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Abstract
Using all electron fully relativistic DFT calculations we have computed the EPR properties of Au atoms bound to various sites of the
MgO surface. Changes in g-tensor and hyperﬁne coupling constants provide a way to identify the gold adsorption site and to map the
surface morphology by comparison of measured and calculated EPR spectra. We found a strong reduction of the isotropic hyperﬁne
coupling constant, aiso(Au), for adsorbed gold compared to the free atom; this reduction, which is about 45% for terrace sites, is more
pronounced when Au interacts with low-coordinated sites like steps, edges and corners where it is about 60%. The reduction of aiso(Au) is
accompanied by a corresponding increase of the superhyperﬁne interaction with the surface oxygen sites, as measured by aiso(17O). Large
anisotropies in the g-tensor are computed for all sites.
Ó 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Thanks to spectacular advances in surface science and
surface chemistry techniques, it is possible nowadays to
prepare in a controlled way assemblies of atoms on ‘‘inert’’
supports and manipulate them at the atomic scale. Examples of chemistry on single metal atoms have been reported
[1–5], showing also that modiﬁcations of the chemical
activity are possible by stabilizing the metal atoms at speciﬁc defects of the surface [1]. This activity opens stimulating perspectives in the ﬁeld of nanotechnology. Using an
STM tip it has been possible to selectively charge Au atoms
deposited on NaCl thin ﬁlms [6]; in a diﬀerent experiment
the deposition of Au atoms on Al2O3 ultra-thin ﬁlms
grown on NiAl(1 1 0) leads to peculiar nano-structures [7];
etc. One general problem connected to this research area
*
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is the characterization of the electronic properties of the
supported metal atoms. Indirect information can be obtained from adsorption of CO molecules and from the
measurement of their vibrational shift, but some care is
required in the interpretation of the results [8]. Few examples of direct measurements of optical transitions have also
been reported, showing the importance of a combined theoretical–experimental approach for the assignment of the
observed absorption bands [9,10].
A very powerful technique to study properties of isolated atoms on a support is electron paramagnetic resonance (EPR), provided that the atom possesses unpaired
electrons. This technique is usually employed on polycrystalline materials with high-surface area, like for instance
MgO powders. Using this technique, the group of Giamello
has been able to identify the properties of isolated alkali
metal atoms adsorbed on MgO powders [11–15]. Recently,
it has been found that K atoms are stabilized at speciﬁc
morphological sites of MgO, the reverse corners, where

