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ABSTRACT: Recent experiments have shown that Co atoms deposited on NaCl/Au(111)
ultrathin films give rise to spontaneous substitutional doping of the NaCl layer (Li et al. Phys.
Rev. Lett. 2014, 112, 026102 ). In this work, the interaction of Co atoms deposited on NaCl/
Au(111) films is investigated by means of density functional theory calculations. Co atoms
have been adsorbed on various sites of the surface of unsupported and supported two- and
three-layer NaCl films; incorporation of the Co atoms in interstitial positions or replacement
of Na and Cl lattice ions has also been investigated. The Co adsorption properties are
compared with those of Ag and Au atoms. We found that all metal atoms interact strongly
with NaCl/Au(111) films, giving rise to large structural distortions of the insulating layer.
Co, Ag, or Au incorporation in interstitial positions between the first and second NaCl layers
is thermodynamically preferred over adsorption on surface sites. The results show the
reactivity of NaCl with Co is higher than that with Ag and Au and the large structural
flexibility of ultrathin films of insulating materials grown on a metal support compared to the
unsupported NaCl counterpart.

1. INTRODUCTION

Deposition of gas-phase metal atoms on the surface of
insulating or semiconducting materials is a topic of interest
for the investigation of the mechanisms of diffusion, nucleation,
growth, and stabilization of supported metal nanoparticles.1−4

These systems find application in a variety of advanced
technologies, like the preparation of sensors or of heteroge-
neous catalysts, study of optical properties of nanoparticles
interfaced with semiconducting materials, design of magnetic
systems at the nanoscale, etc. To reach an atomic character-
ization of the deposited species, one has to use typical tools of
surface science like X-ray photoemission spectroscopy (XPS),
electron energy loss spectroscopy (EELS), scanning tunneling
microscopy (STM), etc.5−7 Most of these techniques require
the use of a conducting support, in contrast with the insulating
nature of the materials normally employed as supports of metal
nanoparticles in technological applications.
The need to characterize the material at an atomic level has

prompted the design of new systems consisting of insulating
thin films, from just one to a few atomic layers, epitaxially
grown on a metal substrate.8,9 These systems have permitted a
deep characterization of both structural and electronic
properties of the support, showing in some cases the typical
behavior of the corresponding bulk material and, in others,
strong deviations from it.10−13 This is related to the very low
dimensionality of the film, which can result in unexpected and
interesting properties.
Once the supporting insulating material is prepared, one can

deposit atoms, clusters, or nanoparticles with various methods
and study their properties.14,15 Soft landing techniques
guarantee that the deposited species do not produce damage

on the surface, resulting in a noninvasive atom or cluster
deposition. In some cases even mass-selected clusters can be
deposited, producing collections of nanoclusters all having the
same size (monodispersed supported particles).16−18 The
supported atoms or clusters that land on the surface can
dissipate part of their thermal energy in diffusion processes that
lead to particle nucleation and growth. Usually, this occurs in
correspondence of specific sites (point defects, low coordinated
atoms, steps, etc.) where atoms and clusters bind more
strongly.19 Usually, the atoms arriving from the gas phase
remain adsorbed on the surface of the insulating material
without diffusion or incorporation into the insulating thin film.
Notable exceptions to this behavior are supporting films with a
porous structure which offer the possibility for the deposited
atoms to penetrate and diffuse into the film. This is the case for
instance of Pd atoms adsorbed on ultrathin silica films. Here
the atoms diffuse through the film nanopores and become
stabilized at the interface between the metal support and the
oxide layer.20,21

If the kinetic energy of the gas-phase atoms is too large,
deposition can result in surface damage, penetration into the
film, amorphization, and formation of new disordered phases.
This is the case, for instance, of ion implantation, a technique
where ions of a material are accelerated in an electrical field and
impacted into a solid to change its physical, chemical, or
electrical properties via doping by the deposited elements.
Doping of insulating materials is a technologically very
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important process that can result in completely different
properties. Just to mention a few cases, induced ferromagnetism
in doped insulating oxides is of great importance in the field of
spintronics.22 Doping is a promising way to improve the
photoabsorption properties of oxide semiconductors for
harvesting solar light for applications in photocatalysis and
photoelectrochemistry.23−26 However, doping requires incor-
porating small amounts of foreign elements in a host crystal and
is usually achieved via wet chemistry methods.
NaCl is among the insulating materials that have been

produced in the form of ultrathin film for atoms or cluster
deposition. NaCl is the prototype of ionic crystals, having a very
well-defined crystal structure and a wide band gap of 9 eV.27

NaCl ultrathin films28−32 have been widely used as inert
barriers to decouple the conduction band electrons of the metal
support from the valence states of adsorbed atoms (e.g., Ag,
Au),33,34 molecules,35,36 or nanostructures (e.g., C60).

