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First-principles theoretical investigation of monoatomic and dimer Mn adsorption
on noble metal (111) surfaces
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A theoretical investigation of the adsorption of Mn single atoms and dimers on the (111) surface of Cu, Ag,
and Au, within the framework of the density functional theory, is presented. First, the bulk and the clean (111)
surface electronic structures are calculated, with results that agree well with previous reports. To understand the
adatom-substrate interaction, also the electronic characteristics of the free Mn dimer are determined. Then,
the electronic structure of the Mn adatom, chemisorbed on four different surface geometries, is analyzed
for the three noble metals. It is found that the most stable geometry, in all three cases, Cu, Ag, and Au, occurs
when the Mn atom is chemisorbed on threefold coordinated sites. For the dimer, the lowest-energy configuration
corresponds to the molecule lying parallel to the surface. In the three noble metals, the geometry corresponds to
both atoms chemisorbed in threefold coordinated sites, but with different local symmetry. It is also found that the
magnetic configuration with the lowest energy corresponds to the antiferromagnetic arrangement of Mn atoms,
with individual magnetic moments close to 5μB . The ferromagnetic and antiferromagnetic solutions, in the case
of a Ag substrate, are close in energy. It is also found that in this case the Mn2 molecule is chemisorbed with very
similar energy on various geometries. To study the dynamical motion of the dimer components, we calculated
the potential energy barriers for the Mn motion in the various surfaces. In contrast to Cu and Au, this leads to the
conclusion that on Ag the Mn dimer moves relatively freely.
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I. INTRODUCTION

The impressive development of experimental techniques
to synthesize, characterize, and design special nanostructures
with specific size and composition1 has opened a very
attractive field of research to determine and understand
their unexpected physicochemical properties. These methods
include the deposition and manipulation of single atoms,
small clusters, and monolayers on metal surfaces. Due to
the potential technological applications in ultrahigh-density
data storage and spin injection devices, particular interest
has been attracted to the study of magnetic nanostructures.
Among them, the growth of ultrathin films or nanostructures,
based on magnetic transition metals and deposited on various
substrates, has been the subject of very intense research.2–7

More recently, it has also been revealed that adatoms or
small magnetic nanostructures can interact through long-range
interactions mediated by the metallic substrate: a Rutherman-
Kittel-Kasuda-Yoshida kind of interaction.8,9 That interaction
may be more important than the direct exchange interaction
for distant chemisorbed atoms.

In recent decades, due to the fact that Mn is the transition
metal with the highest atomic magnetic moment (5μB), much
attention has been paid to the deposition of Mn nanostructures
on metallic substrates. An overlayer of ferromagnetically (FM)
coupled atoms, with such a high magnetic moment, would
be an excellent candidate for technological applications, for
example in spintronics.10 However, in order to be subject to
applications, magnetic nanostructures must be stable for an
extended time, at high temperatures. Thus, a large magnetic

anisotropy energy is needed; a characteristic difficult to obtain
in systems with a small spin-orbit interaction.

However, Mn by itself is a very intriguing element. It is
well known that Mn, in bulk samples, presents a rich variety
of magnetic behaviors, depending on crystalline structure,
temperature, and pressure.11 A complex behavior is also ob-
served in small clusters, where the average magnetic moment
(μave) shows a nonmononotonous size dependence.12 It is
then expected that Mn low-dimensional chemisorbed systems
would also show a diversity of magnetic characteristics.

The size dependence of μave was analyzed theoretically
by Mejı́a et al.,13 who arrived at the conclusion that, due
to antiferromagnetic (AFM) interactions between nearest
neighbors and ferromagnetic coupling among more distant
pairs, complex noncollinear structures are produced. These
calculations on free Mn dimers showed that the magnetic
lowest-energy state depends on the distance between the
two atoms.13,14 The ferromagnetic and antiferromagnetic
configurations are stable above and below 3.06 Å, respectively.
However, they found that the ground state of the free dimer
is the antiferromagnetic arrangement with a bond distance of
2.89 Å. Thus, it is interesting to investigate if the chemisorption
of Mn on particular substrates and surface orientations forces
the Mn-Mn nearest-neighbor bond length to generate a ferro-
or antiferromagnetic coupling and produce, for high coverages,
the appearance of magnetic phases. This is the case of
the antiferromagnetically ordered monolayer of Mn atoms
chemisorbed on the Ag(001) surface.15 In that study, it was
also found that the epitaxial growth of Mn single-crystal films
exhibits a tetragonal rather than cubic structure.
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Furthermore, it has been observed that the growth of Mn on
noble metal substrates, in general, evolves in the following
way: for low coverage the adatoms remain at the surface
on particular sites. Upon increasing the coverage, there is
a tendency to exchange sites between the top-most surface
atoms and Mn, forming Mn monolayers intercalated with the
metallic substrate. Further deposition leads to Mn islands. This
growth mechanism has been observed, by scanning tunneling
microscopy and other techniques, in Cu(100),16 Cu(110),17

Ag(100),18 and Au(111).19

For applications, the most interesting case is when the Mn
atoms form a monolayer at the metal surface. Wuttig et al.20

reported the monolayer growth of Mn on Cu(100), and they
claimed that the stability of this structure is produced by the
Mn magnetic properties. They also estimated a Mn magnetic
moment of 3.64μB . More recently, a ferromagnetic order has
been observed through x-ray magnetic circular dichroism.21

However, the researchers estimate a very small magnetic
moment (0.67μB ). There is also a report on the chemisorption
of Mn on Cu(110), but no conclusive results with respect to
the magnetic properties were obtained.22

In the case of a gold substrate, the growth mechanism of
manganese on the (111) surface has been reported.19 In the
submonolayer regime a Mn-Au alloy was observed to form.
Between this deposited amount and three monolayers, a layer-
by-layer growth of fcc Mn film is obtained. Further deposition
leads to the cubic bulk structure. This report does not contain
magnetic studies.