C. Di Valentin et al. / Surface Science 600 (2006) 2434–2442

they are suﬃciently strongly bound to survive up to 380 K
[16]. Above this temperature diﬀusion and aggregation processes take place. The MgO surface acts as a kind of ‘‘solvent’’ which perturbs the spin properties of the adsorbed K
atom, and its hyperﬁne coupling constants (hfcc) deviate
strongly from that of the free atom. In particular, the isotropic constant, aiso, is reduced by 50% when K is adsorbed
on a reverse corner [16], despite the fact that no charge
transfer, nor s-to-p hybridization occur, at variance with
the usual interpretation of changes in aiso by formation
of new bonds in chemical compounds [17]. DFT calculations have been of key importance to unravel the origin
of these eﬀects. In general, the combined use of EPR measurements and ab initio calculations represents a very useful approach to characterize the properties of paramagnetic
species in inorganic materials [18,19].
A similar analysis of EPR results obtained under UHV
conditions using a thin MgO ﬁlm prepared by chemical
vapor deposition is considerably more diﬃcult. Here the
advantage is the absence of impurities in the oxide support
and the atomistic control of the surface morphology thanks
to the possibility to use scanning tunneling microscopy
(STM) for the characterization of the top layer of the ﬁlm
[20]. The price to pay, however, is a considerable loss in
EPR signal intensity as the surface area at disposal is
strongly reduced, from hundreds of m2/g of powder samples, to 1–2 cm2 in the thin ﬁlm regime. With a typical
amount of 1 g of powder material this corresponds to an
intensity ratio of approximately 106 in favor of the powder
assuming equivalent coverage. The detection limit of
X-band EPR equipment renders the minimal number of
paramagnetic centers for this class of species to be approximately 1012 spins. However, this is suﬃcient to collect well
resolved EPR spectra for paramagnetic defects [20] or
paramagnetic atoms adsorbed on thin, single crystalline
MgO ﬁlms grown on Mo(1 0 0) [21] as reported recently.
The study of deposited Au atoms at very low temperature
(30 K) has unambiguously shown adsorption on top of
oxygen anions of the MgO(1 0 0) terraces [21]. Changes of
the order of 50% have been observed in the aiso value of
the adsorbed Au atom, in analogy with the results for K
on MgO powders [16], despite the fact that diﬀerent
adsorption sites have been identiﬁed (ﬂat terraces for Au
and reverse corners for K).
These experimental studies open various questions for
theory. In fact, in both studies the role of the calculations
has been important to provide a theoretical frame to explain the observed reduction of aiso. In fact, the EPR properties of atoms such as K and Au are very sensitive probes
for the interaction with diﬀerent surface sites. Depending
on the experimental conditions it should be possible to
populate a variety of diﬀerent adsorption sites. A theoretical mapping of the EPR properties is important to properly
identify the sites as well as to understand the details of the
metal–oxide interaction. This is even more important when
the bonding involves defect centers like for instance oxygen
vacancies or divacancies. This mapping, which has been re-
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ported for K on MgO [16], does not exist for Au, and is the
subject of the present paper. A diﬃculty connected to the
theoretical treatment of Au, not present with K, is that
relativistic eﬀects are essential and need to be included
explicitly.
The present paper reports calculations of the bonding
properties of Au on various sites of MgO (position, binding
energy, etc.) and of the corresponding EPR properties,
hyperﬁne coupling constants (both isotropic and dipolar
parts) and g-tensors. To this end we have performed cluster
model calculations of the Au/MgO interaction using two
diﬀerent codes: Gaussian03 (G03) [22] for geometry optimizations and Amsterdam Density Functional (ADF)
[23–26] for all electron relativistic calculation of the spin
properties. The results provide a basis for future interpretation of experimental EPR results on MgO substrates decorated by Au atoms.
2. Details of calculations
The calculations have been performed at the DFT level
using embedded cluster models. For geometry optimizations we used the G03 code [22] and the gradient-corrected
B3LYP [27,28] and PW91 [29] exchange-correlation functionals. For these calculations we used a scalar relativistic
eﬀective core potential (ECP) for Au. For this ECP the
5s25p65d106s1 electrons are treated explicitly as valence
electrons (19-electron ECP [30]). The use of an ECP on
Au does not allow to compute the hyperﬁne coupling constants (hfcc) for this nucleus. This is done using the ADF
code (see below). The g-values have been evaluated in selected cases with G03 using the spin–orbit perturbation
scheme of Neese [31]. The Mg and O atoms of the support
have been treated at the all electron level using a 6–31 G*
GTO basis sets [32] (6–31 G on the Mg atoms second
neighbors of Au). The MgO clusters have been embedded
in point charges (PC) and ECPs with no associated basis
functions to provide a simple representation of the ﬁnite
size of the Mg cations at the interface between the cluster
and the PCs (these atoms are indicated as Mg*). We also
tested a simpliﬁed embedding approach where the MgO
cluster is embedded only in a set of PCs since this is the
method used in the ADF calculations. In this case, to avoid
possible artifacts due to the absence of interface Mg*
atoms, we have carefully checked the results versus the size
of the MgO cluster. In the geometry optimizations the Au
atom and the nearest neighbor O atoms are free to move,
the rest being ﬁxed at truncated bulk positions.
The EPR properties have been determined at the all
electron relativistic level using the zero order regular
approximation (ZORA) [33–37] to the Dirac equation as
implemented in the ADF code [23–26]. The calculations
have been performed using the PW91 functional (hybrid
functionals are not implemented in ADF) using large
STO basis sets: uncontracted [23s15p11d5f] basis for Au
[36]; uncontracted [7s4p1d] and [5s3p1d] basis sets for
Mg and O, respectively.
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The use of clusters embedded in PCs in the ADF code
does not allow a full geometry optimization and therefore
the search for the optimal structure was done using the
G03 code. The determination of the EPR parameters has
been done by performing a single point calculation at the
optimal geometry obtained with G03 (PW91 functional).
In the case of adsorption on a terrace we have veriﬁed that
practically the same adsorption properties were obtained
by performing a point-by-point optimization with ADF.
Using both G03 and ADF codes, we performed a careful
analysis of the dependence of the results on: (a) cluster size,
(b) embedding procedure (simple embedding in PCs or in
PCs and ECPs), (c) basis set of Au, (d) exchange-correlation functional (B3LYP, PW91, or other functionals).
The results, not reported in full detail, show a remarkable
stability, in particular as far as the adsorption geometry is
concerned. As it will be discussed below, this is the most
important ingredient for the determination of the hfcc’s.
In the following we report only hfcc’s obtained with the
largest MgO clusters used.
The hyperﬁne spin-Hamiltonian, Hhfc = S Æ A Æ I, is
given in terms of the hyperﬁne matrix A which describes
the coupling between the electron and the nuclear spins
[38]. The components of A can be represented as the sum
of an isotropic part, aiso, related to the Fermi contact term,
and the matrix B which represents the ‘‘classical’’ dipolar
interaction between two magnetic (electron and nuclear)
moments. Typical anisotropic interactions can be observed
when the unpaired electron is in directional orbitals like p,
d, f, etc. The A tensor can therefore be represented in matrix notation as A = aiso1 + B. The hyperﬁne interactions
of the electron spin with the nuclear spin of the 197Au
and 17O nuclides have been determined at two levels. In
the ﬁrst case we performed spin-polarized scalar relativistic
calculations without spin–orbit coupling (SR). In the second case spin–orbit eﬀects (SO) are included explicitly
and the calculations are done using spin-restricted density
functional [36].
The quality of the relativistic approach and of the basis
set on Au can be veriﬁed by computing the hfcc of the free
atom, Table 1. At the SR level (PW91 functional)
aiso = 1069 G is very close to the experimental value for
the gas-phase atom, 1089 G [39,40]. PBE [41] or BLYP
[42,28] functionals provide similar answers, Table 1. The
inclusion of spin–orbit coupling has only a moderate eﬀect