37,38 This
has allowed the study of interesting phenomena like the
selective charging and discharging of supported metal atoms by
electron injection from an STM tip.34

Recently, it has been shown that Co atoms adsorbed at low
temperature on NaCl/Au(111) films do result in spontaneous
doping and incorporation into the NaCl layer.39 In fact, STM
images combined with density functional theory (DFT)
calculations have shown that Co can replace both Na and Cl
ions in the first layer of the NaCl/Au(111) film. Because of
their magnetic nature, the incorporated Co ions also give rise to
magnetic couplings that depend on their position in the film.39

In this study we report a systematic first-principles DFT
investigation of the interaction of isolated Co atoms with free-
standing NaCl two-layers (2L) and three-layers (3L) films and
with the same films supported on Au(111). This work
represents an essential complement to the selected computa-
tional results included in ref 39 and provides a clear example of
the high reactivity of Co atoms with ultrathin NaCl films. For
comparison, we report calculations on the adsorption of Ag and
Au atoms on the same 2L NaCl unsupported films, and we
show that the behavior is completely different from that of Co.
On the supported NaCl/Au(111) film, on the contrary, an
enhanced reactivity is found also for Ag and to a lesser extent
for Au.
The paper is organized as follows. After a description of the

computational setup (section 2), we first discuss Co adsorption
on unsupported NaCl 2L and 3L films and we compare this
with the adsorption of Ag and Au atoms (section 3.1). This is
followed by a similar discussion of the energetics of Co, Ag and
Au atoms adsorption and incorporation into 2L and 3L NaCl/
Au(111) films (section 3.2). Some general conclusions are
reported in the final section.

2. COMPUTATIONAL DETAILS
Spin-polarized density functional theory calculations were
performed using the generalized gradient approximation
(PBE functional40) and the plane waves code VASP.41,42 The
interaction between the ions and the valence electrons is
described by the projector augmented wave (PAW) method.43

The NaCl(001) films on Au(111) substrates have been
modeled by a coincidence structure, obtained by superposing a

(2 × 2) NaCl(100) unit cell on a ( )3 1
1 3 superstructure of the

Au(111) surface.39,44 This coincidence structure presents a
residual strain of about 5%, which is accommodated in the
substrate, while the angle of the substrate unit cell is adjusted

from 82° to 90° to match the square symmetry of the NaCl
film. Therefore, the same lattice parameter is used for
unsupported and supported NaCl films. The metal surface is
modeled by a five atomic layer thick slab. A (6 × 6 × 1)
Monkhorst−Pack grid is used for the reciprocal space sampling.
The atomic coordinates of the top three layers of the Au slab
and all coordinates of the NaCl films and metal atoms are fully
relaxed.
Atomic charges are obtained within the scheme of charge

density decomposition proposed by Bader.45 The reported
magnetic moments are the total magnetic moments per unit
cell.
We have defined the adsorption energy of a metal atom M as

Δ = − −E E E E(M/NaCl/Au) (M) (NaCl/Au) (1)

and the sign convention is such that ΔE < 0 indicates an
exothermic process.
The inclusion of van der Waals (vdW) interactions is

essential in the systems considered because the adhesion of the
NaCl film to the Au support is dominated by polarization and
dispersion forces. vdW forces are important also for the
adsorption of metal atoms on an insulating film. In this work
they have been included by means of the pairwise force field as
implemented by Grimme (DFT-D2).46 Of course, this
approach is not free from limitations. One is the metallic
screening of the dispersive interactions, which is not accounted
for in the pairwise evaluation of dispersion forces, resulting in
an overestimation of the interaction energies.47 To check the
role of vdW forces, we have considered the special case of a Ag
atom adsorbed on a 2L NaCl/Au(111) film, and we have
compared the DFT-D2 results with those of a calculation
without vdW and with vdW corrections obtained from a
different procedure. In particular, we followed the approach
proposed by Dion et al. in which the vdW functional is
expressed directly as a function of the electron density.48 This
has been later modified by Klimes et al.49 The results are shown
in Table 1. Without vdW forces, the Ag atom binds on top of a

Cl anion on the NaCl surface by −0.16 eV only. A deeper
minimum, with ΔE = −0.48 eV, is found if the Ag atom is
included in an interstitial site of the film, between the first and
second NaCl layers. The two minima are separated by a barrier
(not investigated). Going to the vdW-DF method, the
adsorption of Ag on top of Cl becomes −0.47 eV. Even
stronger is the effect on the interstitial site where the binding is
−1.36 eV, with a change of 0.89 eV due to vdW interactions.
Also in this case two minima could be located, on top of Cl and
interstitial, indicating the existence of a barrier. With the DFT-
D2 method we find that the adsorption site on top of Cl is
unstable and that the Ag atom spontaneously penetrates into

Table 1. Binding Energy (Electronvolts) of an Ag Atom
Adsorbed or Incorporated on a 2L NaCl/Au(111) Film
without and with Inclusion of van der Waals Forces

on top of Cl interstitial diffusion barrier

DFTa −0.16 −0.48 yes
vdW-DF −0.47 −1.36 yes
DFT-D2 unstable −1.79 no

aTo avoid the detachment of the NaCl film from the substrate, the
vertical position of the interfacial Cl atoms has been fixed to the value
obtained for the bare 2L NaCl/Au(111) film within the DFT-D2
method.
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the film, becoming stabilized at an interstitial site with ΔE =
−1.79 eV. So, while all three approaches indicate the interstitial
site as the most stable position, significant changes in
adsorption energies and even in adsorption behavior are
found depending on the inclusion of vdW forces and on the
method used to estimate them. Similar calculations have been
performed for Co adsorbed on unsupported and supported
NaCl/Au(111) films but, in contrast to the Ag case, here the
results do not seem to depend on the level of treatment of the
van der Waals forces.