In addition to the experimental reports, a more fundamental
motivation to study Mn on noble metals is to understand the
interplay between the different orbitals on the bonding process
to metallic substrates. In general, it is expected that adsorption
decreases the atomic magnetic moment due to the electronic
hybridization with the surface atoms, unless a charge transfer
from the surface to the majority spin levels compensates for
that reduction.

Another important theoretical aspect is that in small clusters
the state of lowest energy occurs when the atomic magnetic
moments do not orient collinearly. This result has been
reported in several ab initio and semiempirical calculations
in both supported23 and free-standing Mn clusters.13,24 Now,
there is a general consensus that Mn clusters supported on
a metal surface develop noncollinear ordering due mainly
to frustration in the AFM order.25 Another feature observed
in small deposited or free Mn clusters is that the magnetic
bistability, i.e., the energy of FM and AFM ordered struc-
tures, is almost degenerate,26 and both states may coexist.
Finally, it is important to note that most theoretical studies
of Mn clusters supported on noble metals neglect a proper
structural optimization of the substrate, mainly due to a high
computational cost. Nevertheless, we are convinced that a clear
interpretation of the chemisorption process of a simple adatom
or of dimer molecules, including the structure optimization, is
of vital importance to understand the growth and properties of
larger nanostructures.

Here, we report a set of total energy calculations of
the adsorption of Mn single atoms and dimers on Cu, Ag,
and Au (111) surfaces. We calculate the electron density
distribution, the magnetic moment, and the bond lengths with
Mn chemisorbed on various geometrical sites. The results

for the Au(111) surface were reported recently,27 which we
include here for comparison with silver and copper. To study
the stability of the chemisorbed dimers, we calculated the
potential energy barriers to move one Mn atom along various
paths. We found that for Cu and Au it is difficult to brake the
dimer once it is stabilized at the surface. A different behavior
is observed in the Ag surface, where the barriers to move the
Mn atoms to neighbor sites are almost negligible. This leads
us to conclude that Mn atoms can exchange sites very easily
and the dimer diffusion can be observed at room temperature.
We should also point out that, since we are considering a
slab of five layers (a restriction imposed by the computation
complexity), our results of the surface electronic states may
not reflect some features of the real semi-infinite system.28,29

Obviously, our model can be improved as the number of layers
can be increased.

In Sec. II a brief description of the computational approach
is presented. Then, in Sec. III, we discuss the clean noble
metal (111) surface properties and compare our findings with
previous results reported in the literature. The energetics and
structure of a single Mn atom adsorption on that surface are
presented in Sec. IV. The results on the adsorption of the Mn
dimer are contained in Sec. V. The diffusion barriers for Mn
motion are calculated and discussed in Sec. VI. Finally, we
discuss our results and present the conclusions in Sec. VII.

II. COMPUTATIONAL METHODS

Our calculation is based on the density functional theory
(DFT)30 as implemented within the framework of the Vienna
Ab initio Simulation Package (VASP) code.31–34 We consider
only valence electrons and describe them with projector-
augmented-wave (PAW) type pseudopotentials,35,36 which
allows us to take into account spin-orbit interactions (SOIs).
As mentioned in a previous paper,27 although the SOIs are
stronger in Au than in Ag and Cu, and stronger even than in
Mn, it is not relevant to take them into account in the study
of Mn chemisorption (basically, SOIs change the total energy
but energy adsorption is obtained after substraction, which
reduces the spin-orbit effect). For the exchange correlation
we use the Perdew-Burke-Erhenzof (PBE) description.37 The
energy cutoff for the plane waves was set at 260 eV in all
calculations. This value assures a force convergence of less
than 0.01 eV/Å.

To test the exactness of the approximations made, we
calculated first the ground-state structure of the bulk noble
metals. We found that all of them adopt a fcc geometry with
lattice parameters of 3.59, 4.00, and 4.17 Å for Cu, Ag, and
Au, respectively. Those values compare well with the reported
experimental values: 3.61, 4.09, and 4.08 Å.38 We also found
that the calculated electronic structure reproduces very well
the results from previous reports. With the confidence that our
approximation describes to a good accuracy the bulk system,
we calculated next the electronic structure of the metallic (111)
surfaces. We modeled the surface region by a slab of five layers;
two of them were kept fixed to the bulk parameters and the
other three were allowed to relax. We found that the distance
between the surface layer and the second layer, d12, contracts
by −1.2% (−0.7%),39 −4.9% (−2.5%)40 for Cu and Ag, and
expands by 2.0% (3.3%)41 in the Au case. The experimental
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values are given inside the parentheses, showing an acceptable
agreement.

To study the Mn adsorption, we employed a 3 × 3 supercell
(1/9 coverage) along the surface plane and considered the five
layers modeling the substrate. Due to the fact that the wave
function is expanded in plane waves, we have to consider a
large empty space between periodic images perpendicular to
the surface. In our calculation we took the value of 12 Å
(equivalent to approximately five surface layers). We checked
that our results do not depend on this specific value. The
surface energy changes by less than 0.01% when this distance
is increased to 14 Å. Furthermore, in the calculation of
the surface electronic structure and the adsorption process,
the geometry was relaxed until the forces were smaller than
0.03 eV/Å. Finally, due to the metallic character of the surface,
we considered a K mesh of 12 × 12 × 1, which guarantees an
accuracy of 0.01 eV in the total energy of the 3 × 3 supercell.