Table 1
Isotropic hyperﬁne coupling constant (in G) of gas-phase Au atoma

PW91
PBE
BLYP
Exp.
a

SR

SO

1061
1115
1063

1076
1097
1049
1089 [39,40]
1180–1120 [58]

SR = scalar relativistic, SO = spin–orbit; results obtained with the
ZORA approach.

on aiso which goes from 1069 G (SR) to 1076 G (SO), Table
1. These results reproduce those described in Ref. [36].
However, in comparing calculated and experimental hfcc’s,
one has to keep in mind some approximations in the theoretical approach. First of all, we considered a point nuclear
model. It has been reported that the use of a more realistic
ﬁnite size of the Au nucleus can have the eﬀect to reduce
the hfcc by about 13% [43]. In general, the quantitative calculation of hfcc’s for transition metal systems is still a challenge to quantum chemistry. Core-shell spin polarization
and spin contamination eﬀects contribute to intrinsic
uncertainties [44]. Furthermore, small changes are connected to the choice of the exchange-correlation functional.
For all these reasons, an agreement of computed versus
measured values of the isotropic part of the hfcc’s of 10–
15% has to be considered as satisfactory.
3. Results and discussion
3.1. Au/MgO adsorption properties
The optimal geometry and adsorption energy, Ea, of Au
atoms on various sites of the MgO surface are reported in
Table 2. The Ea values are not corrected by the basis set
superposition error and, therefore, are slightly overestimated. Beside the ﬂat (1 0 0) terraces, we considered edge,
step, double step, corner and reverse corner sites, see
Fig. 1. We also considered Au adsorption on a point defect
like an oxygen vacancy, or F center [45]. The adsorption of
Au on ﬂat terraces has been addressed also in other theoretical studies, using periodic supercell calculations and
plane wave basis sets [46–48] or cluster models and atomic
orbital basis sets [49,50]. It represents therefore a good test
of the approach used here. Au binds to a ﬁve-coordinated
O anion, O5c, with a binding energy of 1.20 eV (PW91) or
0.77 eV (B3LYP). The relatively large diﬀerence in Ea with
the two functionals is not surprising as it is well known that
the adsorption energies of metal atoms on oxide surfaces
depend quite strongly on the exchange-correlation funcTable 2
Computed adsorption energy, Ea, and Au–O equilibrium bond distance,
re, for a Au atom adsorbed on various sites (see Fig. 1) of the MgO surface
(G03 results)
MgO site