3. RESULTS AND DISCUSSION

3.1. Metal Atom Adsorption on Unsupported NaCl
Films. 3.1.1. Co Adsorption on 3L NaCl Films. The bare
NaCl(001) surface was modeled by a 3L NaCl slab where only
the bottom layer was kept fixed during optimization. Co has
been placed on top of Na, on top of Cl, on hollow positions,
and in an interstitial position between the first and second
layers of the NaCl surface (Figure 1 and Table 2). Co binds on
top of a Na ion with an adsorption energy of −0.28 eV, but this
is not a minimum on the potential energy surface. Regarding
the Cl-top adsorption site, we checked various geometries.
When a symmetry constraint is imposed, Co adsorbs exactly on
top of Cl with an adsorption energy of −0.73 eV. If the

symmetry constraint is released, Co is slightly off the normal to
the Cl ion and the adsorption energy becomes −0.94 eV (Table
2). We also found several other nearly equivalent positions
where the Co atom is slightly displaced from the surface
normal, but the energy is the same within 0.02 eV. Therefore, a
rapid oscillation around this position is expected even at low
temperatures. The spin on Co is 3 μB for the case where the Co
is off-center (energetically preferred). Thus, the adsorbed Co
atom keeps the same spin multiplicity as the free atom (3
unpaired electrons). The net charges on Co are very small
(Table 2), indicating a substantially neutral Co atom.
Another stable configuration is found with Co sitting on

hollow sites (Figure 1a,b). Also in this case we started imposing
symmetry, then we removed it. With a symmetry constraint the
adsorption energy is −0.86 eV; without, the atom is slightly
displaced and the adsorption energy becomes −0.93 eV (Table
2). Notice that the Co atom induces a substantial distortion of
the NaCl surface, with a Cl atom moving outside the surface
layer. The value of the magnetization is 1 μB, and the charge on
Co is +0.02 |e|. These data clearly indicate that Co binds with
very similar energies and net charges at Cl ions and hollow
sites, whereas the magnetization is different.
Next we considered a case where the Co atom is

incorporated into the NaCl lattice becoming stabilized in an

Figure 1. Structure of a Co atom adsorbed in hollow site: (a) top view and (b) side view; (c) and (d) side views of Co in an interstitial site of a 3L
and 2L NaCl unsupported film, respectively. Violet, Na; green, Cl; blue, Co.

Table 2. Adsorption Energy, Magnetic Moment, μB, and Net Charge (Bader) for Co Atoms Adsorbed or Incorporated on
Unsupported and Supported 3L and 2L NaCl Films

system Co site ΔE (eV) μB q |e|

3L NaCl adsorbed Na-topa −0.28 3.0 +0.05
adsorbed Cl-topb −0.94 3.0 −0.05
adsorbed hollowb −0.93 1.0 +0.02
incorporated Cointerstitial −1.37 1.0 −0.03

2L NaCl adsorbed Cl-topb −0.89 3.0 −0.03
adsorbed hollowb −1.02 1.0 −0.08
incorporated Cointerstitial −1.59 1.0 −0.13

3L NaCl/Au(111) adsorbed Cl-topb −1.03 1.4 +0.23
adsorbed hollowb −1.89 1.8 +0.44
incorporated Cofirst layer; Nafirst layer −2.05 2.0 +0.50
incorporated CoNa; Nainterstitial −1.90 2.0 +0.66
incorporated CoNa; Nainterstitial −2.22 2.4 +0.83
incorporated CoNa; Nainterface −2.27 2.6 +0.86
incorporated CoNa; NaAu −2.58 2.5 +0.84
incorporated Cointerstitial −2.60 2.0 +0.52

2L NaCl/Au(111) adsorbed Cl-topb −1.13 1.5 +0.22
adsorbed hollowb −2.58 2.0 +0.48
incorporated CoNa; Nainterstitial −2.79 2.4 +0.79
incorporated CoNa; Nainterface −2.93 2.6 +0.91
incorporated Cointerstitial −3.22 2.2 +1.00

aNot a minimum; geometry obtained with a symmetry constraint. bThe Co atom is slightly tilted with respect to the surface normal.
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interstitial site (Figure 1c). Interestingly, this turns out to be the
most stable adsorption site, with an adsorption energy of −1.37
eV (spin multiplicity 1 μB and the Bader charge of −0.03 |e|).
Also in this case we did not investigate the barrier for
penetration.
3.1.2. Co Adsorption on 2L NaCl Films. Here we consider

Co adsorption on a 2L NaCl unsupported film. All the atoms in
the NaCl support are free to relax. As for the 3L case,
adsorption on top of Na is not a minimum and will not be
further discussed. Co adsorbs on top of Cl with an adsorption
energy of −0.89 eV; the hollow site is slightly more stable,
−1.02 eV. Thus, the two sites have adsorption energies and
adsorption properties similar to those on the 3L film (Table 2).
However, also in this case the most stable configuration is with
the Co atom incorporated between the first and second layers
of the NaCl film (Figure 1d and Table 2). The binding energy
is −1.59 eV, and the lattice shows a considerable distortion
(Figure 1d). The net magnetic moment is 3 μB for Cl-top
positions and 1 μB for hollow site and interstitial position
(Table 2). The Bader charges are close to zero for adsorption
on both surface and interstitial sites.

3.1.3. Co Substitution of Na and Cl Ions in 2L NaCl Films.
The last case considered is that of Co atoms replacing either Na
or Cl in the unsupported 2L films (hereafter referred to as CoNa
and CoCl, respectively; Figure 2). This is dictated by the
experimental observation that by depositing Co atoms on
supported NaCl films substitutional doping can be achieved.39

Here no direct energetic comparison is possible with the
previous cases because the number of atoms in the supercell is
different, with one Na or one Cl atom missing. A free Co atom
has a 4s23d7 configuration. When it replaces a Na+ ion in the
NaCl lattice it assumes the same +1 formal charge (Bader
charge +0.67 |e|). The electronic configuration becomes 4s03d8,
and the magnetization is 2 μB (five 3dα and three 3dβ
electrons). The resulting DOS curves confirm that this is the
electronic configuration and that there are two empty 3dβ states
(Figure 2a). The presence of Co at the Na position results in
some structural relaxation. In particular, the in-plane Co−Cl
bond lengths are 2.63 Å compared to the Na−Cl distance of
2.77 Å in the undistorted film. The interlayer Co−Cl distance is
2.40 Å (inward relaxation).