III. NOBLE METAL CLEAN SURFACE

We calculated the electronic structure of several relaxed
(111) noble metal surfaces (Au, Cu, and Ag). We allowed
the condition that the surface atoms relax in all directions.
However, as expected, the most important changes are in the
direction perpendicular to the surface. We present in Fig. 1
the electronic redistribution that takes place at the atoms close
to the surface. We plot the difference between the converged
charge density of the semi-infinite system ρsemi-inf and the
charge density of the free atomic charge densities ρatomic

located at the equilibrium sites,

δρ = ρsemi-inf − ρatomic. (1)

This function helps one to see the electronic rearrangement
produced by the solid bonding, and it reflects the local
symmetry of the surface atoms. The upper, middle, and lower
sets of figures corresponds to Cu, Ag, and Au, respectively.
In the left panel, we show the atoms at the surface layer. The
color scale is given on the right-hand side. Positive values
(light yellow) mean a higher electron density in the composed
system as compared to the atomic distribution, and negative
values (black in Cu, red in Ag and Au) denote zones where the
opposite occurs. It is remarkable that in the Cu atoms there is a
larger rearrangement of charge compared to Ag and Au. This
effect has its roots in both the smaller charge at the nucleus and
the shorter interatomic distance (∼14%) in the solid compared
to the other two noble metals.

In the three right panels, we show the charge distribution
on planes perpendicular to the surface and passing through
the various stacking lines of atoms. The first one shows the
side view of the electronic distribution on the plane that
passes through the surface atoms (type A), and those on
the fourth layer. One sees that the surface atoms resemble
more the atomic electron configuration, due to the smaller
coordination and the metallic character. The next panel shows
the distribution on a plane that passes through the atoms at the
second and fifth stacking layers (type B). One can notice in
Au a slight effect produced by the surface, while for the other
metals it is hard to see any surface effect in this layer. The
right-most panel corresponds to the electronic distribution on
a plane passing through the third layer, corresponding to atoms

in the fcc stacking sequence of type C. One does not see any
surface effect in this plane. This result is also driven by the fact
that the fourth and fifth layers are set to the bulk parameters.

The relaxation procedure produces different effects: we
obtained a small contraction in Cu and Ag (d12 = −1.2%,

−4.9%, respectively), while in Au we found an expansion of
the distance between the surface and second layer, d12 = 2%.
It is worth noticing that, for the former metals, which show a
contraction, the electronic cloud of the relaxed surface shows
a stronger interaction among the first and second layer atoms
(the high negative values for δρ close to the atoms reflect
this fact), while for Au the expansion reduces further the low
coordination of the outermost layer, which also reduces the
interaction among atoms and makes the electronic cloud more
localized close to the ions (see Fig. 1).

Experimentally, it has been observed by a refined low-
energy electron diffraction (LEED) study39 that the distance
between the two top layers of the (111) Cu surface contracts by
−0.7 ± 0.5%. In the case of the (111) Ag surface, it has been
reported using the medium-energy ion scattering technique40

that the distance d12 contracts by −2.5% at room temperatures.
This situation changes as a function of temperature and
expands by about 10%, 80 K before the melting point. Finally,
the (111) Au surface was studied by x-ray scattering,41 and a
3% expansion was reported. Thus, our calculations of the three
noble metal (111) surfaces reproduce well the experimental
observations.

We calculated the surface energy, as defined by the equation

Es = Esemi-inf − NEbulk

2N
, (2)

where Ebulk is the energy per atom in the bulk, Esemi-inf is
the energy of the semi-infinite system, and N is the number
of surface atoms involved. Our numerical results are given in
Table I. Here, we compare our results with previous theoretical
studies, based on two different methods.42,43

The noble metal (111) surfaces are stable with regard to
reconstruction, with the exception of gold. In this last case,
the reconstruction consists of the periodic displacement of 46
surface atoms (two rows of 23), where close to 2/3 are in a
fcc arrangement and around 1/3 are in hcp locations. It has
been shown that, to simulate the experimental reconstruction
of the Au(111) surface, it is necessary to consider a very large
(22 × √

3) cell,44 which demands important computational
resources. Nevertheless, this effect does not influence our
chemisorption calculation, since our cell is much smaller than
the one needed to model the reconstruction. Thus, for our
purposes we do not need to take into account the reconstruction
phenomena. Furthermore, it has been shown that the chemical
activity of the surface is dominated by the top-most surface
atoms that follow the fcc stacking.44

Taking into account the spin-orbit interactions (SOIs) in
the noble metal substrate atoms, the surface energy increases
by 36%, 1.5%, and 1% in the cases of Au, Ag, and Cu,
respectively. However, the effects in the geometrical structure
are negligible, since the interatomic distances change only by
approximately 0.01 Å. Thus we ignore this kind of interaction
in the rest of this report.
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FIG. 1. (Color online) Electronic charge redistribution δρ of the atoms at the (111) relaxed surface. The upper, middle, and lower panels
correspond to the Cu, Ag, and Au surfaces, respectively. The left images show the top-most surface plane passing through the relaxed surface
atoms. The images A, B, and C show the electronic redistribution at planes perpendicular to the surface and passing through the atoms of the
three different layers (ABC fcc stacking). In particular, the small linked circles show the atoms at the relaxed surface. The distances are in Å,
and the color bars are in e/Å3.

IV. SINGLE Mn ATOM ADSORPTION

We proceed now with the adsorption of a single Mn atom.
As shown in Fig. 2, the (111) fcc surface offers four different

symmetric adsorption sites: on top of a surface atom (A), in
the bridge position between two surface atoms (AA), or in
threefold coordinated sites. The threefold coordinated sites
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TABLE I. Calculated surface energy (Es) in eV/Å2, compared to
published results.

Es Cu Ag Au

This work 0.086 0.033 0.044
Ref. 42 0.088 0.068 0.055
Ref. 43 0.073 0.038 0.049

are of two types: one that follows the hcp sequence (B) and
another that follows the fcc stacking order (C). In Fig. 2, the
purple circles A, B, C, and AA denote the chemisorption sites,
and the dark, gray, and light circles denote the first, second,
and third layer surface atoms.

