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Abstract

Transition metal atoms are one of the key ingredients in the formation of functional 2D metal
organic coordination networks. Additionally, the co-deposition of metal atoms can play an
important role in anchoring the molecular structures to the surface at room temperature.

To gain control of such processes requires the understanding of adsorption and diffusion
properties of the different transition metals on the target surface. Here, we used density
functional theory to investigate the adsorption of 3d (Ti, Cr, Fe, Ni, Cu), 4d (Zr, Nb, Mo,

Pd, Ag) and 5d (Hf, W, Ir, Pt, Au) transition metal adatoms on the insulating calcite (10.4)
surface. We identified the most stable adsorption sites and calculated binding energies and
corresponding ground state structures. We find that the preferential adsorption sites are the
Ca—Ca bridge sites. Apart from the Cr, Mo, Cu, Ag and Au all the studied metals bind strongly
to the calcite surface. The calculated migration barriers for the representative Ag and Fe atoms
indicates that the metal adatoms are mobile on the calcite surface at room temperature. Bader
analysis suggests that there is no significant charge transfer between the metal adatoms and the
calcite surface.
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(Some figures may appear in colour only in the online journal)

Introduction

Molecular self-assembly is a promising bottom-up technique
for the microelectronics industry in the fabrication of devices
at nanometer-scale dimensions [1, 2]. Although considerable
progress has already been made in the production of nano-
structures with tailor-made properties and functionalities by
molecular self-assembly, most of the relevant achievements
have been made on metallic substrates [3-5].

Electronic, optical and magnetic applications require
an insulating substrate to detach the electronic properties
of the device from the substrate, as well as a nanostructure
that is stable at room temperature since most of the devices
operate under ambient conditions [6]. However, the success
of molecular self-assembly on insulating surfaces has been
limited by the fact that most surface science experimental

1361-648X/17/135001+5$33.00

techniques require electrically conducting surfaces, and by
weak molecule-surface interactions revealed by the systems
studied so far [6]. Recently, these difficulties have been
addressed using non-contact atomic force microscopy on cal-
cite (10.4) surface. Calcite (CaCOs3) is a bulk insulator and
the (10.4) surface is its natural, electrically neutral cleavage
plane, on which significant progress has been made in the
investigation of molecular self-assembly [7-16].

One potentially promising route towards building nanode-
vices is to take advantage of metal-organic coordination net-
works (MOCN): organised networks created via self-assembly
of organic linker molecules and coordinating metal atoms
[17-19]. Transition metals as coordinating atoms can play
an important role by adding functionalities to the molecular
structure [20] as well as anchoring the molecular structures to
the surface at room temperature. Very recently, the first steps

© 2017 IOP Publishing Ltd  Printed in the UK
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1.5 nm

Figure 1. Side view of the calcite (10.4) slab used in the
calculations. The slab is made of the repetition of 2 x 3 unit cells
along the [42.1] and [01.0] directions, respectively. In the [1014]
direction the slab is composed by four layers of Ca and COs3 ions
separated by a vacuum region of 1.5nm. The resulting calcite (10.4)
surface is charge neutral.

of forming a MOCN on calcite (10.4) surface was achieved
by the sequential deposition of biphenyl-4,4-dicarboxylic acid
and Fe atoms [21]. Despite the recent progress, the formation
of self-assembled structures on insulating surfaces is far from
being understood.

Given the relevance that transition metal atoms can play
in the development of functional MOCNS, it is crucial to
understand their adsorption and diffusion properties. Here we
present a study of the adsorption and diffusion properties of
3d, 4d and 5d transition metals on calcite (10.4). The binding
energies and migration barriers for the different metal atoms
on calcite were calculated using density functional theory.
Bader charge analysis was used to investigate the charge
transfer between the adatoms and the surface.

Methods

The adsorption of metal atoms on the calcite (10.4) surface
was studied using density functional theory (DFT) as imple-
mented in the Vienna Ab Initio Simulation Package (VASP)
code [22, 23]. For the exchange-correlation we use the gener-
alized gradient approximation (GGA) [24, 25] and dispersion
corrections were included by using the DFT-D3 method [26,
27]. The atomic cores were replaced by the PAW-type poten-
tials [28, 29] while the valence electrons were represented
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Figure 2. Top view of the calcite (10.4) surface. The C and O atoms
are represented in gray and red while the Ca atoms are drawn in
black. The dashed blue area shows the unit cell of the surface. The
considered binding sites are denoted (1-2) Ca—Ca bridge, (3) Ca-O
bridge, (4) Ca top and (5) C top.

[01.0]

[-4-2.1

by planes waves basis set with a cutoff energy of 450eV.
The Brillouin zone was sampled using a Monkhorst—Pack
2 x 2 x 1 grid ensuring well converged charge density. Since
the single adatoms have a magnetic moment, we carried out
all calculations spin-polarized.