Figure 2. Structures (top and side views) and Co-projected density of states (PDOS) of unsupported 2L NaCl fims with (a) a Co atom substituting
a Na lattice ion and (b) a Co atom substituting a Cl lattice ion. The zero energy represents the highest occupied state.

Table 3. Adsorption Energy, Magnetic Moment, μB, and Net Charge (Bader) for Ag and Au Atoms Adsorbed or Incorporated
on Unsupported 2L NaCl Films

system atom M site ΔE (eV) μB q |e|

2L NaCl Ag adsorbed Cl-topa −0.27 1.0 −0.06
adsorbed hollow −0.37 1.0 −0.04
incorporated Aginterstitial 0.06 1.0 −0.10

2L NaCl Au adsorbed Cl-topa −0.65 1.0 −0.20
adsorbed hollow −0.54 1.0 −0.14
incorporated Auinterstitial −0.35 1.0 −0.31

2L NaCl/Au(111) Ag adsorbed hollow −1.10 0.0 0.49
incorporated Aginterstitial −1.79 0.0 0.60

2L NaCl/Au(111) Au adsorbed Cl-topa −0.82 1.0 −0.16
incorporated Auinterstitial −1.71 0.0 0.16

aThe M atom is slightly tilted with respect to the surface normal.
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When Co replaces a Cl− ion in the NaCl lattice it assumes a
−1 formal charge (Bader charge −0.66 |e|). The electronic
configuration becomes 4s23d8, and the magnetization is 2 μB, as
for CoNa (five 3dα and three 3dβ electrons). So, despite an
opposite charge state, +1 or −1, the number of 3d electrons
remains the same for both substitutional impurities. The
corresponding PDOS curves show two empty 3dβ states and a
doubly occupied 4s level (Figure 2b). Also, the presence of Co
at the Cl position results in some structural relaxation. In
particular, the in-plane Co−Na bond lengths are 2.93 Å (2.77 Å
in NaCl; Figure 2). The interlayer Co−Na distance is 3.13 Å
(outward relaxation).
To summarize this section, when Co replaces Na or Cl ions

in the NaCl film, there are mainly vertical distortions in the
film. The Co impurity assumes the formal charge of the
substituted ion. The electronic configurations of Co+ (Na
position) and Co− (Cl position) are 4s03d8 and 4s23d8,
respectively, with the same occupancy of the 3d states and the
same magnetization (two unpaired 3d electrons).
3.1.4. Ag and Au Adsorption on 2L NaCl Films. In the

previous sections we have shown that Co atoms bind to the
NaCl surface with energies of about 1 eV and that Co
incorporation into interstitial sites is energetically favorable
compared to adsorption on the surface. This raises the question
whether this is a general characteristic of adsorbed atoms or is
specific to Co and possibly other transition metals. In order to
answer this question we have considered the adsorption of Ag
and Au atoms on the 2L NaCl film.
Ag and Au atoms have been placed on top of Cl, in hollow

sites, or in other positions on the surface (e.g., on Na−Cl
bridge sites). Ag and Au atoms in interstitial sites have also
been considered (Table 3). In all cases, no symmetry
constraints have been imposed. Metal adsorption on or near
surface cations is unfavorable and has not been considered
explicitly.11 Ag binds weakly on top of Cl, ΔE = −0.27 eV; the
Ag atom is not exactly above Cl but forms a small angle with
the surface normal. In the hollow site, the adsorption energy is
only slightly larger (−0.37 eV). The barriers for surface
diffusion are expected to be extremely small because other local
minima are found with very similar adsorption energies
(around −0.3 eV). The Ag atom retains the gas-phase
configuration (spin on Ag ≈ 1; q ≈ 0) and no charge transfer
occurs with the surface (Table 3). Incorporation of Ag into an
interstitial site of the NaCl 2L film results in an unbound
neutral Ag atom (Table 3). In this respect, Ag behaves
completely different from Co, showing in general much weaker
interaction energies and no tendency to be trapped in an
interstitial site.
Au is more reactive than Ag. This is a general tendency which

has been observed also for the adsorption on ionic oxides like
bulk MgO50,51 or MgO ultrathin films.52 In fact, Au binds near
a Cl atom with ΔE = −0.65 eV ( Table 3). Also in this case the
Au atom is slightly off the surface normal. When adsorbed on
the hollow site, the energy is slightly higher (ΔE = −0.54 eV).
As for Ag, little charge transfer is found (the Au atom becomes
slightly negative, and one unpaired electron occupies the Au 6s
level; Table 3). Also in this case, a Au atom in an interstitial site
remains neutral and is less stable than when adsorbed on the
surface. However, differently from Ag, the incorporation leads
to an exothermic process with ΔE = −0.35 eV (Table 3).
To summarize, Ag and Au exhibit a very different behavior

from Co. Both Ag and Au prefer to be adsorbed on the surface
rather than to go in an interstitial site. Both Ag and Au exhibit

an interaction with NaCl weaker than that of Co, a fact that is
related to the specific nature of transition-metal atoms and their
capability to form chemical bonds.