We performed an unconstrained optimization of the geome-
try of the adatom and the three surface layers by keeping fixed
the two deeper layers to mimic the bulk. In this calculation we
allowed also the relaxation of the spin degrees of freedom.

In Table II we present the results for the adsorption energy,
at the three noble metal surfaces, defined as follows:

EA = ETotal − Esemi-inf − NEMn

N
, (3)

where ETotal is the energy of the chemisorbed atom on the
surface, Esemi-inf is the energy of the semi-infinite system,
and N is the number of adsorbed Mn atoms, for each of the
nonequivalent adsorption sites. In this table we also give the
results for the distance between the Mn atom and the surface
plane, dMn-surf, in Å.

We find that the highest adsorption energies for Cu, Ag,
and Au are 2.48, 1.96, and 2.81 eV, respectively. Those are
the energies when the Mn atom is chemisorbed on threefold
coordinated sites; B for Cu and Ag, and C for Au. It is important
to notice that, in the case of Cu, we obtain the same energy
when Mn is chemisorbed on B or C sites. On the other hand, the
chemisorption energies on twofold coordinated sites AA also
share the ground state for Cu, and are very close in energy to the
three coordinated sites in the Ag surface. That is not the case for
Au, where the energy at the bridge site is clearly smaller. The
similarity of energies obtained for the threefold and twofold

A B AA C

FIG. 2. (Color online) Adsorption sites on a fcc (111) surface.
The site of type A is on the top of a surface atom, B and C are above
the surface and coordinated to three surface atoms, and AA is bonded
to two surface atoms. The difference between B and C is that B has a
noble metal neighbor in the second layer while C does not. The dark,
gray, and light circles denote the first, second, and third layer surface
atoms.

TABLE II. The adsorption energy in eV, the Mn magnetic moment
in μB , and the distance between the Mn atom and the surface plane
(dMn-surf) in Å, for the different chemisorption sites at the surface of
Cu, Ag, and Au.

EA μ dMn-surf

Site Cu Ag Au Cu Ag Au Cu Ag Au

A −2.18 −1.68 −1.95 4.60 4.82 5.07 2.26 2.48 2.44
B −2.48 −1.96 −2.80 4.53 4.72 4.83 2.48 2.66 2.58
C −2.48 −1.94 −2.81 4.53 4.77 4.82 2.46 2.69 2.58
AA −2.48 −1.94 −2.73 4.52 4.75 4.83 2.40 2.61 2.52

coordinated sites is due to the fact that the site AA is bonded
to two nearest neighbors and two next-nearest neighbor atoms
at the surface layer. The distance at which nearest and next-
nearest neighbors are located differs only by a small amount,
i.e., they are 17%, 14%, and 17% larger for Au, Ag, and Cu,
respectively. Thus, the bridge site is competitive with respect
to B and C, which indicates that in the growing process, due
to its dynamical dependence, the adsorption on B, C, and AA
will depend mostly on the relative numbers of those sites. The
adsorption in an A site produces a large electronic localization
around the Mn atom, which probably is responsible for the
weakest bonding energy among all the considered sites. From
these results we conclude that the adsorption of Mn clusters
on noble metal surfaces is ruled by the Mn-surface interaction,
since the bonding energies are at least four times larger than
the Mn-Mn free-dimer bonding energy (around 0.53 eV).

We also find that the distance from the adatom to its closest
surface neighbor, when chemisorbed on B or C sites, is nearly
the same, but different for each surface. On the other hand,
the distance dMn-surf in AA sites is ∼2.5% shorter than the
respective B or C distances for each element. As expected, the
shortest chemisorption distance corresponds to the A sites.

In Table II, we also give the results for the Mn atomic
magnetic moment μ, in Bohr magnetons (μB). We notice that
μ is very similar in B, C, and AA sites: ∼4.5μB , ∼4.7μB , and
∼4.8μB for Au, Ag, and Cu, respectively. The highest values
correspond to Mn chemisorbed on A sites and are 4.6μB ,
4.82μB , and 5.07μB for Cu, Ag and Au, respectively.

To better understand the adsorption on the various sites at
an electronic level, one can plot the difference δρ between the
converged charge density of the surface with the Mn atom
and the superposition of the free atomic charge densities.
From Fig. 3 one can see marked differences between the
adsorption over an A site and the adsorption at other sites:
the A-site adsorption affects more significantly the substrate
atom below, and pushes it inside the solid. One notices also
that some electrons are pulled from the surface neighbors and
accumulated, mainly close to the Mn and the surface atom
below. There is also a small accumulation of electronic charge
on the surface neighbors (Mn losses are of the order of 1

4e−
after adsorption, mostly from s-like orbitals).

In the cases B, C, and AA, the charge redistributions are
very similar, giving rise to small differences. In these cases the
bonding is more uniform: the Mn not only shares its electrons
with its nearest substrate atoms, but also does so with the
metallic surface electronic cloud. This fact makes EA (around
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FIG. 3. (Color online) Charge redistribu-
tion δρ for each adsorption site of a (111)
noble metal surface. The upper, middle, and
lower panels are respectively for Cu, Ag, and
Au substrates. The red circles denote the Mn
and the substrate atoms located at the same
plane. The distances are in Å, and the color
bars are in e/Å3.

0.3 eV for Cu and Ag, and 0.9 eV for Au) larger than in
the chemisorption on an A site. One also observes that the
electronic rearrangements due to the adatom have little effect
deeper than the second substrate atomic layer.