The calcite (10.4) surface was modelled using a 4 layers
slab intercalated by a vacuum region of 1.5nm to prevent
interaction between surfaces, see figure 1. The theoretical lat-
tice parameters calculated for bulk calcite in the hexagonal unit
cell, a = 5.034 and ¢ = 16.947 A, are within an error smaller
than 1% compared to the experimental ones (a = 4.9896 and
¢ =17.061 A [30]).

In this paper we considered 3d, 4d, and 5d single trans-
ition-metal adatoms at five different adsorption sites as shown
in figure 2. During the structure optimization the atoms in the
bottom two layers of the calcite slab were fixed while all the
other atoms were allowed to move until the forces acting on
each atom were less than 0.01eV A .

The binding energy E, of the metal atoms on the calcite
surface was given by the energy difference between bound
and unbound compounds as follows:

Ey = Etota — (Eslab + Eisolaled) (D)

where Ey is the energy of the metal adsorbed on the calcite
surface, E, the energy of the bare calcite slab and Ejgojaeeq the
electronic energy of the isolated metal atom.

To investigate the diffusion of metal adatoms across the
calcite surface we considered a weakly and strongly bound
metal, Ag and Fe respectively. The migration energy bar-
riers were calculated using the nudged elastic band method
(NEB) [34, 35] along the most obvious diffusion pathways
(see figure 5). The occurrence of charge transfer between the
adsorbates and the surface was investigated based on Bader
charge analysis [31-33].
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Figure 3. Schematic distribution of the most stable adsorption sites for the metal atoms on calcite (10.4) surface. The C atoms are
represented in black, O atoms in red, Ca atoms in grey while all the transition metal atoms are depicted in pink. The adsorption height
of each metal atom with respect to the calcite surface plane spawned by carbon and calcium atoms is shown in Angstroms after the
element label. It should be noted that the differences in the binding energies between the two Ca—Ca bridge sites are very small. Also,
during the optimisation the most reactive metal atoms might cause a notable displacement of the closest surface atoms, not shown in
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this schematic figure.
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Figure 4. Side (a) [01.0], (b)[42.1]and (c) top views of the optimised geometry of the Fe atom on the Ca—Cayz; 1) bridge site of the
calcite (10.4) surface. After the structure optimisation the Fe atom is displaced from the Ca—Cayz5 ;) axis towards the nearest protruding

oxygen atom.
Results

Firstly, the most stable adsorption sites for the adsorption of
the different metal atoms on the calcite (10.4) surface were
identified and the binding energies calculated. The distribu-
tion of the most stable adsorption sites for the metals on the
calcite surface is shown in figure 3. From the five adsorption
sites considered here, we found that the Ca—Ca bridge sites,
marked 1 and 2 in figure 2, are the preferential adsorption sites
for the single adatoms on calcite. In contrast, the Ca-O bridge
and Ca top sites, marked 3 and 4 in figure 2, were generally
unstable, and during the structure optimisation most of the
metal atoms relaxed towards a neighbouring Ca—Ca bridge
site. In the case of the C top site, marked 4 in figure 2, some of
the studied elements were found to be very reactive with the

oxygen atoms of the CO%f group. For instance, the adsorption

of Ti, Cr, Fe, Hf and Pt on top of the CO§_ resulted in the re-
orientation of the O atoms or, in the most extreme cases, its
detachment from the surface.

As an example, the optimised geometry for the Fe atom in
the calcite Ca—Cayz; ;) bridge site is shown in figure 4 in more
detail. During the structural optimisation the Fe atom moved
towards the nearest protruding oxygen. In its fully relaxed
configuration the Fe atom sits 1.98 A away from the oxygen
atom and 2.50 A above the calcite surface plane spawned by
the Ca and C atoms.

The calculated binding energies are listed in table 1. The
metal adatoms can be categorised according to their binding
energies to the calcite surface. We considered the metal
adatoms to be weakly bound if the binding energy is larger
(more positive) than —1eV, and strongly bound otherwise.
Most of the metals considered here were found to be strongly
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Figure 5. Path for the adatom diffusion via jumps to the nearest
Ca—Ca bridge site.

bound, with the exception of Cr, Mo, Cu, Ag and Au. In gen-
eral, the magnitudes and the trends observed in the adsorption
are consistent with earlier computational studies on transition
metal adsorption on insulating surfaces, such as on MgO(00 1)
[36] and on MgO(100) [37].

In order to predict the diffusion properties of the metals
on the calcite surface which are critical in considering room
temperature nanodevice fabrication and operation, we inves-
tigated the migration of a weakly and a strongly bound trans-
ition metal adatom—Ag and Fe respectively. Here we are
assuming that diffusional properties of the adatoms with
comparable binding energies are similar. From the binding
energies presented above we inferred that the diffusion occurs
by hopping between the most favourable adsorption sites as
shown in the figure 5. The path across the top of the Ca>* and
CO%f ions are expected to have a higher barrier. The latter
may prevent the diffusion of the metal adatom in the case it
strongly reacts with the O atom.