3.2. Metal Atom Adsorption on Supported NaCl/
Au(111) Films. 3.2.1. Co Adsorption on 3L NaCl/Au(111)
Films. Co is weakly bound on top of a Na ion of the supported
NaCl film and will not be further discussed. For Co on top of
Cl (no symmetry constraint), the adsorption energy is −1.03
eV, only slightly larger than that on the corresponding
unsupported NaCl film (−0.94 eV; Table 2). This site,
however, is probably not a minimum or, if it is a minimum,
is separated by a tiny barrier (≈0.02 eV) from another much
more stable minimum, the hollow site. Given the registry of the
3L NaCl film with the Au(111) support, in our model there are
two nonequivalent hollow sites. In the first case, Co is directly
above a Au−Au bridge site; in the second case, Co is directly
above a Au atom of the support. Both these sites have been
investigated, but because their properties are identical, only one
is discussed here (see Figure 3).

In the hollow site the Co adsorption energy almost doubles
and becomes −1.89 eV. On this site Co is 0.86 eV more stable
than on top of Cl. A strong distortion is observed (Figure 3).
Co is in a bridge position between two Cl ions of the surface.
The value of the magnetization on Co is 1.76 μB, and the Bader
charge is +0.44 |e|, indicating partial oxidation.
The pronounced structural distortion is a consequence of the

strong binding of Co with the film. The supported film is
therefore much more reactive than the unsupported film.
Notice also that the large energy difference between the hollow
site (surface global minimum) and the on-top Cl site (local
minimum) suggests a larger thermal stability of the adsorbed
Co atoms and probably higher diffusion barriers compared to
those of the unsupported NaCl films.

3.2.2. Co Incorporation on 3L NaCl/Au(111) Films. Here
we consider cases where the Co atom is incorporated into the

Figure 3. (a) Top view and (b) side view of Co adsorbed on the
hollow site of a 3L NaCl/Au(111) film. (c) Top view and (d) side
view of Co adsorbed on the hollow site of a 2L NaCl/Au(111) film.
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NaCl film either substituting the Na ion (CoNa) or going to an
interstitial (Cointerstitial). We performed a set of calculations in
which the total number of atoms in the supercell is conserved
so that the total interaction energies ΔE, see eq 1, can be
directly compared. They are reported in Figure 4 together with
some structural information.
We found a number of structures where Co can replace a Na

lattice ion, CoNa. This is because of two factors: (1) the
displaced Na atom can occupy different positions; and (2) even
for a given position occupied by Co and Na atoms, multiple
minima exist. If Co replaces Na, the Na atom can go into an
interstitial position between the first and the second NaCl
layers, between the second and the third NaCl layers, at the
NaCl interfacial layer, or on the top layer of the Au support
(Figure 4a−e). Another possibility, not investigated here, is that
the Na atom is simply displaced to the borders of the NaCl
islands that form on the surface of Au(111).44

The calculations indicate that the most stable configuration is
with Na stabilized at the NaCl/Au interface (Figure 4e). Here
the Co adsorption energy is −2.58 eV. In all cases the
magnetization is 2−2.5 μB and the charge on Co is positive,
+0.5/+0.9 |e|. Even more stable, ΔE = −2.60 eV, is a case where
the Co atom goes interstitial and pushes a Na atom out of its
lattice position (Figure 4f). The displaced Na atom goes to
another interstitial site, leaving behind a Na vacancy (Figure
4f). Notice that all the cases considered, with the exception of

CoNa with Na incorporated into the Au support (Figure 4e),
induce substantial distortions in the NaCl lattice. These
distortions result not only in vertical displacements of the Na
and Cl ions of the film but also in lateral displacements. These
distortions are not observed experimentally. STM images show
that the NaCl lattice essentially unperturbed upon Co
incorporation.39 This indicates that when Co takes a Na lattice
position, the displaced Na atom is far from the Co dopant.
These results show that Co has such a high affinity for the

supported NaCl film that it tends to take the position of Na and
be incorporated in the lattice (formally becoming Co+). The Na
atom is then displaced into an interstitial cavity, or it can diffuse
to the Au substrate with additional energy gain and reduction of
the strain in the film. The barriers for diffusion have not been
determined. However, in some cases, the atomic displacement
is nonactivated and just follows Co adsorption. Furthermore,
the energy released by Co adsorption, close to 2.5 eV per atom,
is sufficiently large to overcome significant diffusion barriers.
Because these phenomena depend also on the level of
description of vdW forces (see section 2), further work is
necessary to better identify the presence of activation barriers
for atom incorporation and the extent of these barriers.
In summary, for a supported 3L NaCl/Au(111) film, Co

adsorption above the surface is not the best adsorption site.
The most stable configuration is either with Co replacing Na in
the lattice or with Co in interstitial sites.