Figure 4 shows the local electronic density of states (LDOS)
of Mn (red line) at each adsorption site and the corresponding
average LDOS of the neighbor atoms on the (111) noble metal
surface (black line). In each panel we show in the upper (lower)

part the up ρ↑(E) [down ρ↓(E)] spin states. The Fermi energy
(EF ) corresponds to the zero in the energy scale and the
magnetic moment is calculated by

μ =
∫ EF

−∞
[ρ↑(E) − ρ↓(E)]dE. (4)

Despite the fact that the three substrates have the same valence,
the interaction between the Mn states and the substrate atoms
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FIG. 4. (Color online) Local electronic density of states (LDOS) on Mn (red lines) and on the nearest-neighbor (111) surface atoms (black
lines). Each adsorption site is indicated as a superscript in the chemical symbols. MNN is the DOS of the nearest-neighbor surface atom M

(where M is Cu, Ag, and Au for the upper, middle, and lower panels). In each panel, the upper (lower) part corresponds to up (down) spin
electrons.

depends on their relative position. The LDOS of surface
nearest-neighbor substrate atoms reflects the presence of the
Mn atom. In the A case, the surface LDOS presents, in
the low-energy part, peaks produced by the interaction with
the Mn atom chemisorbed on the top. The cases B and C
show wider bands and there are only very slight differences.
A more continuous density of states is obtained in the AA
case, due to the higher effective coordination number. The
highest magnetic moment in the state with lowest energy
occurs for Au (4.82μB), when the Mn atom is chemisorbed
in a C site. In the substrate atoms, we notice a rather small
asymmetry between up and down states, a fact that produces
only small magnetic moments (≈0.05μB in the nearest Mn
neighbors, and one order of magnitude smaller on the second
neighbors).

The Mn LDOS presents similar features, with a sharper
peak in the case of Mn adsorption on A sites. Since the
magnetic moment is an integrated quantity, the differences
in magnitudes in B, C, and AA sites are minor. The atomic
character of the Mn magnetic moment is still clearly identified
(half-filled d orbitals below EF ). In particular the A site yields
more localized Mn d states.

The DOS around the Fermi level has few states, but
an examination of the orbital contributions shows that it is
populated mainly by s electrons. The magnetic moment of
the Mn atom has a small contribution from the s electrons,
∼10%, 5%, and 3% (for Cu, Ag, and Au, respectively). The
only exception is site A, in which the monocoordination and
covalent-like bonding produces a higher magnetic moment,
which on the gold substrate reaches 5.07μB . Furthermore, it
is worth noticing that in the AA case the interaction of the Mn
atom with four atoms (two nearest-neighbor surface atoms and
two next-nearest neighbors located at the same layer) produces
a local density of states with features similar to the C and B
cases, but with smaller peaks.

V. Mn DIMER ADSORPTION

To understand the adatom-substrate interaction, we recal-
culated the free Mn dimer electronic, magnetic, and structural
properties using the method and approximations mentioned
here. We obtained the result that in the ground state the
two atoms are coupled antiferromagnetically (AFM), with a
binding energy per atom of −0.53 eV and a bond length of
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2.60 Å. The ferromagnetically (FM) ordered dimer, with the
same bond length, has a weaker binding energy of −0.28 eV.
These values are close to those from previous calculations,13

which yield −0.391 eV for the binding energy and a bond
length of 2.89 Å. As mentioned above, it is important to stress
that the distance between the two Mn atoms determines the
magnetic configuration with the lowest energy.

We consider now the adsorption of a second Mn atom in
two different situations: one in which the dimer is adsorbed
vertically to the surface layer, and other where the two
atoms are chemisorbed on neighboring surface sites. Thus,
the adsorption of a second Mn atom adds more degrees of
freedom and offers a larger set of chemisorption possibilities.
In addition to the bond dimer orientation with respect to the
noble metal surface, and the type of sites on which they
are adsorbed, one must consider different orientations of the
magnetic moments of both manganese atoms.

Since the chemisorption energy of a single Mn atom is about
four times larger than the binding energy of the free Mn dimer,
the electronic properties of the two Mn atoms, once deposited
on the surface, are ruled by the Mn-surface interaction. Thus,
to find the lowest-energy state one must carry a completely
unrestricted calculation to optimize all the parameters of the
different geometrical and magnetic configurations.

The most stable adsorption geometries for Mn2 on the (111)
fcc surface of noble metals are shown in Fig. 5. Based on
our results for single-atom adsorption, which showed that the
B, C, and AA sites are the most stable, we locate in one of
those sites the first Mn atom. Then, we optimize all possible
configurations with the second Mn atom over B, C, and AA
sites or on top the first Mn. In this figure we show the seven
different geometrical configurations that are stable on the noble
metal surfaces.

In geometries I and III the two Mn atoms occupy A and
B neighbor sites. In the first case, the two Mn atoms are
chemisorbed in neighbor triangles sharing an apex, and in
the second case the triangles share an edge. On the other hand,
in geometry II the two Mn atoms are located in equivalent
sites A or B. The case in which one Mn atom is on an AA
site and the other on a C or B site is denoted as geometry IV.
Geometries V and VI correspond to the case in which both Mn
atoms are chemisorbed in bridge sites. Finally, configuration
VII corresponds to the vertical adsorption on a threefold
coordinated surface site.

It is important to notice that the equilibrium distances
between the Mn atoms depend on the metal substrate and on the
particular geometries. We show also in Fig. 5 the equilibrium
Mn2 bond length and in brackets the ideal distance as defined
by the substrate sites. To find the equilibrium configuration,
the Mn atoms are located at those ideal distances above
the chemisorption sites and then allowed to relax until the
minimum energy is obtained.

In the upper, middle, and lower rows of Fig. 5, we show,
from left to right, the most stable configurations of the Mn2

chemisorbed on Cu, Ag, and Au surfaces, respectively. The
absorption energy, the magnetic moment, the Mn dimer bond
length, and the distance between the Mn atoms and the surfaces
for all the cases are given in Table III. Here, we distinguish
between the ferromagnetic (FM) and antiferromagnetic (AFM)
orientation of the Mn atomic moments.