Terrace
Edge
Step
Double
step
Corner
Reverse
corner
F center
a

Cluster

PW91

B3LYP

Ea,a eV

re, Å

Ea,a eV

re, Å

O9 Mg9 Mg16
O10 Mg10 Mg14
O12 Mg12 Mg17
O12 Mg12 Mg18

1.20
1.34
1.52
1.56

2.298
2.240
2.310
2.469

0.77
0.99
1.09
1.13

2.339
2.259
2.276
2.377

O4 Mg4 Mg6
O11 Mg11 Mg18

1.48
2.01

2.186
2.474/2.726

1.20
1.41

2.206
2.474, 2.946

O20 Mg21 Mg16

3.30

2.858a

2.89

2.875b

The Ea values are not corrected by the basis set superposition error
and, therefore, are slightly overestimated.
b
Distance from the nearest Mg cation.
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Fig. 1. Optimal geometry of a Au atom adsorbed on various sites of the MgO surface. (a) Terrace; (b) edge; (c) step; (d) double step; (e) corner; (f) reverse
corner.

tional used [51]. According to our experience, among gradient-corrected functionals, B3LYP and PW91 provide a
lower and an upper bound to the adsorption energy of
metal atoms on MgO, respectively. Both functionals indicate a signiﬁcant bond strength, of the order of 1 eV, much
higher than that of an atom like K to the same site (0.20 eV
at the B3LYP level [16]). On the other hand, the Au–O distance, about 2.3 Å, varies only slightly with the functional
used, Table 2 and Fig. 1(a). The changes in geometry with
the size of the cluster are very small. The results are close to
those obtained using a periodic approach [46] where it was
found that Au binds with a distance of 2.276 Å and a binding energy of 0.89 eV (PW91 results) to the surface oxygen.
The diﬀerence in binding energy between cluster and periodic models using the same PW91 functional must be ascribed to the occurrence of the basis set superposition
error in the former case. Other theoretical studies give a
O–Au distance which goes from a minimum of 2.24 Å to
a maximum of 2.34 Å and a binding energy which, depend-

ing on the exchange-correlation functional, goes from 0.74
to 1 eV [46–50]. The distance of Au from the O5c anion of
the MgO(1 0 0) surface has been optimized also by points
using the ADF code and two cluster models, O9Mg9 and
O21Mg21, embedded in PCs. No relaxation of the substrate
is allowed in this case. At the SR level the distance is
2.322 ± 0.001 Å. The results are very close to those obtained with G03 using an ECP for Au and a full geometry
optimization.
The binding energy of Au increases when the interaction
involves other sites, in particular low-coordinated anions.
On an edge site, Fig. 1(b), the bonding is slightly stronger
than on a terrace, being 1.34 eV (PW91) or 0.99 eV
(B3LYP); this corresponds also to a reduction of the O–
Au distance of 0.06–0.08 Å, Table 2. On this site gold interacts with only one oxygen. On a mono-atomic step, beside
the interaction with the O4c ion, there is also interaction
with the O5c anion of the basal plane, Fig. 1(c). This leads
to a small increase of the binding energy (1.52 eV at the
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PW91 level and 1.09 eV with B3LYP), which is not accompanied by a shortening of the O4c–Au distance, Table 2.
The bond strength on a step is very similar to that found
on a double step, Fig. 1(d), where Au binds simultaneously
to two equivalent O4c ions; in this case the O–Au distance is
considerably larger than on a step, and even larger than
that of the terrace sites, Table 2. A three-coordinated oxide
anion of a corner, O3c, exhibits a O–Au bond strength similar to that of step and double-step sites, but a much shorter equilibrium distance which reaches the shortest value
among the cases considered here, 2.19–2.20 Å, Table 2
and Fig. 1(e). We will see below that this leads also to
the largest reduction of aiso(Au). The last site considered
is a reverse corner, Fig. 1(f), where Au binds simultaneously to two O4c and to one O5c anion. This leads to a
considerably higher binding energy, 2.0 eV in PW91 and
1.41 eV in B3LYP. The reverse corner is therefore the most
stable adsorption site, in full analogy with what found for
K/MgO [16]. On this site the Au atom is equi-distant from
the two O4c atoms, with O–Au separations of about 2.47 Å,
and a longer distance from O5c, 2.73 Å, Fig. 1(f).
Completely diﬀerent is the bonding of a Au atom to a
neutral oxygen vacancy ðF0s Þ. Here the bond strength is
of 2.9 eV (B3LYP) or 3.3 eV (PW91), and the Au atom is
close to the Mg cations of the vacancy. The details of this
interaction such as the bond strength or the partial charge
transfer from the F center to gold, etc. have been described
elsewhere [46]. Here we are only interested in the optimal
geometry to be used in the determination of the hfcc’s
and g-tensors.