Figure 4. Top and side views of a Co atom adsorbed in various positions of a 3L NaCl/Au(111) film. (a) CoNa with Na in interstitial position
between first and second NaCl layers; (b) CoNa with Na displaced laterally but still in 1st layer of NaCl; (c) CoNa with Na in interstitial position
between second and third NaCl layers; (d) CoNa with Na at the NaCl interfacial layer; (e) CoNa with Na incorporated in the Au support; (f) Co
interstitial with a lattice Na atom displaced to another interstitial site (and formation of a Na vacancy). The total energy difference ΔE with respect
to a Co atom in gas phase and NaCl/Au is reported.
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3.2.3. Co Adsorption on 2L NaCl/Au(111) Films. Here we
consider the 2L NaCl/Au(111) film, and we start discussing the
properties of Co adsorbed on the hollow sites because these are
preferred on the surface of unsupported and supported 3L
NaCl films (Table 2). On the hollow sites of the NaCl/Au 2L
film, Co is bound even more strongly than on the 3L films
(Table 2). The binding energy goes from −1.89 eV (3L) to
−2.58 eV (2L) and is the same in the two nonequivalent
hollow sites (see above), showing that in our model the
position of the NaCl layer with respect to the Au(111) support
is not relevant for the Co adsorption properties. Also in this
case Co is in a bridge position between two Cl ions, and the
distortion of the NaCl film is even stronger than on the 3L film
(compare panels b and d of Figure 3). The magnetization (2.01
μB) and the charge on Co (+0.48 |e|) are similar to those on the
3L NaCl/Au(111) system (Table 2). A second minimum,
higher in energy, is found for Co adsorbed on top of a Cl atom
of the surface, with a binding energy of −1.13 eV. However, the
most stable site is when Co is incorporated in the NaCl film.
To investigate the stability of incorporated Co atoms, we

have considered several structures. The most relevant ones are
summarized in Figure 5. Notice that the energies of these
systems have to be compared to that of Co adsorbed on the
hollow surface site, most stable adsorption site at the film
surface (Figure 3b; adsorption energy of −2.58 eV; Table 2).
CoNa with Na in the interstitial site has an adsorption energy

of −2.79 eV (Figure 5a). The magnetization on Co is 2.43 μB,
and the Bader charge is +0.79 |e| (Table 2), suggesting
ionization of the Co atom. In a second structure, Na diffuses to
the Au support (Figure 5b) and ΔE is −2.93 eV. In both cases
the energy is lower than that of an adsorbed Co atom on the
hollow surface site. Even more stable is the case where Co
enters in the film and becomes stabilized in an interstitial
position (ΔE = −3.22 eV; Figure 5c). The three energy gains
computed for these rather different situations are all close to
about 3 eV, and a final definition of the most stable site is not
possible as it can depend also on some details of the
calculations like size of the supercell, strain in the Au(111)
supporting layer, method used to include vdW interactions, etc.
In general, one can conclude that a Co atom incorporated in
the 2L NaCl supported film is always more stable than one
incorporated on its surface.
Quite different is the case of replacement of a lattice Cl ion

by Co (Figure 5d). We have performed a series of calculations
where a CoCl ion was included in the lattice and a Cl atom was
placed in various positions of the film. However, in contrast to
Na, Cl in interstitial sites or at the NaCl/Au interface is not
stable. When Cl is placed at the NaCl/Au interface, it moves
back into the NaCl film where it replaces the substitutional
CoCl atom that goes back in the hollow adsorption position.

This is consistent with the fact that Cl is weakly adsorbed on
the Au(111) surface (by about −0.9 eV).53 Also interstitial Cl is
not particularly stable and tends to induce complex
reconstructions of the film. This indicates that Co replacing
Cl with Cl remaining inside the film is much less stable than Co
replacing Na.
We have also considered the possibility that the displaced Cl

atom combines with another Cl atom and desorbs as gas-phase
Cl2. In this case the reaction would be

+ → +− xCo(g) NaCl/Au(111) Co NaCl /Au(111) /2Cl (g)xCl 1 2

(2)

However, this process is unfavorable; ΔE′ = +1.68 eV (Figure
5d). This is because the cost of forming a Cl vacancy is very
high and is not compensated by the formation of a Cl2
molecule and by the inclusion of Co into the vacancy. Another
possibility considered is that when Co replaces Cl, the displaced
Cl atom remains adsorbed on the surface. When we start the
optimization with Cl adsorbed on the surface, the system
evolves to a structure where Co is no longer substitutional but
becomes interstitial and Cl takes the original position (Figure
5c).
The stability of Co atoms replacing Na and Cl atoms of the

2L NaCl/Au film, followed by formation of a new NaCl film
unit, can be explained considering the equation

+

→ +

+
− −

2Co(g) 2NaCl/Au(111)

Co Na Cl/Au(111) Co NaCl /Au(111)

1 NaCl unit
xNa 1 Cl 1 x

(3)

We found that the energy drops by 4.14 eV after two Co atoms
replace one Na and one Cl atom of the 2L NaCl/Au(111) film
and form an extra NaCl unit. Thus, Co substitutional
incorporation at both Na and Cl sites with formation of a
new NaCl unit and growth of the NaCl island is
thermodynamically favorable.
The results presented above, together with direct exper-

imental evidence, indicate that Co atoms deposited from the
gas-phase on a 2L NaCl/Au(111) film can replace Na (more
favorable) or Cl (less favorable) in the lattice or penetrate into
the film and become stabilized in an interstitial site (not
observed experimentally).39 Energy considerations and stat-
istical analyses of the STM images indicate that Na substitution
is preferred with respect to Cl substitution. In the case of Na
substitution, we have also considered the possibility that the Co
atom replaces a Na ion in the second layer of the NaCl film,
being stabilized at the NaCl/Au interface. The calculations,
however, indicate that structures with CoNa in first or second
NaCl layers are almost isoenergetic (CoNa in the interface layer
is 0.06 eV more stable than in the top layer). Other direct