FIG. 5. (Color online) Some geometries on which the Mn2 is
chemisorbed on noble metal (111) surfaces. The upper, middle, and
lower panels show the stable geometrical configurations for Cu,
Ag, and Au substrates. The figures from left to right correspond
to decreasing binding energy configurations. In cases I, II, and III,
the dimer is chemisorbed parallel to the surface, on nonequivalent
(I, III), and equivalent (II) triangles. In geometry IV, one Mn atom is
in a bridge site and the other is in the center of a triangle. In cases V
and VI, both Mn atoms are on bridge sites. Case VII corresponds to
the dimer chemisorbed, perpendicular to the surface, on a threefold
coordinated surface site. In the lower part we give the equilibrium
chemisorbed Mn bond length and in brackets we include the distance
between chemisorption sites as defined by the surface.

We observe some general trends for the three substrates.
(i) The state with smallest binding energy corresponds to
geometry VII, the case in which the largest Mn magnetic
moment is obtained. This is produced by the single Mn
coordination to the surface. (ii) At the equilibrium geometries,
the antiferromagnetic state has a stronger binding energy than
the ferromagnetic arrangement. (iii) The dimer bond length
of the AFM state is smaller than the one with FM coupling.

We now analyze the results for each particular metal. For
the Cu substrate we obtain five stable configurations. The one
with the strongest binding energy is the one denoted by I in the
AFM state (−5.12 eV). We observe that in this case the two
Mn atoms occupy sites of type A and B located in neighbor
triangles that share an apex. The distance between the two
triangle central sites is 2.93 Å but the equilibrium Mn bond
length is 2.67 Å, i.e., the two Mn atoms are displaced from
the centers toward the Cu atom in between. Configuration II is
obtained when we placed both atoms over equivalent A or B
sites: the distance between the centers of the triangles is 2.54 Å
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TABLE III. Mn2 adsorption on (111) noble metal surfaces: the
adsorption energy is in eV, the magnetic moment is in μB , the Mn-Mn
bond length (dMn-Mn), and the Mn-surface (dMn-surf) distances are given
in Å.

EA μ dMn-Mn dMn-surf

Site FM AFM FM AFM FM AFM FM AFM

Cu I −5.06 −5.12 8.98 0.00 2.83 2.67 2.49 2.49
Cu II −5.05 −5.11 8.96 0.00 2.74 2.63 2.41 2.41
Cu III −4.99 −5.05 8.92 0.00 2.67 2.54 2.37 2.37
Cu IV −5.08 −5.08 8.97 0.00 2.79 2.68 2.46 2.44
Cu VII −3.58 −3.59 9.31 0.33 2.67 2.48 2.51 2.49

Ag III −4.25 −4.27 9.11 0.00 2.63 2.53 2.61 2.59
Ag IV −4.24 −4.26 9.13 0.02 2.69 2.61 2.70 2.70
Ag V −4.23 −4.27 9.10 0.05 2.68 2.61 2.66 2.66
Ag VI −4.25 −4.27 9.07 0.00 2.68 2.60 2.66 2.67
Ag VII −2.89 −3.07 9.34 0.14 2.66 2.50 2.72 2.69

Au II −5.45 −5.51 9.28 0.00 2.84 2.74 2.60 2.59
Au III −5.35 −5.40 9.22 0.00 2.67 2.56 2.52 2.53
Au VII −3.67 −3.93 9.45 0.25 2.71 2.48 2.61 2.59

but the equilibrium is reached for a bond length of 2.63. To
obtain configuration IV, we placed the two atoms in bridge
sites, but only one of them remains in that site and the other
moves to a threefold coordinated site. The distance between
the bridge and central sites is 1.94 Å. The equilibrium Mn
bond length is 2.68 Å, i.e., the atoms are strongly displaced,
since the distance between chemisorption sites is too small.
The chemisorption energy is very similar in these geometries.
Comparing the chemisorption energies for the monomer and
dimer, we conclude that the latter is more stable and will not
dissociate.

In the case of the Ag surface, the energies associated with
geometries III, IV, V, and VI are almost equal. This means that
the Mn dimer may move very easily along the surface. The
bond length differs also very slightly for those cases, and takes
a value similar to the one of the free dimer. It is also important
to notice that in these cases the FM and AFM solutions differ
by only 0.02 eV, and may be present also at finite temperatures.
Furthermore, the chemisorption energies on this metal are the
smallest among the three noble metals. Similar to the case of
Cu, the dimer will not fragment into two monomers.

We find that, in the chemisorption of the Mn dimer on
a gold surface, the cases that involve one or both of the
Mn atoms on AA bridge sites are unstable; i.e., when the
second Mn atom was put over a bridge site, both diffused
toward B or C sites. The two stable geometries for the
Mn bond lying parallel to the surface are II and III. As
mentioned above, the AFM arrangement binds more strongly.
The equilibrium bond lengths for the two cases are 2.74 (II) and
2.56 Å(III). Compared with the distances between the centers
of the triangles 2.95 (II) and 2.41 (III), we notice a strong
modification with respect to the relaxed Mn dimer. Among the
three noble metal surfaces, gold most strongly chemisorbes the
Mn atoms. Finally, we show in geometry VII the chemisorption
of the dimer perpendicular to the surface. In contrast, in Au the
Mn dimer will dissociate into two monomers, while it remains
for the cases of Cu and Ag.

FIG. 6. (Color online) Charge redistribution of Mn2 adsorbed on
(111) noble metal surfaces. The substrate is Cu, Ag, and Au in the
upper, middle, and lower panels. The II and VII geometries were
calculated assuming ferromagnetic and antiferromagnetic ordering.
The scale denotes the distance in Å and the color bars are in units
of e/Å3.

