of the isolated atoms as already shown in previous
work.3*

Next, we briefly describe the general trends corresponding
to the adsorption energy of the first-row transition-metal at-
oms in the terrace, step, edge, and F sites. The adsorption
energies have been calculated as

E,4 = E(TM) + E(MgO) — E(TM/MgO) (1)

where E(TM) is the energy of the isolated free transition-
metal atom in its ground state, E(MgO) is the energy of the
cluster model, and E(TM/MgO) the energy of the super sys-
tem in the electronic ground state. For the F, oxygen va-
cancy, with two electrons in the cavity, we considered a
closed-shell low-spin state. Positive values of the adsorption
energy correspond to an exothermic process. The adsorption
energies at terrace sites calculated by means of a cluster
model have found to be rather independent of the cluster size
provided that an adequate embedding scheme is used.?®%
However, one must admit that this is not fully guaranteed
when dealing with other properties or other sites. Neverthe-
less, there is enough evidence to expect that the general
qualitative trends will remain upon increasing the clusters
size. For instance, embedded cluster for F, centers at ter-
races, steps, and corners have been used to study the excita-
tion energies of the trapped electrons and predicted values
which have been later confirmed by experiment.*’” Similar
cluster modes have been used to interpret the optical spectra
of supported Cu atoms and nanoclusters’® as well as to as-
sign point defects in MgO nanocrystals.*** Therefore, it is
expected that the cluster models used in this work provide
meaningful results for the properties of interest. It is also
clear that the calculated values are also affected by the
choice of the exchange-correlation potential and by the basis
set superposition error used, although the latter can be cor-
rected by standard methods. In any case, results reported in
the present work have not been corrected by the basis set
superposition error because the main goal here is to analyze
both the energy required to switch from high-spin to low-
spin state and the trends along the series as well as, for each
transition-metal atom, along the type of surface site. These
trends will not be affected by including such correction.
First of all, it is interesting to explore the electronic con-
figuration of the adsorbed metal atoms which are summa-
rized in Table II. For the interaction of the first-row
transition-metal atoms with the regular site, the overall de-
scription is very close to those reported in previous work
using a similar approach. Thus, the only appreciable change
with respect to the free atom is the hybridization between 4s
and 3d orbitals with negligible contribution of the 4p sub-
shell and no appreciable charge transfer. This is clear from
the new results presented in Table II which have been ob-
tained from a natural bond orbital (NBO) population
analysis.”® This analysis reveals that, for the interaction with
regular terrace sites, the total number of electrons on the
adsorbed atom is very close to that obtained for the free
atom. In all cases involving regular terrace sites, the elec-
tronic ground state of the adsorbed atom tends to maintain
the spin state of the free atom except for the case of Ni and
Co where the electronic ground state of the adsorbed atom
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TABLE II. Electron configuration (EC) and total number of electrons (N,) for first-row transition-metal atoms (Ti to Ni) adsorbed on
different sites of the MgO(100) surface as predicted from a NBO population analysis.

Atom Site
Free Regular Edge Step F,
EC N, EC N, EC N, EC N, EC N,

T 452382 4 As1TI3@254p003 400 45161342514p002 414 45123 P64p008 404 45162342804,026 468
v 452383 5 451653BA04p001 506 4515233554p002 500 451423 BTAR00T 503 4gl4134405450.09 565
Cr 451385 6 4510034984002 600 4514534404p003 607 451493gH604p008 617 45140344934,024 657
Mn 452385 7 41351545002 700 45135345704p004 703 45157355374p001 705 4519134510450.16 723
Fe 452340 8 4s1S93g0424p003 g4 45149346404p009 801 4515234047401 8.1 451543468045035 875
Co 4523d7 9 4516377854004 905 4141347534007 9] 451363776345012 911 4199347984503 9.9
Ni 452345 10 4509430155002 1011 45136348554p008 999 45125348754p012 1012 4513349714000 11,15

represents a qualitative change with respect to the free-atom
situation mentioned by Markovits et al** This is in agree-
ment with a bonding interaction between the transition-metal
atom and the regular anionic sites dominated by the polar-
ization of the transition-metal atom induced by the presence
of the underlying ionic substrate.?’~2° On the other hand, the
interaction of the transition-metal atoms with low-
coordinated anionic sites and with F¢ centers results in stron-
ger adsorption energies.”?37>1-35 The effect is greater when
the interaction takes place above the low-coordinated sites,
whereas the effect on the electronic structure of the adsorbed
atom is larger when the interaction takes place above the F
center; see Tables II and III. This may be explained by the
following argument; the interaction above low-coordinated
sites faces a smaller Pauli repulsion because the oxygen an-
ion electron density is more delocalized and results in a
larger value of the calculated adsorption energy. The interac-
tion above the F center is different, since the final adsorp-
tion energy is not as large as in the case of the step or edge
sites (Table IIT) but produces a larger change in the atomic
electron density (Table II). The increased adsorption energy
is accompanied by notable changes in the electronic configu-
ration of the adsorbed metal which is progressively changed
by a charge transfer from the anionic sites mainly to the 3d
shell but also with an increasing participation of the 4p or-