3.2. Hyperﬁne coupling constants
The computed spin population and hfcc’s of Au/MgO
are collected in Table 3. We start our discussion with the
terrace sites. At the equilibrium Au–O distance (computed
with G03), aiso is strongly reduced from the gas-phase
value: 591.8 G at the SR level and 608.1 G after inclusion
of spin–orbit eﬀects. Performing a point-by-point optimization at the SR level aiso(Au) is practically the same, 604 G
[21]. The spin population on Au however, about 0.8, indicates that the 6s orbital of Au is singly occupied and that
little charge transfer has occurred upon adsorption. The
fact that the inclusion of SO does not alter the results obtained at the SR level has already been observed for the
free atom, Table 1, and applies to all cases considered,
see Table 3. The computed aiso(Au) corresponds to about
55% of the free atom value. This strong reduction in the
isotropic component is not accompanied by an appreciable
increase of the dipolar part which is 2.6–2.7 G, Table 3.
These results have been obtained with a O21Mg21 cluster,
but very similar are those obtained with O9Mg9 and
O13Mg13 clusters (not reported here for brevity).
The main diﬀerence between Au and K adsorbed on
MgO is that K is weakly bound on the ﬂat MgO terraces
so that its distance from the surface is long, 2.88 Å, and
the reduction of aiso is not very pronounced (about 20%
[16]). Au is more strongly bound to MgO, by about 1 eV,
Table 2, and its distance from the surface is comparatively
shorter, so that also the eﬀect on aiso is larger. In fact, there
is a direct, almost linear relationship between aiso(Au) and

Table 3
Adsorption energy and hyperﬁne coupling constants of Au atoms adsorbed on regular and low-coordinated sites of the MgO surfacea
Site

Cluster

Ea, eV

Spin density

197

17

Au

O

aiso, G

B1, B2, B3, G

aiso, G

B1, B2, B3, G

Terrace

O21Mg21

1.01
0.91

SR
SO

0.78
–

591.8
608.1

2.7, 2.7, 5.4
2.6, 2.6, 5.2

39.4
29.7

11.1, 11.1, 22.2
13.5, 13.5, 27.0

Edge

O10Mg10

1.18
1.19

SR
SO

0.77
–

492.8
508.7

4.4, 2.5, 6.9
3.2, 4.3, 7.5

49.7
37.0

12.4, 12.4, 24.8
15.6, 16.4, 32.0

Step

O24Mg24

1.51
1.56

SR
SO

0.71
–

501.0
506.0

4.3, 0.7, 5.0
3.6, 2.8, 6.4

36.3
25.4

11.6, 11.6, 23.2
12.7, 14.9, 27.6

Double step

O20Mg20

1.49
1.44

SR
SO

0.76
–

538.7
524.8

3.6, 0.7, 2.9
2.6, 3.3, 5.9

25.9
20.8

7.4, 7.4, 14.8
6.3, 9.3, 15.6

Corner

O10Mg10

1.31
1.32

SR
SO

0.78
–

410.5
418.5

4.1, 4.1, 8.2
3.9, 3.9, 7.8

56.0
45.1

10.4, 10.4, 20.8
13.7, 13.7, 27.4

Reverse corner

O17Mg17

1.78

SR

0.75

552.6

2.1, 1.4, 3.5

1.87

SO

–

542.9

2.9, 0.3, 3.2

15.7b
10.5c
14.7b
9.3c

3.17
3.20

SR
SO

0.36
–

156.3
159.3

2.5, 2.5, 5.0
12.5, 12.5, 25.0

F center
a

O20Mg21

–
–

4.2,
3.9,
3.2,
3.1,

4.2,
3.9,
4.4,
3.9,

8.4b
7.8c
7.6b
7.0c

–
–

Results obtained by performing a single point calculations on the optimal geometry obtained at PW91 level with G03, see Table 2. The Ea values are
not corrected by the basis set superposition error and, therefore, are slightly overestimated.
b
Values for the O4c ions of the reverse corner, see Fig. 1(f).
c
Values for the O5c ion of the reverse corner, see Fig. 1(f).
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Fig. 2. Dependence of the isotropic hyperﬁne coupling constant of the
surface O5c terrace ion on the O–Au distance, r (Å). The results refer to the
O21Mg21 cluster. The arrows indicate the position of the lowest energy
conﬁguration.