The electronic redistribution after adsorption, for geome-
tries II and VII, is shown in Fig. 6. The upper, middle, and lower
panels correspond to Cu, Ag, and Au. The two left panels
contain the results for geometry II assuming ferromagnetic
and antiferromagnetic coupling. In this case the differences
between the two magnetic orientations are small. Nevertheless,
it is interesting to note that there is a more intense electronic
cloud between the Mn atoms in the case of the Ag substrate.
This is in accordance with the longer Mn-Mn bond length of
the dimer in Ag and the weakest chemisorption energy.

One observes that in geometry VII there is large deforma-
tion of the electronic cloud in the upper Mn atom, which arises
from sharing its valence s electron with the lower Mn atom. In
contrast with case II, there is a significant difference between
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FIG. 7. (Color online) The average local electronic density of states, for spin-up and spin-down electrons, of Mn2 on noble metal (111)
surfaces. The average local densities of states of the surface nearest neighbors are also plotted. The Mn superscript (in the legends) indicates
the adsorption geometry of the Mn2, and the subscript indicates the magnetic order considered. The upper, middle, and lower rows correspond
to Cu, Ag, and Au substrates, respectively.

FM and AFM states. One clearly sees the shorter bond in the
AFM state.

We present the average electronic local density of states
(LDOS) of the chemisorbed dimer in Fig. 7. Here, we show
the LDOS for the FM (solid curve) and AFM (broken curve)
configurations. In each panel we display the LDOS for spin-up
electrons in the upper part and the corresponding spin-down
electrons in the lower part. The average LDOS corresponding
to the surface nearest neighbors of the Mn atoms are also
included (the VII geometry corresponds to the vertical atom
perpendicular to the surface and a three-fold coordinated site).
The upper, middle, and lower sets of panels correspond to Cu,
Ag, and Au, respectively. The Fermi energy is the zero of the
energy scale.

One can notice that the d bandwidths corresponding to Cu
and Ag are of about the same magnitude, but the Ag d states
have lower energy with respect to the Fermi level. On the other
hand the Au d bandwidth is the largest of the three metals, and
its d states are as close to the Fermi energy as the ones of Cu.

In geometry VII, where the Mn dimer is deposited perpen-
dicular to the surface, the LDOS shows large peaks around the
bonding and antibonding states of the free dimer. The larger
dispersion corresponds to that of Au and Cu. In Ag some of
the Mn d states fall at the upper border of the d band and
interact mainly with the s band. Furthermore, one observes
that, due to the different symmetries of the two Mn atoms, the
magnetic moments are of different magnitude. This produces a
finite sum of both magnetic moments in the antiferromagnetic
solution.

We see that the changes on the electronic structure of
the noble metal nearest neighbors are small; only negligible
changes around the Fermi energy in the s states are observed.
This effect produces also very small magnetic moments.

In geometries II and III (also IV and VI, not shown
here), where the dimer lies parallel to the surface, the orbital
hybridization with a larger number of noble metal atoms
produces a more intense electronic dispersion. The bonding
and antibonding peaks observed in case VII are smoothed.
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FIG. 8. (Color online) Simulated scanning tunneling microscopy (STM) images for a Mn dimer chemisorbed on a probable geometry on a
(111) noble metal surface: II for Cu, and Au, and V for Ag. The applied voltage is 2.0 V and the charge density is kept constant at the values
0.01 (upper) and 0.02 (lower) e/Å3, respectively. The color bars indicate the depth in Å.

Furthermore, the Mn atoms coordinated to three substrate
atoms are symmetric and yield a zero magnetic moment in
the AFM configuration. It is interesting to note that, in the
FM solution for the Ag substrate, there is a strong interaction
between the manganese d states and the silver s states.

Finally, we calculated scanning tunneling microscopy
(STM) images of the stable Mn dimer chemisorption geome-
tries: II for Cu and Au, and V for Ag (see Fig. 5). In Fig. 8
we present the simulations in which the applied voltage was
set to 2.0 V, and the upper and lower panels correspond to
electronic densities of 0.01 and 0.02 e/Å3, respectively. With
the electronic structure obtained in our calculation, we can
extract some topographical information about the Mn dimer
and the substrate atoms. In the upper figure one can see mainly
the details of the Mn atoms. On the other hand, in the lower
figure one can distinguish the surface atoms (light brown
in Cu and Ag and yellow in Au). These images may be of
interest to experimentalists studying Mn atoms chemisorbed
on noble metal surfaces. However, it is important to note
that it is difficult to derive the local electronic density of
states from STM voltage-current measurements. The results
are determined by the applied voltage; the higher that value,
the deeper in energy, from the Fermi level, are the electrons
sampled in the current.45,46

VI. DIFFUSION ENERGY BARRIERS

In addition to the capacity of STM to reveal the topographi-
cal conditions of clean and covered surfaces at the atomic level,
it has been shown that with the microscope tip one can move
chemisorbed atoms and molecules along the surface to form
dimers and bigger clusters. This technique has been used to
study the electronic structures of Au, Mn, Fe, and Co dimers,
and Au linear chains on NiAl (100).47–49 It has been also
reported that one can manipulate single Mn atoms adsorbed
on Ag(111) to build clusters up to tetramers.50

Thus, it is important to calculate the diffusion energy
barriers that the Mn atoms may find if one moves them from
the equilibrium positions. To study the dynamics of a Mn
dimer over a noble metal surface, we employed the nudge
elastic band method as implemented in the VASP package.
This method requires the geometrical optimization of several
images under a reaction path joined by elastic strings. To
perform a large enough number of calculations, we decreased
the K-point grid to 7 × 7 × 1 by keeping the same energy
cutoff. Furthermore, since the Mn2 AFM state is more stable
than the FM alignment, we considered only the Mn atoms
oriented antiferromagnetically.