TABLE III. Calculated B3LYP adsorption energies (eV) for the
TM atoms supported on an anionic site of the terrace, step, edge,
and Fy sites of MgO. The number of unpaired electrons for the
electronic ground state is given in parenthesis to compare to results
for the free atom also given in Table I.

™ Site
Terrace Step Edge Fq

Ti (2) 1.21 (2) 4.16 (2) 2.60 (2) 1.26 (2)
vV (3) 1.01 (3) 3.93 (3) 2.48 (3) 1.50 (5)
Cr (6) 0.40 (6) 2.72 (4) 1.78 (4) 1.29 (6)
Mn (5) 0.60 (5) 2.78 (5) 1.56 (5) 0.49 (5)
Fe (4) 0.81 (4) 3.22 (4) 2.08 (4) 1.32 (4)
Co (3) 0.80 (1) 3.42 (3) 2.15(3) 2.23 (1)
Ni (2) 1.33 (0) 3.34 (2) 1.95 (2) 2.48 (0)

bitals. The resulting adsorbed metal atom and almost O~ sur-
face ion can be regarded as an effective ion pair which is
held together by covalent interaction and stabilized by the
long-range Madelung potential.

Concerning the calculated adsorption energies, the values
for the interaction above the regular site strongly agree with
previous work although the coincidence may be fortuitous
since the present values have been obtained with the B3LYP
exchange-correlation potential and with an embedded-cluster
model whereas those reported by Markovits et al3* were
obtained using a periodic slab model and the PW91 poten-
tial. Nevertheless, it is interesting to note that the present
adsorption energies (B3LYP) for Ni, Co, Fe, Mn, and Cr
compare well with the BP96 and RPBE values reported re-
cently in a systematic study by Neyman et al.> However, the
B3LYP values are always somewhat smaller in line with pre-
vious findings.?®?° The values corresponding to the interac-
tion with anion sites at step and edges follow the same trend
as for the interaction on the terrace sites. The adsorption
energy first decreases from Ti to Cr and then increases from
Mn to Co with Co and Ni exhibiting a different trend which
may be understood by the change in the spin state when the
interaction involves a regular site. Overall, the adsorption
energy is largest for the step site although the one corre-
sponding to the edge is also, in all cases, larger than the one
corresponding to the regular site, a result that is in line with
experimental findings showing that nucleation of metals on
oxide supports takes place preferentially at line defects.’®—>8
The trend is, however, different for the interaction above the
F site, a result also found by Neyman et al.,> and this has
implications on the high- to low-spin transition energy as
discussed below.

Now we come to the central point of the present work,
namely, the effect of adsorption site on the high- to low-spin
transition energies. The B3LYP calculated high- to low-spin
(AEML) transition energies are summarized in Table IV and
Fig. 2. A negative sign indicates that the ground state corre-
sponds to the low-spin state. It is important to point out that
the B3LYP calculated transition energies for the isolated
transition-metal atoms have an average error of 0.4 eV (Ref.
34) and most of the values in Table IV follow in this range.
Nevertheless, the important point here is the trend when
moving the transition-metal atom from one site to another
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TABLE IV. Calculated B3LYP high- to low-spin (AEX™5) tran-
sition energies (in eV) for the TM atoms supported on an anionic
site of the terrace, step, edge and Fg sites of MgO. A negative
number indicates a change in the spin state of the adsorbed metal
atom with respect to the free atom.

™ Site
Terrace Step Edge Fg

Ti 0.84 0.83 0.44 1.42
\%A -0.07 -0.66 -0.67 0.13
Cr 0.14 -0.26 -0.62 0.02
Mn 1.36 1.30 1.55 0.41
Fe 1.19 0.91 1.00 0.03
Co —-0.06 0.52 0.33 -0.07
Ni -0.02 0.59 0.13 -0.38

“For V the high spin state considered is a sextuplet arising from the
45'3d* electronic configuration.