the surface distance [21]: shorter O–Au distances correspond to smaller aiso(Au) values. This implies also that
small errors in the computed adsorption distance will reﬂect in similar uncertainties in the predicted aiso.
The large reduction of aiso(Au) is a direct consequence
of the interaction with the oxygen atom of the surface.
The spin density is polarized away from the surface to reduce the Pauli repulsion and partially delocalized over
the oxide anion. The use of the 17O isotope allows the
determination of the superhypeﬁne interactions [16,21].
The calculations show that the hyperﬁne constant on the
O5c surface ion is relatively large, aiso(17O)  30 G at
the SO level, with an important dipolar contribution,
13.5 G. Also the O5c anion isotropic hfcc changes with
the O–Au distance in a linear way, Fig. 2. A shorter distance corresponds to a larger absolute value of aiso(17O).
This is consistent with a larger hybridization of the O
and Au valence orbitals for closer contacts, with partial
transfer of the spin density from Au to O.
The hfcc’s for Au/MgO have recently been determined
from EPR experiments on Au atoms deposited at very
low temperature on MgO thin ﬁlms in UHV; the experiments show that the atoms are directly on-top of the oxide
anions [21]. It was found that aiso(Au) is 501 G and
A?(17O) = 20 G, in qualitative agreement with the present
calculations. The accurate measurement of aiso(Au) allows
us to conclude that the computed value is overestimated
and that there is space for improvement of the theoretical
data. On the other hand, the very small dipolar part of
the hfcc for both Au and O isotopes is correctly reproduced, showing that the essential ingredients of the Au–
MgO interaction are properly described at this level of
theory, taking into account the intrinsic limitations in the
calculation of the isotropic part of the hfcc discussed above
(see Section 2). The EPR signal observed in the experiments correspond to Au atoms sitting on the ﬂat terraces
of MgO [21]. A small fraction of Au atoms does also nucle-
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ate on lower coordinated sites, such as corners or edges,
however, it has not been possible to detect signals arising
form these sites. In this respect a knowledge of the magnetic properties of Au atoms bound to low-coordinated
sites can be very valuable.
We consider ﬁrst Au adsorbed on an edge site, Fig. 1(b),
where the O–Au distance is slightly shorter than on the terrace, Table 2. Here aiso(Au) is 492.8 G (SR) or 508.7 G
(SO), i.e., considerably smaller than on a terrace. Notice
that these values are in much better agreement with the
experimental data than those computed for terrace sites.
On the other hand, the fact that the Au atoms are on-top
of O5c ions on ﬂat (1 0 0) terraces is shown unambiguously
by angular dependent measurements that allow the determination of the symmetry and direction of the tensor
[21]. In this respect the experimental data are of great
importance to estimate the level of accuracy of the computed values. The dipolar part is very small and similar
to the terrace case and will not be further discussed. The results are very similar (virtually indistinguishable) from
those obtained for a step site, Fig. 1(c), aiso(Au) = 501.0 G
(SR) or 506.0 G (SO), Table 3. A small diﬀerence is found
for aiso(17O); in particular, this is larger for the edge than
for the step site (37 G versus 25 G at SO level, Table
3). The reason is that while on an edge site Au interacts
with just one O4c anion, Fig. 1(b), on a step there is a weak
interaction also with a O5c anion of the basal plane,
Fig. 1(c), and the spin density is distributed over two O anions (the second aiso(17O) is small, 6.7 G).
On a double step, Fig. 1(d), Au interacts simultaneously
with two O4c ions and the O–Au distance increases to
2.47 Å, Table 3. Compared to edge or step sites aiso(Au)
is slightly larger, 538.7 G (SR) or 524.8 G (SO). The smallest value of aiso(Au), 400 G, Table 3, is found for a corner
site, O3c, where the O–Au distance becomes 2.19 Å. Not
surprisingly, aiso(17O) increases in absolute value and
becomes 45 G (SO). On a reverse corner, Fig. 1(f), the
O4c–Au distance is similar to that found on a double step
and aiso(Au) is also comparable, 553 G (SR) or 543 G
(SO), i.e., it is only slightly reduced compared to a terrace
site. This is diﬀerent from the case of K/MgO where going
from adsorption on a terrace to a reverse corner the reduction with respect to the free atom goes from 20% to
50% [16].
The last case considered is that of a neutral F0 center.
The adsorption of a Au atom on this diamagnetic defect
leads to a paramagnetic center. We have considered only
the F center located at the ﬂat terraces of MgO despite
the fact that F centers form preferentially on low-coordinated sites, like steps or edges [20,52]. The F center is a
strong binding site for Au and other metal atoms [46].
The computed EPR properties are indicative of an unusual
interaction. aiso(Au) is drastically reduced, 156 G (SR) or
159 G (SO), without increasing the dipolar part, Table 3.
This strong reduction can be attributed to a charge transfer
from the F center to the Au atom, which becomes negatively charged, with transfer of the spin density towards