The procedure to study possible diffusive processes is the
following: We start from the configuration of minimum energy,
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FIG. 9. (Color online) Diffusion of Mn2 over Cu (upper), Ag
(middle), and Au (lower) surfaces. Two paths were studied: disso-
ciation (α, red solid line) and nondissociation (β, blue dashed line)
of the Mn dimer. The initial image (purple Mn atoms) corresponds
to the minimum energy configurations, I (Cu), III (Ag), and II (Au).
One Mn atom is displaced along the vectors while the other remains
near its equilibrium site. Note that the energy scale is different in each
system.

reported in the previous section. Then, we move one of the two
Mn atoms to one of the other threefold coordinated sites. We
analyzed two diffusive paths: one that leads to a dissociation of
the two Mn atoms, and the second in which the dimer character
is preserved but the second atom occupies a neighbor threefold
site with different symmetry (B or C). In Fig. 9 we sketch the

two paths followed in each of the noble metal surfaces. The first
image corresponds to the lowest-energy configuration that we
found. One of the final images is obtained following the path
called α, by keeping one Mn atom in its original position while
the other is translated to a more distant adsorption site; this
corresponds to dimer dissociation or a less-bounded dimer. In
the second trajectory, marked as β, the last image is calculated
by keeping one Mn atom in its original position while the other
is moved to another nonequivalent (Cu, Ag) or equivalent (Au)
low-energy adsorption site. Between the first and last images,
we optimized six intermediate images without imposing any
constraint other than the spring forces due the nugde elastic
band method. Additionally it is worth noting that in Fig. 9 we
show only a representative portion of the supercell.

In general, the dissociation process is energetically unfa-
vorable, with large energy barriers >0.2 eV. The largest value
(0.6 eV) was obtained in a Ag surface, since in the diffusion
path a Mn atom passes over an A site (such sites are less
favorable for chemisorption). Once the barrier is passed, the
final configuration has an energy ∼0.4 eV above the original
dimer arrangement. Over the Cu surface the Mn2 dissociation
is not possible, at least as far as in our approximation is
concerned. This can be partly attributed to the small Cu
lattice parameter. Over gold the dissociation barrier is smaller,
although it remains large (∼0.2 eV).

The nondissociative paths of diffusion are very interesting.
In the Cu surface there is a small energy barrier, ∼0.03 eV, an
order of magnitude smaller than in the dissociation path, that
can be surpassed by thermal excitations at room temperature.
The end point is at slightly higher energy than the starting
point. In the case of Ag, there is no energy barrier at all: the
curve is completely flat (up to our error bars, estimated up to
0.01–0.02 eV). Therefore the dimer can roam over the surface
almost freely (just avoiding the A sites). This behavior explains
the fact that the lowest-energy geometries are degenerate.
Finally, in gold there is a much larger energy barrier, ∼0.1 eV,
which can be hardly overcome at room temperature. This large
barrier is expected since the bridge AA site is higher in energy
in gold than in Cu and Ag. Also it is interesting to note that in
gold the surface atoms rearrange to a larger extent than in Cu
and Ag.

VII. SUMMARY AND CONCLUSIONS

We reported an exhaustive set of calculations of the
monoatomic and dimer adsorption of manganese on (111)
noble metal surfaces, performed within the DFT as im-
plemented in the VASP code. To visualize the electronic
charge distribution, we plotted the difference between the
converged charge density of the system under study and the
superposition of atomic charge densities. We also reported
the spin-dependent electronic local densities of states for some
of the calculated geometries.

In order to study the effects produced by the Mn adsorption
and to prove the validity of our approximations, we calculated
first the free noble metal surface characteristics. The experi-
mentally observed contraction of the first surface layer in Cu
and Ag, and the expansion in Au, were acceptably reproduced.
Then, we modeled the chemisorption of one Mn atom on
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four surface sites with different geometries and symmetries.
We calculated the chemisorption binding energy and found
that, among the three metals, Au binds the Mn atom the most
strongly, and Ag the most weakly. The most stable geometry
corresponds to the adsorption on the threefold coordinated
hollow sites. The calculated magnetic moments of the Mn atom
chemisorbed at those sites are 4.53μB , 4.77μB , and 4.83μB

on Cu, Ag, and Au, respectively.
To study the dimer adsorption, we calculated with the

same method the free dimer properties. Then we located the
dimer perpendicular and parallel to the surface. We found
that the most favorable geometry corresponds to the dimer
lying parallel to the surface with its atoms occupying three
coordinated hollow sites. The equilibrium bond lengths of the
most stable configurations are 2.67, 2.53, and 2.74 Å, with
chemisorption energies of −5.12, −4.27, and −5.51 eV for
Cu, Au, and Au, respectively. The values for the free dimer
are 2.60 Å, and −0.53 eV. Comparing the binding energies to
the monomer adsorption, one concludes that the dimer breaks
into monomers only in the case of Au.

In all cases, the Mn antiferromagnetic configuration is more
stable than the ferromagnetic alignment. Compared to the
monomer case, the stronger hybridization with the surface
atoms reduces the value of the Mn atomic magnetic moment
to about 4.6μB per atom.

It is important to note that, in the case of Ag, three different
geometries have similar chemisorption energy (cases III, V,
and VI). This result may indicate that the dimer may move

very easily along the surface. Another important result for
this substrate is that the ferromagnetic solutions are close in
energy to the antiferromagnetic most-stable state. Thus, one
can expect that this arrangement may be also present at finite
temperatures.

We calculated the energy barriers for Mn diffusion along
the surface. These results may be of interest to experimentalists
using the tunneling tip in STM to move chemisorbed atoms
along the surface. Finally, we calculated scanning tunneling
microscopy images of the most stable configurations of the
Mn dimer on the noble metal substrates. One can clearly
see the topography of the Mn dimer and the surface atoms.
Investigations of the chemisorption of larger Mn clusters are
in progress.
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35P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
36G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
37J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865

(1996).
38[http://www.webelements.com].
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