Figure 5. Side views of a 2L NaCl/Au(111) film with a Co incorporated in the structure. (a) Co atom in a Na lattice position, CoNa; the Na lattice
atom is displaced to an interstitial site. (b) Co atom in a Na lattice position, CoNa; the Na lattice atom is displaced to the NaCl/Au interface. (c) Co
atom in an interstitial site. (d) Co atom in a Cl lattice position, CoCl; the Cl atom is removed from the supercell; notice that in this case the total
number of atoms in the supercell is different from the previous cases and ΔE′ is defined with respect to the formation of 1/2 Cl2 (see eq 2).
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evidence coming from comparison of simulated or measured
STM images provides unambiguous evidence that under the
experimental conditions Co replaces Na ions only in the surface
layer.39

3.2.4. Electronic Structure of Co Atoms Replacing Na or Cl
in 2L NaCl/Au(111) Films. We have seen above that CoNa and
CoCl substitutional impurities in unsupported NaCl films give
rise to Co ions in formally +1 and −1 oxidation states,
respectively. On an insulating layer grown on a metal, the
situation could change drastically because of the possibility of
exchanging electronic charge to or from the d states of the
transition-metal impurity and the Fermi level of the metal
support. This has been shown recently for the case of Mo ion
impurities in CaO films.54−56 In this respect, the electronic
configurations found for CoNa or CoCl impurities in
unsupported NaCl films could differ from those of the same
atoms in the supported layers.
Here we consider explicitly the nature of CoNa and CoCl

species in the 2L NaCl/Au(111) films. The undoped NaCl film
is weakly bound to the Au support, and another question is
whether the incorporation of Co impurities in the lattice will
reinforce the interaction with the metal support. However, this
is not the case, and the interface NaCl−Au distance does not
change significantly upon Co incorporation. This is already an
indication that only moderate electron transfer occurs between
the Co dopant and the Au support. In fact, in this case the
resulting electrostatic interaction between charged units should
lead to a major contraction of the distance. However, we found
a reduction of about 0.1 Å of the Na−Au distance and an
elongation of about 0.2 Å of the Cl−Au distance. The reason
can be rationalized by the analysis of the DOS curves, see
Figure 6 and the following discussion.
On the supported NaCl/Au(111) 2L film, CoNa (Bader

charge +0.92 |e|) induces a modest structural distortion (Figure
6a). There are three short in-plane Co−Cl bonds of 2.38−2.39
Å and one long in-plane Co−Cl bond of 3.26 Å. The Co−Cl
interlayer distance is 2.29 Å. The electronic configuration
remains 4s03d8, and the magnetization on Co, 2.6 μB, is higher

than that in the unsupported case, 2.0 μB, probably because of
some hybridization with the tails of the Au metal wave function.
In the DOS curves (Figure 6), one can identify five occupied
3dα and three occupied 3dβ states. These states are well below
the Fermi level of the Au(111) support. The two empty 3dβ
states are at about 0.6 and 0.85 eV above the Fermi level
(Figure 6a). Thus, EF of Au(111) lies between the occupied
and the empty states of the Co ion, and no electron transfer
occurs.
CoCl (Bader charge, −0.40 |e|) induces some local lattice

relaxation, and a Co protrusion is observed (Figure 6b). The
Co−Na (top layer) bond lengths are 3.02 Å; the interlayer
Co−Na distance is 4.20 Å. The electronic configuration is
4s23d8; the magnetization, 2.3 μB, is slightly higher than that in
the unsupported case. In the DOS curves one can identify five
occupied 3dα, three occupied 3dβ states, and a doubly occupied
Co 4s state as for the unsupported film. The presence of the 4s
level of Co below EF is consistent with the 4s

23d8 configuration
and with the negative charge on Co. As for CoCl, there are two
empty 3dβ states, both at about 0.6 eV above EF (Figure 6b).
A direct comparison of PDOS curves for CoNa and CoCl with

measured scanning tunneling spectroscopy spectra has been
discussed in ref 39. The empty states in the PDOS appear at
lower energies when compared to the experiment, i.e., around
0.6 and 0.85 eV57 for CoNa and around 0.6 eV for CoCl, while
the experimental peaks are at 2.2 and 1.8 eV, respectively. This
is not surprising because the NaCl band gap (9 eV) is
considerably underestimated in our DFT-GGA approach (5
eV). This is also the case for localized 3d states of transition-
metal atoms where the separation between filled and empty 3d
states is typically underestimated in standard DFT calculations.
This discrepancy, however, does not affect the interpretation of
the experiments. The PDOS curves (Figure 6) reveal that the
empty Co 3d states for CoCl appear at a lower energy compared
to that of CoNa, in agreement with the experimental
observations.39

3.2.5. Ag and Au Adsorption on 2L NaCl/Au(111) Films. In
this section we consider the adsorption properties of Ag and Au

Figure 6. Structures (top panels) and Co projected density of states (PDOS) (bottom panel) of (a) 2L NaCl/Au(111) films with Co substituting Na
(CoNa) and (b) 2L NaCl/Au(111) films with Co substituting Cl (CoCl).
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atoms on the 2L NaCl/Au(111) supported films. The atoms
have been placed in three initial positions, i.e., on top of Cl, in
the hollow sites of the NaCl surface, and in the interstitial sites
(Table 3 and Figure 7). The response of the NaCl film to Ag
and Au adsorption is quite different compared to that of the
unsupported case.
The adsorption of Ag on 2L NaCl/Au(111) is much stronger