2440

C. Di Valentin et al. / Surface Science 600 (2006) 2434–2442

the vacancy. A closer inspection shows that the spin population on Au is 0.36 only, and is mainly on a pz orbital normal to the surface, not on the 6s orbital. This explains the
large reduction of aiso and the corresponding increase of
the dipolar part, in particular at SO level, see Table 3.
The rest of the spin is localized in the vacancy. This results
in a hyperﬁne interaction with the Mg cation at the bottom
of the vacancy (second layer of the MgO surface),
aiso(25Mg) = 12.5 G (SR) or 10.5 G (SO). The interaction with the four Mg ions in the top layer is smaller,
aiso(25Mg) ﬃ 4 G at both SR and SO levels. With respect
to a paramagnetic F+ center computed at the same level for
a truncated bulk geometry, there is a small increase of the
hyperﬁne coupling with the apical Mg ion (2.7 G) while
the value for the four Mg ions at the surface, 5.3 G, is
similar. The similarity of the 25Mg hyperﬁne constants in
Au/F(MgO) and F+(MgO) suggests that the electronic
structure of the surface complex can be described as
Au/F+(MgO) and is a proof of the occurrence of a charge
transfer.
3.3. g-Tensor
We ﬁrst consider the computed g-tensor for Au bound
on terrace sites using diﬀerent methods and models. For
this system well deﬁned experimental data are available
[21]. This allows a direct comparison of this delicate
quantity. The results show a strongly anisotropic g-tensor,
but the values change as function of the theoretical treatment. The size of the cluster has little eﬀect on the g-tensor: the values calculated with ZORA and O9Mg9 and
O21Mg21 clusters diﬀer on the third decimal place, Table
4. Also the DFT functional, although important, does

Table 4
g-Values of Au atoms adsorbed on regular and low-coordinated sites of
the MgO surfacea
Site

Cluster

Method

g1, g2, g3

Terrace

O9Mg9

G03 (PW91)
G03 (B3LYP)
ZORA (PW91)
ZORA (PW91)
Exp. [21]

2.1297,
2.1219,
2.0739,
2.0759,
2.0652,

O21Mg21
MgO

2.1297,
2.1219,
2.0739,
2.0759,
2.0652,

2.0077
2.0080
1.9706
1.9680
1.9904

Edge

O10Mg10

G03 (PW91)
ZORA (PW91)

2.1553, 2.1483, 2.0092
2.0970, 2.0818, 1.9659

Step
Double step
Corner

O24Mg24
O20Mg20
O10Mg10

ZORA (PW91)
ZORA (PW91)
G03 (PW91)
ZORA (PW91)

2.0612,
2.0644,
2.2075,
2.1393,

Reverse corner

O17Mg17

G03 (PW91)
ZORA (PW91)

2.1349, 2.0649, 2.0052
2.1542, 2.0281, 1.9570

F center

O20Mg21

G03 (PW91)
G03 (B3LYP)
ZORA (PW91)

2.0043, 1.9475, 1.9475
2.0048, 1.9506, 1.9506
1.9321, 1.5831, 1.5827

a

2.0501,
2.0025,
2.2075,
2.1393,

1.9773
1.9893
2.0075
1.9588

ZORA (SO) results obtained by performing a single point calculation
on the optimal geometry obtained at PW91 level with G03, see Table 2.