and this is likely to be correct at least qualitatively. More-
over, quick inspection of Table II shows that in most cases
the number of unpaired electrons for the adsorbed atom re-
mains the same as in the free atom. Therefore, one may
expect that at very low coverage adsorbed transition-metal
atoms will display a net magnetic moment even when the
interaction takes place above low coordinate anions or above
oxygen vacancies. This is quite a new and unexpected result
since one would expect that a larger value of the interaction
energy will produce a total quench of the spin in the ad-
sorbed metal atom. Nevertheless, the analysis of Fig. 2
clearly shows that there is a change in the transition energy
required to switch from high spin to low spin (AE?~t), which
is induced by the underlying oxide support surface. In almost
all cases the energy required to go from the high spin to low
spin decreases when the support is present and in a few cases
such as V, Co, and Ni on terrace sites and Co and Ni on Fyg

3,3 - —&— Step

—&=— Regular
2,8 4 —e—Edge

Fs
2,3
1,8

1,3 4

0,8

Adsorbed metal AE (eV)

FIG. 2. (Color online) Calculated B3LYP high- to low-spin tran-
sition energies for first-row transition-metal atoms adsorbed on
various regular, low-coordinated and defect sites of the MgO
surface.
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sites, the low-spin state becomes the ground state. Note that
for Co and Ni, the results on these two sites are also in
agreement with previous findings.>*>> A low-spin electronic
ground state is also found for the interaction of V and Cr at
the low-coordinated sites (step and edge) and this coincides
with the fact that the metal-support interaction is the largest.
These results seem to indicate that partial spin quenching
will only take place in situations leading to a large enough
adsorption energy. Notice, however, that in order to compare
with previous work® and with the case with V at the Fg
center (see below) the high spin state of V is a sextuplet state
arising from the 4s'3d* electronic configuration which is the
ground state for the PW91 functional. In any case, the trend
emerging from the present model calculations indicates that
the metal-support interaction tends to stabilize the low-spin
state with respect to the isolated atom, the low-spin state
becoming the ground state only in some cases (Co and Ni at
terrace and Fy sites but not at step and edge and Cr at step
and edge but not at terrace and Fj).

The interaction with the Fg center merits a separate dis-
cussion since results show that in almost all cases AEL the
transition energy exhibits the largest decrease. In these cases
it is clear that the low-spin state is more favored because of
the formation of a direct bond between the adsorbed
transition-metal atom and the electronic levels corresponding
to the oxygen vacancy electrons. Nevertheless, Ti and V are
exceptions. For the adsorbed Ti and isolated atom the AE""
transition energies are 1.42 and 1.54 eV, respectively, which
show almost no variation. This behavior can be easily under-
stood in terms of the Hund rules since adsorbed Ti has a
degenerate HOMO-1 which is composed mainly of the metal
d,, and d,, orbitals thus stabilizing the triplet state. In the
other adsorption site this situation is not present and the
AE"L energy decreases. For the free V atom and also for the
adsorbed one at the regular and low-coordinated sites, the
ground state is a quadruplet arising from the 4s23d° configu-
ration, as mentioned above. However, for the V atom at the
F; center, we find that the electronic ground state is a sextu-
plet arising from the 4s'3d* configuration. This change has
a chemical origin, the highest occupied molecular orbital
(HOMO) has a strong antibonding character thus causing a
larger destabilization of the V/F, complex compared with
sextuplet multiplicity.

IV. CONCLUSIONS

The interaction of first-row transition-metal atoms with
regular, low-coordinated (step and edge) and oxygen va-
cancy sites of the MgO surface at low coverage has been
studied in a systematic way using embedded-cluster models
and a hybrid density functional theory approach with a focus
on the electronic structure of the adsorbed atom and on the
energy required to partially quench the total spin of the free
atom. The interaction above low-coordinated anions is found
to be substantially stronger than on the regular terrace sites,
the final adsorption energy being two to three times larger.
The interaction above the regular oxygen vacancy sites is
also stronger than that at the regular terrace sites but gener-
ally smaller than for the interaction above low-coordinated

075426-5



FLOREZ et al.

surface oxygen anions. This is in agreement with experimen-
tal evidence that nucleation takes place preferentially at these
sites.”® In spite of the enhanced interaction with the sub-
strate, the adsorbed atomic electronic ground state tends to
preserve the number of unpaired electrons as found in the
case of the regular terrace sites. However, for the largest
adsorption energy such as Cr at step and edge sites, a partial
spin quench is observed.

To summarize, first-row transition-metal atoms on low co-
ordinated and oxygen vacancies of the MgO surface tend to
preserve the electronic configuration and number of unpaired
electrons as in the free atom. Nevertheless, the larger inter-
action at these sites induces a reduction of the energy re-
quired to switch from high spin to low spin. In most cases,
however, the decrease is not enough to even partially quench
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the spin of the adsorbed atom. These findings are in line with
previous results reported on the interaction with the regular
terrace sites and show that the spin state of adsorbed metal
atoms on oxide supports has to be explicitly considered.
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