than that on bare NaCl. This is well-demonstrated by the
adsorption on the hollow site: on the unsupported film this is
the most stable site, with an adsorption energy of −0.37 eV; on
the supported film, the adsorption energy becomes −1.10 eV,
i.e., three times larger in absolute value. This is because the
bonding mechanism is completely different. On the supported
film, Ag becomes Ag+. This is demonstrated by (1) the absence
of magnetization on the atom, (2) the net positive Bader charge
(+0.49 |e|), and (3) the DOS plot that shows that the Ag 5s
level is above the Fermi level of the system. Even more
interesting is the fact that while in the unsupported film
Aginterstitial is unbound (by 0.06 eV), on the supported film it
becomes the most stable configuration with an adsorption
energy of −1.79 eV. Also in this case the Ag interstitial species
is ionized and forms a Ag+ ion (Table 3). The higher structural
flexibility of the supported NaCl film leads to a stronger
bonding and a reversal order of the stability of the two sites
(hollow and interstitial). This is further demonstrated by
adsorption of Ag on top of Cl: while on the unsupported film
this is a local minimum, on NaCl/Au the structure of the
interstitial site is 0.89 eV (Table 1) more stable than that atop
Cl. The existence of the barrier depends on the level of
treatment of vdW forces (see section 2). Substitution of lattice
Na ions with Ag is also not excluded but has not been
considered explicitly.
We consider now Au. The most stable adsorption site is near

Cl, with Au forming the usual tilt angle (Table 3 and Figure 7).
This is found starting the geometry optimization with Au on
top of Cl or in the hollow site. The adsorption energy changes
slightly going from the unsupported NaCl film (−0.65 eV) to
the supported one (−0.82 eV; Table 3). The reason is simple:
in this case the nature of the adsorbate is similar in the two
cases as Au remains neutral on both supports (spin ≈ 1, q ≈
−0.2). No tendency of the film to reconstruct and allow the
spontaneous penetration of Au is observed. However, if we
placed Au in the interstitial cavities of NaCl, we found a stable
configuration with an adsorption energy of −1.71 eV. This is
larger than the adsorption energy on the surface and indicates
that interstitial Au is the most stable structure, at variance with
the unsupported film where incorporation is less favorable than
adsorption (Table 3). This change in stability is accompanied
by a corresponding change in bonding mode; in fact, Au in
interstitial sites tends to lose the valence electron and become

positively charged (Table 3). The charge transfer is not as large
as in the Ag case. Notice that the fact that Ag and Au atoms
adsorbed on NaCl/Au(111) films are more stable in interstitial
sites does not necessarily mean that these are the sites that will
be observed experimentally. In fact, the penetration of the
atoms into the interstitial sites may imply overcoming an
energy barrier, and their incorporation into the NaCl film may
depend on the experimental deposition conditions, in
particular, temperature and pressure.
In summary, both Ag and Au exhibit completely different

behaviors on the free-standing and on the supported NaCl
layers. The origin of this different reactivity lies in the
possibility exchanging electrons between the Ag and Au
atoms and the support and in the higher deformations
observed in the NaCl structure supported on the Au metal.

4. CONCLUSIONS

We have performed an extensive series of calculations on the
adsorption properties of Co atoms deposited on NaCl/
Au(111) ultrathin films. The theoretical work is stimulated by
some recent observations related to the incorporation of Co
atoms deposited from the gas phase into this support.39 For
comparison, we have considered Co adsorption on supported
and unsupported NaCl films as well as Ag and Au adsorption
on the same substrates.
Two main conclusions emerge from this study. The first one

is that a transition-metal atom like Co interacts with the ionic
NaCl substrate, forming bonds stronger than those of Ag and
Au. The higher reactivity of Co is shown by the tendency of Co
to bind more strongly in interstitial sites of a 2L NaCl film than
to the surface sites, while Ag and Au do not show this behavior.
This can be related to the nature of transition-metal atoms with
incomplete d shells that favor both formation of covalent bonds
and change in oxidation state of the metal atoms. Of course,
also the size of the Co, Ag, and Au atoms is different and
contributes to the different behaviors of the three metal atoms.
The reactivity of Co is even more pronounced on the

supported NaCl/Au(111) ultrathin films. A series of structures
is found where Co can enter the film in various positions also
displacing Na lattice ions and resulting in spontaneous
substitutional doping. Much less favorable is the case where
Co replaces Cl ions in the lattice. A tendency to be adsorbed in
interstitial sites is shown by Ag and, to a lesser extent, by Au,
but the interaction energies are much smaller than in the case
of Co.
The second general conclusion is related to the special nature

of two-dimensional insulating materials deposited on a metal
support. In fact, the supported NaCl layers are much more
reactive than the unsupported ones. This is true for Co as well
as for Ag and Au atoms. In particular, strong distortions occur

Figure 7. Side views of a 2L NaCl/Au(111) film with a Ag or Au atom adsorbed or incorporated in the structure. (a) Ag atom in a hollow site; (b)
Ag atom in interstitial position; (c) Au atom on top of Cl site; (d) Au atom in interstitial position.
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on the supported films that favor the incorporation of the metal
atoms. The NaCl film by no means behaves as a rigid solid
surface but exhibits strong relaxations typical of molecular
systems. The high structural flexibility of the NaCl layers is
reminiscent of that found for other materials like FeO/Pt(111)
films that can undergo strong structural rearrangements once
exposed to gas-phase molecules at high pressures.58 In this
respect, the results presented in this work represent just
another example of the uncommon nature of supported
ultrathin films and of the potential that they offer for the
design of new materials at the nanoscale.8,9
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