not change dramatically the values of the g-tensor:
PW91 and B3LYP results obtained with G03 on O9Mg9
clusters are similar, Table 4. The largest diﬀerence is
found when G03 and ZORA values are compared using
the same cluster, exchange-correlation functional, and
geometry (see O9Mg9 results in Table 4): the G03 values
are much larger than those obtained with ZORA. These
latter are reasonably close, given the approximations of
the method, to the experimental ones: gk = 1.9680, g? =
2.0760 (ZORA) versus gk = 1.9904, g? = 2.0652 (exp.)
[21]. The better evaluation of the g-tensor at the ZORA
level is not unexpected. In fact, diﬀerently from most approaches where the g-tensor is calculated by means of second order perturbation theory and the spin–orbit eﬀect is
included only in ﬁrst order [31], in ZORA spin–orbit is
treated variationally [37]. This is particularly important
in situations of near orbital degeneracy where a perturbative treatment becomes unreliable. Even with ZORA however the diﬀerence between computed and experimental
values is relatively high, being on the second decimal
place. This, together with the previous discussion suggests
that the values of the g-tensors provide at best a qualitative and certainly not a quantitative estimate of the experimental values.
With this in mind we have computed the g-tensors for
Au atoms adsorbed on various sites of the MgO surface,
Table 4. In some cases we compare the ZORA results with
G03 calculations performed with the same PW91 functional. For all adsorption sites the g-values are much more
shifted with respect to the free electron value than for the
terrace. Most sites exhibit an orthorhombic signal, with
the exception of the corner site where the signal is uniaxial,
Table 4. The tendency of G03 to give much larger values
than ZORA is conﬁrmed for all sites considered.
We also considered Au atoms adsorbed on a neutral F
center. We have seen above that this is a special bonding
interaction. With G03 (PW91) gk = 1.9475 and g? =
2.0043, two values close to those obtained with B3LYP,
gk = 1.9506, g? = 2.0048, Table 4. The axial component
is below the free electron value while the perpendicular
one is above it. These values diﬀer completely from those
obtained with ZORA: gk = 1.93207, and g? = 1.58308, Table 4. Such a large deviation from the free electron value,
and the strong discrepancy with the G03 value, cast serious
doubts on the calculation of this quantity. We have seen
above that in principle ZORA performs better in situations
of near orbital degeneracy and for heavy atoms [31,37]. On
the other hand, ZORA does not include spin polarization
which is expected to improve the results. The reasons for
the large discrepancy between G03 and ZORA in the calculation of the g-tensor for Au adsorbed on a neutral F center
of MgO, are not yet clear.
This discussion shows how delicate the calculation of gfactors is for heavy elements where spin–orbit coupling is
important. In fact, the theory underlying this property is
still under development, and new methods are presently
under investigation [53–57].
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4. Conclusions
We have studied the adsorption and spin properties of
isolated Au atoms on various sites of the MgO surface,
including oxygen vacancies. Aim of the paper is to provide
a map of hyperﬁne coupling constants and g-tensors deduced from ﬁrst principles calculations to be used in connection with experimental data for the identiﬁcation of
sites where the Au atoms are stabilized. Recent EPR studies on Au atoms deposited on MgO(1 0 0) thin ﬁlms at very
low temperature (30 K) have shown that the Au atoms are
preferentially bound to the O5c sites of the MgO ﬂat terraces [21]. However, the low diﬀusion barrier for Au on
MgO, 0.24 eV according to DFT calculations [46], suggests
that at higher temperatures other more strongly binding
sites will be populated to a larger extent. This is indeed
the case of K atoms deposited on high-surface area MgO
at RT where the K atoms are stabilized on reverse corners
[16].
An eﬀect common to both Au and K atoms is the strong
reduction in the isotropic hfcc upon adsorption. Compared
to the gas-phase atom, aiso is reduced by about 50%. The
change in isotropic hfcc is not related to the occurrence
of charge transfer to or from the surface or to intra-unit
s–p hybridization of the Au atom. Rather, it is due to an
expansion of the outer 6s electron to reduce the Pauli repulsion with the surface, accompanied by a moderate transfer
of spin density to the surface oxygen. In this work we have
shown that the aiso value is diagnostic of the site where gold
is stabilized, although in some cases the diﬀerences are too
small to allow a distinction. This could be facilitated by the
combined analysis of g-tensor and hfcc’s, but some care is
needed in the analysis of the results as it is clear that both
quantities are reproduced with some errors due to inherent
approximations in the computational method.
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