As suggested by the structure optimisation, the surface
potential saddle points are located at the bridge sites between
the Ca®>* and the CO%f ions. In the case of Ag the calculated
migration barriers are very small, approximately 0.1 eV. For the
Fe atom the migration barrier is larger when the atom is hop-
ping between Ca—Ca sites further away from the protruding and
in-plane oxygen: 0.56 and 0.60eV for the a—b and d—a migra-
tion paths, respectively (see figure 6). As the Fe atom moves
closer to the oxygen atoms the migration barrier drops to 0.31
and 0.11eV for the b—c and c—d migration paths, respectively.

Using the calculated barriers within transition state theory
[38] to obtain estimates for the migration rates r

r—kB—Tex AE 2
P T 2

yields rates from r = 0.8 x 10'> s™! to r =3 x 10° s~! for
barriers of AE = 0.1 eV to AE = 0.6 eV, respectively, at
room temperature (7 = 300K). In equation (2) kg and h
are the Boltzmann and Planck constants, respectively. We
are assuming here that the entropy change in the process is

Migration path

Figure 6. Migration barrier of (top) Ag and (bottom) Fe single
atoms hopping to the nearest Ca—Ca bridge site.

Table 1. Calculated binding energy (eV) for the 3d (Ti, Cr, Fe, Ni,
Cu), 4d (Zr, Nb, Mo, Pd, Ag) and 5d (Hf, W, Ir, Pt, Au) transition

metal adatoms in the most favourable adsorption on (10.4) calcite
surface.

3d
Ti Cr Fe Ni Cu
Ca—Capzz;;  —1.40 —0.63 —1.41 —-1.29 —0.64
Ca—Cajp1gp —1.50 —0.58 —1.22 —1.42 —0.75
4d
Zr Nb Mo Pd Ag
Ca—Cazz; —1.24 —1.29 —0.52 —1.14 —0.40
Ca—Capro] —127 —1.47 —0.56 —1.58 —0.48
5d
Hf w Ir Pt Au
Ca—Cazz, —1.67 —0.85 —1.40 —1.96 —0.65
Ca—Capp19p —1.68 —1.00 —-1.32 —-1.99 -0.79

negligible, thus these are likely to be lower limits for the actual
rates. Nevertheless, these results strongly suggest that the
atoms are mobile on the calcite (10.4) surface. Consequently,
depending on the concentration of metal atoms on the surface,
clustering will take place. In the case of iron such on-surface
clustering has been observed experimentally on calcite (10.4)
surface, also supported by DFT calculations [21].

A Bader analysis was employed to evaluate the charge
transfer between the individual metal adatoms and the calcite
surface. Table 2 shows the calculated charge transfer for the
different metal atoms in their most stable adsorption configu-
ration on the calcite surface. The direction and magnitude of
charge transfer is consistent with the electronegativity trend of
the periodic table. Therefore, the least electronegative metals
like group-1V Ti, Zr and Hf were found to be the most effec-
tive electron donors while the most electronegative group-XI
metals Cu, Ag and Au are the most efficient acceptors. It is
seen from the table 2 that the largest charge transfer occurs for
the Ti atom, with 0.4 e being transferred from the metal to the
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Table 2. Charge transfer between the metal atoms and the calcite
surface calculated using the Bader analysis. The charge transfer is
given by difference between the number of electron of the isolated
atom and the atomic charge of the metal adsorbed on calcite surface
obtained from Bader. Positive (negative) charge transfer suggests
electrons being transfered from (to) the metal to (from) the surface.

3d
Ti Cr Fe Ni Cu
Charge 0.40 0.12 0.06 0.03 0.01
4d
Zr Nb Mo Pd Ag
Charge 0.24 0.14 0.10 0.12 0.03
5d
Hf w Ir Pt Au
Charge 0.18 0.03 —0.11 —0.16 —0.11

calcite surface. In accordance with the small charge transfer,
none of the metal atoms induced significant local magnetiza-
tion upon adsorption.

Conclusions

We studied, from first-principles, the adsorption and diffu-
sion properties of transition metal atoms on the (10.4) calcite
surface. The Ca—Ca bridge sites were found to be the most
favourable adsorption sites. The top site directly above the
Ca?* ion was revealed to be unstable and a strong interac-
tion with the surface oxygen atoms can occur when the metal
atoms are placed on top of the CO§_ group—this may imply
restrictions on the choice of metals used, if strong reconstruc-
tions of the surface are to be avoided. The calculated binding
energies suggest that, apart from the Mo, Cu, Ag and Au, the
studied metal atoms bind strongly to the surface. The diffusion
properties of the atoms on surface were also studied and the
results suggest that most of the considered metals are mobile
on the surface at room temperature.

Based on the presented results, it is likely that most metal
atoms deposited on the calcite surface will stay adsorbed even
at room temperature and diffuse on the surface to the pre-
ferred adsorption sites where they will build larger clusters.
The knowledge of the most favourable adsorption sites pro-
vides important insight for the development of surface tem-
plating with calcite. Such information may become especially
valuable in designing, creating and analysing metal-molecule
co-deposition experiments, suggesting molecule-metal com-
binations that are more likely to result in successful prep-
aration of assembled networks.
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